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Technical Problems in Relation to an Entirely
Renewable Energy-Based Electricity Supply System
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Abstract-The objectives of (his contribution to the
conference is to discuss the technical problems in relation
to connection of renewable energy to utility distribution
network and to introduce a technique which has been
developed for solving the power fluctuation problem which
is a result of this connection. The generation of electricity
from wind energy and solar energy has been considered
world wide, particularly in the United States and Europe.
The integration of wind power and solar power with the
utility network create some technical problems. Electric
pov.\T generated from wind generator for example is a
function of wind velocity which varies stochastically. The
variation of wind velocity causes the rotor speed, the
terminal voltage, the frequency of generator and the output
power to vary. This paper describes integrated renewable
energy and energy storage system (IREES), which delivers
power from intermittent renewable source to
interconnected network at a constant rate. The IREES
system is a totally renewable energy based electricity-
supply system. It finds many applications, as it can be used
as a large scale power supply being connected to national
distribution network as well as small scale power supply
for remote areas.

I. INTRODUCTION

Energy supply and energy usage are the largest
sources of pollution which cause negative impacts on the
environment, however, the magnitude of the impacts can
vary widely depending on location, scale of application
and the technology- used. Environmental consideration
experienced in recent years have led to encouragement of
generating electricity using renewable sources such as
solar and wind.
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Connection of wind and solar energy to interconnected
network causes negative effects on quality of supply and
reliability of system. The effects of wind energy on the
dynamic behaviour of a network includes worsening the
voltage and frequency quality, increasing demand on
control deuce of wind turbine and increasing load on
control system of network. The power fluctuation is the
result of changes in wind speed in different times. In
order to reduce these negative effects there arc
conventional methods such as using rotation-variable
generating system, increasing the short circuit power at
the junction of wind turbine and the network. This paper
develops a technique which involves integration of
generation and storage system for constant power supply.

II. POWER FLUCTUATION COMPENSATION

The major technical problem in relation to grid
connection of wind energy and solar energy is power
fluctuation which is undesirable and also unavoidable.
Power fluctuations can be improved by integration of
energy storage deuces located next to the wind turbine
and network. Storage devices arc used to improve the
quality of supply and to guarantee the system reliability.
While the battery storage systems are used as long term
storage, SMES systems are more appropriate for short
term storage. A hybrid storage system offers a
combination of both short term and long term storage.
To investigate the performance of the wind turbine and
the storage system and to also predict the performance of
the entire system an accurate mathematical model has
been developed and simulated in computer. In the
developed model, the location of the storage device has
been chosen to be next to generation plant, however, the
location of storage device is not restricted to this place
and it can be at any place in the system.

HL THE METHOD USED TO SOLVE THE
POWER FLOW PROBLEM

Power flow in transmission networks is calculated
using linear mathematical model for transmission line,
transformer and shunt or series reactance, but non-linear
electrical descriptions for generation and load at the



buses. The non-linear electrical specifications result in
non-linear forms of KirclihofTs laws for power flow, so
called power flow problem. There are two main sources
of non-linearity. First, the power demand on the
transmission network from distribution connections is
closely modelled by constant real and reactive power. A
second reason is that generating plants normally operate
at a regulated voltage level and fixed real power
injection. The voltage phase angles between generators
on the system are not known. The conventional methods
of solving power flow problems such as Gauss - Scidel
did not help to solve the power flow problem of
investigation of this type. Therefore an exact

mathematical model has to be developed and special
technique needs to be used to solve the pouer flow
problem of this integrated system and also to investigate
the performance of the entire system.

Power equation:
k
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Figure 1 The single phase equivalent circuit of TREES under investigation

The power equations are rearranged to make the
unknown quantities as subject, and a mathematical
technique is developed to achieve the results. If the
injected power into the distribution network, fcr example,
is to be maintained constant, then calculations are
restricted to a fix and constant value of power .The
proposed scheme of Fig. 1 has been simulated in
computer. It is tried to keep the power injected to the
utility grid at a constant level. The developed
mathematical model and computer program is able to
determine these quantities, namely, voltage and power for
every location of intermittent energy source and storage
system.

IV. VOLTAGE CONTROL

Traditionally voltage magnitude of a high voltage
distribution network is mai Gained at almost constant
value by using an on-load tap changer transformer
associated with an automatic voltage control relay
which has been shown in Fig. 2. The function of the
automatic voltage control relay is to ensure voltage
levels are kept within the acceptable limits. To achieve
this objective the automatic voltage control relay is
equipped with resistive, inductive and capacitive
components.
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V. FREQUENCY CONTROL

Variation of frequency at the generator terminals as
a result of wind speed variation has negative effects on
the quality of frequency. To overcome this problem an
asynchronous link is used to rectify the variable frequency
at the generator terminals, which has been shown in Fig.
3. AC power is converted into DC power and this power
is transferred to the utility grid through a line
commutatcd inverter.
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Figure 3 Frequency control system

By combining these power, voltage and frequency control
units in series, electricity at a fairly constant rate of
power, voltage and frequency will be flowing into the
network. Figure 4 shows a possible combination of these
three units.
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Figure 4 Three control units

VI. LARGE SCALE OF IREES

Due to the cyclical human life, utility loads appear
to be cyclical. During day time most factories arc in
operation, therefor the electricity demand is very high
During night time most people arc sleeping, then the
electric load is very low usually only half of the peak load
amount. To meet this large gap between peak load and
light load, utilities must idle many generation plants
during the light load period while operating all
generation plants during peak load period no matter how
expensive they arc. This low utilisation factor of
generation plants and uneconomical operation encourages
utilities to use energy storage devices such as pumped
storage plants, compressed air energy storage plants, the
battery energy storage system (BES) and the
superconducting magnetic energy storage system (SMES)
etc. Among these, pumped storage is already
commercialised and is the most widely used device.
Battery energy storage is one of the most promising
devices that may succeed pumped storage as the next
generation storage device.

Renewable energy and energy storage device can be
combined to make a large scale integrated system for
more reliable and efficient supply system. Most of the
renewable energy sources are of an intermittent nature.
Therefore it would be appropriate to use intermittent
sources of energy in conjunction with non-intermittent
sources such as hydro and biomass. If this power supply
combination is used to supply an interconnected grid,
more effective use could be made of the most prospective
renewable energy and storage facility. On days when
there is not enough solar or wind energy available, the
biomass and hydro power plants would be used. The most
cost effective solution for using the back-up generating
plants would be to use one generating plant for
continuous operation and one generating plant for
operation during peak periods. Three possible options
have been shown in Fig. 5. To ensure that the reliability
of electricity supply is not adversely affected, it would be
necessary that the collective power output of both hydro
and biomass power plants plus storage facilities are



sufficient to meet the peak load on the electricity grid.
Storage systems are to store the surplus of energy
generated in the system. For this purpose either
electrochemical batteries or existing hydro dams can be
used as the storage facilities. The storage facilities must
also have sufficient generation capacity to serve for
variations in supply from intermittent energy sources.
The existing hydro dams can be upgraded for use as
pumped storage facilities. Such systems can represent a
comparatively low cost storage option. An alternative
option would be to rely on solar energy using hydrogen as
a storage medium.
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Figure 5 Combination of renewable energy and energy
storage facility (large scale)

By using this arrangement,(solar-Hydrogen), it would be
possible to supply electricity by solar power plants and by
solar hydrogen system. In the solar hydrogen system,
electricity would be recovered from the hydrogen using

fuel cell. In off peak periods the excess electrical energy
is to produce hydrogen which can be used in a variety of
forms. It can be used as fuel in vehicles for transportation
purposes, it can be burnt in a combustion chamber to
generate thermal, mechanical and electrical energy, it
can be used in fuel cells to generate electricity. Unlike
conventional power generation technologies, fuel cells are
not restricted by theoretical limits on efficiency that apply
to heat engines. This means that provided internal cell
losses are minimised, fuel cells will be significantly more
efficient than conventional power stations.

VII. SMALL SCALE OF IREES FOR RAPS
(Remote Areas Power Supply)

For many years, people who arc remote from the
National Grid have diesel generators which supply
electricity for their use. These generators arc auto-
start/auto-stop and their size arc at least four times larger
than the average load requirement and they have to run
for a long period of time under light load which causes
relatively high maintenance and fuel costs. It is not
possible to include renewable sources in such systems. If
a batter,' is added to this system, the battery is used
during periods of light load and the generator is used
during periods of heavy loads. Using a batter)1 has this
advantage that the diesel generator running time is
reduced and power is available 24 hours a day. Another
advantage of this system is that renewable sources of
energy namely solar or wind, can be easily added to this
system. Fig. 6. PLC controls the power flow between the
inverter, generator and the battery to optimise the
operation time and the loading of the diesel as well as to
maximise batten' life.
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Figure 6 A simplified renewable energy based electricity
supply system, backing up by a non-renewable energy
supply (small scale)



VIIL CONCLUSION

Our future energy needs will be supplied by a
combination of many different sources, ranging from
small wind and water wheels that provide pow-jr for a
single home to central power stations that provide power
in very- large scales fed into the national grid. Computer
control systems will integrate the performance of all these
systems to make sure that as much power as possible
comes from environmentally friendlier sources. As
alternative sources become more widely available, small
scale systems meeting local needs may start to replace
current large scale central power stations. Grid
connection of intermittent energy causes negative effects
on supply quality, voltage, frequency and reliability of the
system. Integrating renewable energy- and suitable energy
storage device can help to improve the quality of power,
voltage and frequency. The IREES system described in
this paper offers advantages such as combining different
types of sources of energy to produce power from mostly
available and environmentally safer one. The IREES
system finds so many applications as it can be used as a
large scale power supply being connected to national grid
as well as small scale power supply for remote areas.
Findings and results arising from this research project
will be of practical value for both power suppliers and
people as energy consumers as this system not only
conserves energy but also helps preserving the
environment.
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Abstract—Currently, the mathematical model associated to
the optimal hydropower development at Hydro-Québec manages
the reservoirs with only one scenario of natural inflows — the
problem is solved deterministically; must meet a firm demand
of energy without resorting to other means of production; and
minimizes only the investment cost. In this paper, a new mathe-
matical model based on Robust Optimization that considers the
stochasticity of natural inflows, the existing system and neigh-
boring utilities, and some environmental constraints is presented.

Keywords—Hydropower Development, Nonlinear Optimiza-

tion, Robust Optimization

I. INTRODUCTION

T TYDROPOWER development at Hydro-Québec
X X consists first in selecting the sites on a valley
where reservoirs, hydroelectric power plants and pos-
sibly derivations have to be built to meet a firm de-
mand of energy; and then in determining the size
of each reservoir, power plant and derivation. This
problem can be expressed as a nonlinear programming
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problem with both integer and continuous variables;
integer variables give the selection of reservoirs, plants
and derivations to be built while continuous variables
represent dam heights, capacities of the power plants,
etc. The problem is nonlinear mainly because the
construction cost functions are nonlinear and because
power plant generation is a nonseparable function of
both the water head and the water flowing through
the turbines. Furthermore when we fix the integer
variables (i.e., when the selection is made), the re-
maining problem is nonconvex.

This problem is currently solved at Hydro-Québec
by a program called Minerve [1]. Minerve is an im-
proved version of Athena [2] program. The latter
has allowed Hydro-Québec to save around 50 mil-
lion $ CAN (approximatively 36 million $ US) on one
project only. These two programs have been imple-
mented at Hydro-Quebec.

The current mathematical model in Athena and
Minerve of hydropower development is characterized
as follows: the reservoirs are managed with only one
scenario of natural inflows — normally, the most pes-
simistic one is considered; a firm demand of energy
must be met without resorting to other means of pro-
duction; and only the investment cost for a giving
energy demand is minimizing. Moreover, the scenari-
o's horizon is about 600 periods — the life duration of
hydroelectric installations is about 50 years and the
development scheme is operated on a monthly bases
(600 = 50x12).

Ideally, we would like to consider the stochastic na-
ture of natural inflows, to allow some exchanges with



the existing system and neighboring utilities, and to
also minimize the negative impact on some important
environmental issues. Formally introducing only one
of these items to the current model represents a diffi-
cult task. First, solving a nonlinear stochastic prob-
lem formally is very difficult by itself. Second, it is
not clear how the new project should interact with the
existing system since there is no direct cost associated
to the operation of this system — 96% of the Hydro-
Quebec's energy is produced by hydropower plants.
Last, most of the important environmental issues are
qualitative rather than quantitative (e.g., unpleasant
consequences to local populations).

However such improvements to the model are im-
portant if we want to solve realistically the problem
associated to hydropower development. But because
data are generally approximated in the case of natural
inflows and energy demand, the resulting model must
remain intuitive, i.e., if we have an intuition on data,
we must have an intuition on the solution.

In this paper we describe a way to introduce such
improvements into the model without increasing too
much its complexity and while maintaining its intu-
itive nature. More precisely, we show in the following
section how we can use a method called Robust Op-
timization to deal with the stochasticity of natural
inflows. In section III, market structures are intro-
duced which allow to relate the development problem
to the operation of the existing system and to ex-
change with neighboring utilities. In the following
section we show how we can capture some impor-
tant environmental issues through the flooded area
and through the river flows. Finally, we end the pa-
per by concluding and giving potential impacts of a
competitive electricity market on hydropower devel-
opment at Hydro-Quebec. This new structure can
change considerably the problem by introducing new
uncertainties into the model.

II. STOCHASTIC OPTIMIZATION

The goal here is to find a development scheme that
is optimal on the average for all possible scenarios of
natural inflows, i.e., for any scenarios, we can produce
the amount of energy needed to meet the electricity
demand at a minimal cost. We will define later what
it meant by meeting the demand. One way to achieve
this goal is to use stochastic programming in a con-
ventional manner where the space of natural inflows

is represented by a discrete domain and we build from
this domain a stochastic decision tree. The problem
with this approach is the size of the decision tree will
be so large that it will not be practically solvable.

Another way will be to define a set of scenarios that
will capture as close as possible the reality of natural
inflows where each of them will have a weight repre-
senting its likelihood — the sum of all weights equals
1. Thus, the problem is now to find a development
scheme that it is close to the optimal regardless of
which scenario occurs. We will not describe in this
paper the approach for determining such scenarios
because it can be the subject of a paper by itself.
Nevertheless, it is sufficient to know that the number
of such scenarios lies generally around 10 and each of
them has a horizon of 84 periods.

The problem stated previously can be solved by a
method called Robust Optimization [3]. We will de-
pict partially this method by showing how it applies
to our problem.

A. Current Model

The approach to solve the optimal hydropower de-
velopment as described in [1] can be summarized as
follows:

1. The first step consists of retaining all potential
combinations of sites (i.e., combinations of reser-
voirs, hydroelectric power plants and derivations)
which have a strong probability of satisfying the
electricity demand. For instance, we can a priori
discard a combination if the maximal installed ca-
pacity is not sufficient to satisfy the peak demand.
This step is necessary because for some problems
the number of combinations can be as large as
124416.

2. The next step is to solve for each combination of
sites retained at the preceding step, the following
problem:

min Cost(x) +

s.t. G(x)<0

cDk —

(1)
+Tk H?

Si.o = $\.,\v\
<Pk XLj m Qj.kHj.k + Dk - Ek =



In fact, with the help of some tricks, we
(1) for a small poition of combinations retained
in the first step.
Here is a short description of (1):

• The function Cost(x) represents the construction
cost (M$) and it is nonlinear and not necessarily
convex.

• Dk and Ek denote respectively the deficit in pe-
riod k (GWh) and the excess energy produced
in period k (GWh); c and r are the coefficients
associated to Dk and Ek (M$/GWh).

• The first set of constraints (i.e., G(x) < 0) rep-
resents the sizing constraints (e.^., nonoverlap-
ping of the installations, drawdown range, etc.),
some operation constraints and bounds on vari-
ables — G(x) is a blend of linear and nonlinear
functions.

• The second set of constraints represents the wa-
ter balance equations (see figure 1) where for
period k, Ŝ k is the reservoir content (hmJ),
R̂ k is the spillage for reservoir i (m3/s), Qj,k is
the plant discharge (m3/s) and cutk is the nat-
ural inflow (m3/s) — T^ is a conversion factor.

• The third set of constraints imposes for each
reservoir that the initial content must be equal
to the final content — the electricity has to be
produced only from natural inflows.

• Finally, the last set of constraints corresponds
to the production of firm energy, i.e., the pro-
duction of energy plus the deficit Dk (i.e., the
demand that cannot be satisfied) minus the ex-
cess of energy Ek must equal the firm demand of
energy dy. (GWh). Dk is introduced to ensure
that we have a feasible solution for all prob-
lems. But since we must meet a firm demand
of energy, the cost c associated to each unit of
Dk is very high (in theory, we should say that
c = co). Furthermore, because we build exclu-
sively to meet the demand of energy, the income
from the excess of energy sold is negligible. In
other words, r is very small.

In summary, (l) is a nonlinear and nonconvex
model, and therefore, one cannot guaranteed to
find a global optimum with usual optimization
methods. Moreover, there are no advantages to
exploit the network structure inherent to water
balance equations like in [4] or [5] — those equa-
tions are not dominant in the model.

Fig. 1. Water balance equations for reservoir i and power
plant j .

B. Robust Optimization Model

We recall that the main deficiency of (1) is that
the development scheme is only determined from one
inflows' scenario. To handle to this problem, we define
a set of scenarios such that the development scheme
will be optimal on the average.

Let S be the set of all scenarios indices and i,s =
Cost(x) + Xke? fc Dk,s - T Ek,s] for all s € S. Now,
the objective function becomes a random variable tak-
ing the value £,s with probability p s {J^^sVs = !)•
We define the robust optimization model as follows:

min • £ s ps£

s.t. G'(x)<0
Si,k,s = S i

p s - £ s , ps.£,s. )
2

— TkQj,k,s

Si,0 = Si,o,s =

The first term in the objective function

ses

corresponds to what is normally defined in stochastic
optimization: it represents the mean value of the ob-
jective function. The second term called robustness
term distinguishes the robust optimization from con-
ventional stochastic optimization. For instance, in (2)
we decide to model the risk to have a bad development
scheme (i.e., one that is too sensitive to scenarios) by



the variance. The constant A is used to parameterize
the tradeoff between risk and expected outcome.

C. Nonanticipativity Constraints

The reason to consider the stochasticity of natural
inflows is to not anticipate the future. We can go
further in that direction in model (2) by requiring
each pair of scenarios that are identical up to step t, to
share the corresponding variables. As an illustration,
assume that for si and S2 we have for k = 1, . . . , t,
Qi,k,si = ai,ic,s2' Thus, we have to add the following
constraints in model (2) for k = 1, . . . , t

Si,k,si = Si,k,S2 *, Qj.k.sj = Qj,k,S2

•M.k.S) ~ *M,k,S2 i '-'k.S) = LJk,S2

where j is the power plant associated to reservoir i, to
be nonanticipative.

As the reader has probably already noticed, it is not
necessary to include the previous constraints within
model (2) because they are equivalent to variables
substitution. Hence, nonanticipativity constraints
have also the property of reducing the size of the prob-
lem since we cannot exploit any particular structure.

D. Remarks

The robust optimization model as formulated in
section II-B is not very helpful if the constants c and
T associated respectively to variables D .̂s and EkiSl

take the values described in section II-A. Because the
development scheme will be mainly function of the
most pessimistic scenario even if its likelihood is neg-
ligible. Consequently, we must redefine the notion of
deficit and excess of energy. Moreover, representing
the risk by the variance does not make any sense ei-
ther in that context because the objective function
will not be "symmetric" around its mean. We de-
scribe in the next section a market structure that cor-
rects this problem. Nevertheless, model (2) gives the
bases for a robust optimization model.

One concern about (2) can be its size. We recall
that in [1], the development scheme is determined
from one scenario with a horizon of 600 periods. We
believe that we can capture almost all the "reality"
of natural inflows with 7 scenarios of 120 periods or
10 scenarios of 84 periods. Therefore, (2) will not get
much larger than (1). On the other hand, if we want a
more precise solution by considering more scenarios,

it is possible to involve parallel computing for solving
(2). But it will require to write an entirely new solver
to exploit the special matrix structure inherent to (2)
— presently, we use MINOS 5.3 to solve (l).

III. EXCHANGES

We describe in this section an approach that takes
the existing system into account within our problem.
Next, we show how a similar approach can be ap-
plied to neighboring utilities. Finally, we give the new
mathematical formulation of the optimal hydropower
development.

A. Existing System

We recall that 96% of Hydro-Quebec's energy is pro-
duced by hydropower plants and so there is no direct
cost associated to this production. Therefore, it is
not sufficient to incorporate the existing system into
the model because it is far more expensive to produce
energy from the new project than from the existing
system — the model will force the existing system
to produce its full potential before starting to build
and produce from the new project. Anyway, even if it
is sufficient, the resulting problem would be so large
that it will not be practically solvable.

What we need to know in fact is how much electric-
ity the new project can take from the existing system
to absorb its deficits, and how much electricity it can
provide from its surplus. With this information in
hand, we can create a market structure that will em-
ulate the possible exchanges, i.e., the existing system
will have the opportunity to sell (or to buy) a certain
amount of energy at each period to the new project.
Now, the difficulty is to create a market structure that
will reflect all potential exchanges.

From now on, we make the assumption that the
new project must meet as much as possible a firm de-
mand of energy and we allow exceptionally the project
to rely on the existing system for a small portion of
that demand. For instance, in the robust optimization
model, we can allow the project to rely on the existing
system only for the most pessimistic scenarios.

The idea here is to find for each period of the con-
sidered horizon, the amount of energy that the exist-
ing system can provide without any risk to the new
project; the amount of energy that it can provide with



a small risk; and so forth1. In this manner, we can
set up an increasing sequence of prices where the base
price will be at least close to the marginal costs asso-
ciated to any development schemes based on average
scenarios — the marginal costs can be found by solv-
ing (l) for each average scenario. The last remark is
important because resorting to other means of pro-
duction is exceptional.

To summarize, the resulting selling market will be a
set of convex functions C£s

s that will replace the coef-
ficient c defined in section II-A — if s is an optimistic
scenario, then Ck

s
s can simply be the constant c.

To define a purchase market we use the opposite
strategy. The result will be a set of concave functions
R"s that will replace the coefficient r — in pessimistic
scenarios, Rk

s
s will take simply the value r. Moreover,

the functions Rk
s
s must take into account that it is

not the goal of the new project to sell energy to the
existing system. In other words, we do not build to
sell electricity to the existing system.

B. Neighboring Utilities

Neighboring utilities can play two roles in the hy-
dropower development problem:

1. they can act as selling/buying markets, or
2. they can help to establish the economical poten-

tial of the new project.
The first role is quite clear and relatively easy to

define. The market structure will be a set of convex
functions Ck" and concave functions R££ as described
previously.

The second role can be useful if a priori we do not
know exactly how much electricity we can produce
economically from the new project. In that case,
neighboring utilities can be virtual and we do not re-
quire that prices have a strong relation with marginal
costs mentioned earlier. We can see this virtual mar-
ket as a kind of sensitivity analysis around the firm
demand of energy.

C. New Mathematical Model

Now, with the market structure defined in the pre-
ceding sections, we are able to define an accurate ro-
bust optimization model. Prom functions C£s

s and
C££, we create a global selling market that we denote

'We have some tools at Hydro-Quebec that can be used to
make this analysis.

10

by a set of functions Ck,s. And similarly, we define
the functions Rk,s. So, let

YS = Cost(x)

and the new robust optimization model becomes

s p ,7 , + A £ , p s (y, - Zs< Ps'Ts' )2

s.'t. G'(x) < 0
Si.k.s = Si,k_i iS

Si,o = Si,o,s = Si^^s = Sy

ik.s - Dk,s ^ dfciS

Sk.s ^ £k,s S Ck.s

The last two sets of constraints can be used to impose
some restrictions on the energy sold/bought on the
various markets.

IV. ENVIRONMENTAL ISSUES

At Hydro-Quebec, many important environmental
issues related to hydropower development (e.g., mer-
cury concentration, spawning of fish, unpleasant con-
sequences to local populations, etc.) can be consid-
ered within a model like (3). For example, take the
unpleasant consequences to local populations. If we
want to minimize those unpleasant consequences, we
have to express the unpleasantness by a convex func-
tion. Normally, the unpleasantness is function of the
flooded area2 and it increases with the latter. Then, it
is conceivable to have a function as shown in figure 2
to represent the unpleasantness. Since the flooded
area can be a function of the dam heights, it suffices
to include a function into the objective function to
consider, maybe partially, the unpleasantness.

We know that is not a trivial task to create a func-
tion like in figure 2, but we believe that it is a less
tedious task than considering those issues only after-
ward. Furthermore, considering those aspects in this
way does not increase too much the complexity of the
problem.

In conclusion, all environmental issues that can be
captured by the flooded area and by the river flows

2The flooded area implies many things such as lost of terri-
tories, impact on fish, etc.
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Fig. 2. A possible formulation of the unpleasantness as a

function of the flooded area.

can be considered quite easily in the optimal hy-
dropower development problem.

V. CONCLUSION AND FTJTURB DIRECTIONS

In this paper, we have shown how we can intro-
duce the stochastic nature of natural inflows, poten-
tial exchanges with the existing system and neighbor-
ing utilities, and some environmental issues, into the
problem of optimal hydropower development. The re-
sulting mathematical model is quite intuitive and not
more complex than the one described in [1].

However, the problem could become a lot more
complex at the end of this century because of the
possible competitiveness in the electricity market [6].
In this future market, the energy demand will have
to be considered as a random variable and the goal
of hydropower development will probably be totally
different: we will build mainly to be more competi-
tive. Therefore, in the future we will seriously need to
study how this new market can influence the problem
of hydropower development.
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A Heuristic Procedure to Cope With Multi-Year
Transmission Expansion Planning
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Abstract: This paper describes a heuristic procedure to cope with multi-year
long-term transmission expansion planning. For each year, the network model
is a linearized power flow and the circuit reinforcements are based on
sensitivity analysis from operational problem (a linear programming problem).
A Backward-Forward procedure is proposed to devise an expansion plan
over the study period This approach is illustrated with a case study with the
southeastern Brazilian system.

Keywords: sequential decision process, expansion planning, linear
programming, sensilivity analysis.

1. INTRODUCTION

The objective of the long term transmission expansion planning is
to obtain the minimum cost addition set (new transmission lines,
transformers, etc.) such that the forecasted load during the
planning period must be supplied without operational violations.
For long term transmission planning, it is common to have IS
years or more along the planning period, so the planner must
allocate facilities to connect new generation units and new load
centers, and to reinforce the network to eliminate the operational
violations.
For a long time, the computational tools of transmission expansion
planning have been analysis tools such as: power flow, short-
circuit and transient stability [1]. The growth of network
dimension led to development of computer programs for
transmission expansion planning [2].
Long term transmission expansion planning can be classified as
static or dynamic. The planning is static if the planner seeks the
optimal circuits addition set for a single year, that is, the planner
is not interested in establishing when the circuits should be
installed. On the other hand, if multiple years are considered, the
planning is classified as dynamic because the mathematical model
lias time constraints to consider the coupling between the years. In
many practical applications, the dynamic planning is usually
approached by solving a sequence of static subproblems [12].
Several approaches have been proposed to get the optimal solution
for the static transmission expansion problem, such as: heuristic
procedures [3] and decomposition techniques [8,9]. However, this
problem, a non-linear mixed integer program, is very difficult to
be solved until optimality. Therefore, the use of heuristic
algorithms could be very attractive because good feasible solutions
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can be found with a small computational effort. A common
heuristic procedure used to allocate the circuit additions is based
on sensitivity analysis with respect to susceptance reinforcements
of the minimum load curtailment problem [4,7].
The dynamic transmission expansion problem must take into
account not only sizing and sitting but also timing considerations.
This requires enormous computational requirements to get the
optimum solution. So, the use of heuristic procedures seems to be
the only way to obtain feasible solutions for large scale dynamic
transmission expansion problem.
Two methods are very natural to be applied with the dynamic
transmission expansion planning. Fhe first one is the Forward
procedure, that consists in solving the static expansion problems
sequentially for all years (starting from the first one) considering
in future years the additions implemented in the past. The second
natural way is the Backward procedure, that consists in solving
first the static expansion planning for the last year, and then tries
to anticipate these additions to solve violations on intermed-^ie
years [10]. If the additions for the last year do not eliminate all
operational violations on intermediate years the procedure seeks
additional circuits from all candidates. Since the last year usually
stresses most the network and it is solved first, the solutions
produced by Backward procedure are generally better than those
produced by Forward procedure [16].
This paper proposes a heuristic approach, called Backward-
Forward procedure, to solve the multi-year transmission
expansion planning. This method consists in a systematic use of
Backward and Forward procedures to produce a more consistent
and economic transmission expansion plan. The basic idea is to
subdivide the whole multi-year planning process in movements, on
forward or backward directions, besides with comparison steps.
The Backward-Forward procedure is illustrated with the reduced
southeastern Brazilian case study composed by 79 bus, 155
circuits and 418 addition candidates. The planning period consists
of three years: 1995, 2000 and 2005. The results obtained by this
approach are confronted with the Backward and with the Forward
procedure.
This paper is subdivided as following: Section 2 presents the
framework for static expansion planning. Section 3 shows tliree
different approaches to consider multi-year expansion planning:
/ - Forward procedure {FT); ii - Backward procedure (BP), and;
in' - Backward-Forward procedure (BFP). Section 4 illustrates the
case study with the reduced southeastern Brazilian system, hi
section 5 some conclusions about this work are presented.

2. STATIC TRANSMISSION EXPANSION PLANNING
A very known heuristic approach to get feasible solutions for the
transmission expansion planning is reinforce the network based on
sensitivity index of the operation problem, which is described as
following.

1 2



2.1. Operation Problem
In hydro based generation systems, as the Brazilian Systems,
production costs are not relevant. So, for long-term transmission
expansion planning the operation problem can be modeled as a
linear programming problem (LPP), where the objective is the
minimization of the load curtained in order to satisfy the
operational constraints. The operational constrains are the network
model besides the operational limits of the equipaments.
The network is represented by a linearized power flow (DC)
model [11]:

B 6 + g = d (1)

where:

g is the generation bus vector,
d is the load bus vector.
9 is the vector of node voltage angles.
B is the branch susceptance matrix, B = S ' y S.
S is the branch-node incidence matrix.
y is the diagonal susceptance matrix.
In long term transmission expansion planning (15 years forward)
is common to appear new disconnected buses (both load or
generation). This cases are tratcd by superposing a dummy
network (composed by dummy circuits with reactance very much
higher than normal reactance). This dummy network ensure that
the B matrix will be nonsingular and will not affect the power
flow [12].

Given a solution of (1), the power flow on branch with terminal
node k and / is obtained as:

Pu = {Ok- Oi)yu for k = 1,.... nb and / 6 Q* (2)
where:

Ot is the k-\h component of vector G.
yu is the component of diagonal matrix y, connecting buses k

and /.
nb is the number of buses.
Q* is the set of buses directly connected with the bus k.
The generation limits can be represented by:

(3)
where:

g is the vector of bus generating capacities.

The power flow limit on transmission circuits can be represented
by two ways, cither directly:

where:
\Pu\ £ Pu for all k = 1,.... n a n d / e Q*

Pu is the transmission capacity between node k and /.

or, by substitution of (2) into (4):

where:

vj/ is the maximum angle branch vector.

The vector y is given by:

iyu = — for all k= 1 nb and / e Cly
Yu

(4)

(5)

(6)

z = Min £, : ,
subject to

B0+ g+r

i s e i

(7)

= d (7.1)

Sg (72)

SH» (7.3)
r * d (7.4)

Problem (7) is efficiently solved by a customized dual simplex
algorithm that uses the reduced basis and upper bounding
technique [14]. By-products of this solution are the LagTangian
multipliers associated to the constraints. In particular, denoting by
ndj the multiplier associated to the /-th equality constraint (7.1), it
can be shown that [4]:

dz
0*) (8)

Introducing the vector r of bus load curtailments, the operation
problem can be stated as:

This sensitivity expresses the operation cost reduction due to a
marginal capacity reinforcement in branch k-l, and can be
calculated for any branch given the solution of (7). Sensitivity
indices (8) can be used to identify the network bottlenecks that
give a good indication of attractive circuit additions.

2.2. Static Transmission Expansion Planning Method
As refered above, a very known heuristic method to solve the
transmission expansion problem is add new circuits, one at a time,
to the network until to get a feasible solution, that is, no overloads
exist.

In order to select the next circuit to add, a marginal benefit index
is defined (10) for all candidate rights of way. To take into account
different voltage levels in the network, the benefit indices arc
ranked separately for each voltage level and the best m candidates
of each level arc put in a candidate list (note that m is a user
option). Then, compensation techniques arc used to simulate the
total benefit of adding each circuit of the candidate list in terms of
the total overload reduction. Finally, the circuit with the best ratio
benefit and its discounted investment (benefit/cost ratio) is
selected to be added to the network. This procedure called CA
(circuit addition) is repeated until all operating limits arc
enforced, that is, no overloads in the network.
After applying the CA procedure it can happen that circuits added
are found unnecessary and could be removed. In order to do this,
the circuit added by CA procedure arc ranked by decreasing
investment cost and compensation techniques arc used to verify
whether it could be removed, that is, if the circuit removal docs
not cause violations on the network. As it will be showed
following, one addition cound be anticipate from a sebsequent
year. In this case the CR procedure must re-allocate the addition
on that year. This procedure called CR (circuit removal) completes
the CA/CR procedure that produces a feasible network
configuration for any year.

3. MULTI-YEAR EXPANSION PLAN BY SUCCESSIVE
STATIC SOLUTIONS

3.1. Expansion Planning by Forward Procedure
This method consists in applying sequentially CA/CR procedure to
all years.

The Forward procedure starts by a Initialization step (lines 2 to 4)
that initializes all relevant data for the procedure and finds a static
solution for the first year. The loop (lines 5 to 7) uses the
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For\vard_Solve Procedure to apply the CA/CR procedure to solve
the transmission planning for all years (in chronological order)
taking into account the additions done in prior years.
The FP is illustrated bellow and describes as follow.
1 Procedure Forward
2 lnitiallzation_Step:
3 Read data and set t1 = to = 1;
4 Apply CA/CR procedure to get a solution for the first

year
5 do while t1 £ T
G Forward_Solve(t1,tO);
7 end do
8 Expansion plan from to to ti Is found with total investment

cost equal to Exp cost (rO,t1);
9 end.

1 Procedure Forward_Solve (t1 ,tO)
2 t 1 = t 1 + 1 ;
3 if t i ä T then
4 Apply CA/CR procedure to solve year f l ;
5 Exp_cost (tO,t1) = total expansion cost;
6 Save solution from to to t1;
7 end if
8 end.
Note that lines 3, 5, 6 and 7 of the Fonvard_Solvc are unnecessary
for Forward procedure. However, these lines will be used by
Backward-Forward method.

At the end of the FP a network expansion plan is obtained with
total cost equal to the value of variable Exp_cost (from tO = first
year to 11 = last year).

3.2. Expansion Plan by Backward Procedure

This method consists by first determining the solution for the last
year by the application of CA/CR procedure. Then, for
intermediate years the candidate list is set to the circuits
previously added in next year, and the CA/CR procedure arc
sequentially applied in the reverse direction of time until the first
year.

The Backward procedure also starts by a Initialization step (line 2
to 4) where all relevant data for the procedure are initialized and
applies the CA/CR procedure to find a solution for the last year.
The loop (lines S to 7) uses the I3ackward_Solvc procedure to
apply the CA/CR procedure to solve the transmission planning for
all years (in reverse order) with candidate list set to additions
done for subsequent years. Note that, it is possible that, in an
intermediate year, no circuit in the candidate list alleviates
overloads. In this case, the CA/CR procedure must continue with
candidate list reset to all candidates, similar to step 4 of
For\vard_Solve procedure. Also, the circuit additions for the
subsequent years must be re-studied because these new circuits
could cause overloads in subsequent years or some circuit already
added in the following years could become unnecessary. The BP is
given as follows.

1 Procedure Backward
2 Inltiallzatlon.Step:
3 Read data and set t1 = rO = T;
4 Apply CA/CR procedure to get a solution for the last

year
5 do while ti > 1
6 Backward_Solve(t1,rO);
7 end do
8 Expansion plan from to to t1 Is found with total investment

cost equal to Exp_cost (tO.ti);
9 end.
1 Procedure Backward Solve (M,tO)
2 t l = t 1 - 1 ;
3 If tl s 1 then
4 Apply CA/CR procedure with candidate list set to

additions done In subsequent years to solve year t1;
5 if exist overload then
6 Apply CA/CR procedure with candidate list reset to all

candidates to solve year t1;
7 Re-study all follow years;
8 end If
9 Exp_cost(tO,t1) = total expansion cost;
10 Save solution from to to t1;
11 end If
12 end.
Note that lines 3, 9, 10 and II of the Backward_Solve arc
unnecessary for Backward procedure. However, these lines will be
used by Backward-Forward method.

Again, at the end of the BP a network expansion plan is obtained
with total cost equal to the value of variable Exp_cost (from
tO = first year to 11 = last year).
Since the horizon year configuration is obtained first (generally the
more complicated year) and the timing problem is solved based on
this configuration, usually this expansion scheme leads to belter
solutions than those produced by Forward procedure [16].

3.3. Expansion Plan by Backward-Forward Procedure

This methodology consists in a systematic use of backward and
forward procedures to produce a more consistent and economic
network expansion plan. The whole Backward-Forward procedure
(BFP) is presented as following:

Basically, the Backward-Forward procedure is composed of three
steps: Initialization (steps 2 to 5), Planning (steps 7 to 14) and
Comparison (steps 15 to 25).
In the Initialization step all rclavcnt data arc read and the
variables Exp_cost(tO,tl), representing the total investment
between two years tO and tl, must be initialized with "big
numbers", the variable Direction, representing the direction of the
planning (backward or forward) is initialized as backward and the
pointers tO, tl must be set equal to T and T+l, respectively.
The Planning step consists in applying the procedures
Backward_Solve or Forward_Solve, described in sections 3.1 and
3.2, according to the value of Direction variable and the solution
produced by these procedures must be saved at each iteration.
The Comparison step compares the plans produced by
Backward_Solve and Forward_Solve procedures and the best one
is selected to continue the whole planning process.
The BFP finishes when a new plan from the first year to the last
year is produced which has no cost improvement with respect to
the previous one.
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1 Procedure Backward-Forward
2 lnitialization_Step: read data and set
3 (Exp_cosf(rO,t1) = +oo, tO = 1 T, t1 = 1 T);
4 Direction = backward; t1 = to = T;
5 Apply the CA/CR procedure to find a solution for the last

year;
6 do while t1 i 1
7 Plannlng_Step:
8 if Direction = backward then
9 Backward_Solve(t1,tO);
10 Save Direction from to to t i ;
11 else
12 Forward_Solve(t1,tO);
13 Save Direction from tO to t i ;
14 end if
15 Comparation Step:
16 if Exp_cost(tO,t1) < Exp_cost(t1 ,tO) then
17 Restore solution from M to tO;
18 Restore Direction from t1 to tO;
19 else
20 tO = t1;
21 Direction = inv(Direction);
22 end if
23 end while
24 Expansion plan from to to t1 is found with total investment

cost equal to Exp_cost (tO,t1);
25 end.
To better describe the BFP we use a simple T = 2 year example.
First, the initialization step is processed. So, the variables begin
the BFP with values:

Exp_cost(l..2,1..2) Direction tO tl
oo backward 2 2

The Planning step begins the first iteration calling the
Dackward_Solve procedure with parameters tl = tO = 2. So, the
CA/CR procedure is applied to find a solution for the first year
(tl = tl - 1 , step 2 of Backward_Solve procedure) with candidate
list set to all additions in the last year. This expansion plan is
saved, the variable Exp_cost(2,l)= investiment cost of the
solution, (steps 10-11 of Backward_Solvc procedure), and the
variable Direction is saved (step 10). The Comparison step is
trivial because the variable Exp_cost( 1,2) is still equal to a big
number, and the last plan (unique) is the winner. Then, the pointer
tO is set to 1 and the variable Direction must be inverted, that is,
Direction = forwaiii, and the first iteration finishes.
In the second iteration, the Planning step proceeds with a forward
movement using the Fonvard_Solve procedure with tO = tl = 1.
The CA/CR procedure obtains a solution for the last year taking
into account the additions done in the first one. Again the
Comparison step is run, but now we have two transmission plans
to compare. Suppose the last plan is again the winner. Then, the
pointer tO is set equal to 2 and the variable Direction is set equal
to backward.
Finally, the last iteration for our small example starts. The
Planning step does again a backward move producing a new
solution in a simular way. The Comparison step compares the last
two plans and, suppose the first is the winner. Then, it must be
restored along with the direction.
The BFP finishes because the pointer tl is set to equal to 0 (step 2
of Back\vard_Solve procedure). Figure 1 below shows the
evolution of BFP for this small 2-year example.

Start here // Forward step

Backward slep

ffi\ BFP iteration number

f t " ) CA/CR procedures applied in t-th year

Partial expansion plan

I

j ft Comparison between two partial expansion plans,

indicating in bold the winner

Figure 1: Evolution of BFP for the 2-year example

4. CASE STUDY
The BFP is illustrated with the reduced southeastern Brazilian 79
bus and 155 circuits network that is shown in figure 3 for the base
year. The planning period consists of years 1995, 2000 and 2005.
The total loads over the planning period are 32042 MW,
37997 MW and 42922 MW, respectively. The discount factor used
was 10% per year. For this case study the generation limit was
considered equal to its dispatch.
The LPP (8) has 237 variables and 392 constrains at the start of
the study. The circuit candidates for addition arc composed by all
existent circuits and new rights of way that are illustrated by
dashed lines in figure 6 at the end of this paper. The total of
candidates is 418 circuits.
The main characteristics of the reduced southeastern Brazilian arc:
buses Jcquitinhonha (253) and Docc (244) are new generation
plants planned to produce starting in 1995; bus Alto Tocantins
(251) increases its generation from 1520 MW in 1995 to
2800 MW in 2000; bus Tres Marias (267) increase its generation
from 445 MW in 1995 to 1600 MW in 2005; bus Ivaipora (21)
also increases its generation level in about 200 % over the
planning period; bus Adrianöpolis (234) has its load increase from
5900 MW in 1995 to 9200 MW in 2005 and finally; bus Säo Paulo
(200) has a load increase from 8400 MW in 1995 until 9600 MW
in 2000.

4.1. Evolution of Backward-Forward Solution

Figure 1 presents the evolution of the BFP scheme applied to this
system. The final solution was obtained aflcr 15 iterations, that is,
it is necessary to apply 15 times the CA/CR procedure.

Figure 2: BFP Scheme for the southeastern Brazilian System

The investment costs obtained during the BFP scheme are
presented in table 1. The first column is the BFP iteration number
illustrated in figure 1, the second and third columns correspond to
the starting and the last year for the plan and the last column is the
corresponding total cost.
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Table 1: Evolution of the Backward-Forward procedure

BFP
step number

1
2
3
4
5
6
7
8
9
10

• U • • •
12
13
14
15

Start year

2005
2000
2005
2005
1995
2000
1995
1995
2005
2000

:2O03
1995
2000
1995
1995

Last year

2000
2005
2000
1995
2000
1995
2000
2005
2000
2005

: 1995-.
2000
1995
2000
2005

Investment Cost
(106USS)

524.7
515.0
521.2
577.6
457.9
448.5
487.8
538.9
435.2
435.2

: ' 490A -.
371.3
3/07
490.5
492.5

The best planning obtained by BFP scheme is showed in the
shaded row of table 1.

4.2. Comparing Expansion Planning Schemes

The BFP scheme results an expansion planning with total
investment cost equal to US$490.43 million (US$138.87
million in 1995, US S 261.30 million in 2000 and US$89.61
million in 2005). This investment is the result of the addition of
39 circuits (6 in 1995, 24 in 2000 and 9 in 2005) as presented in
figure 4 (dashed lines arc new additions). The total computational
time on DEC Station 5000/128 was 25 seconds.
As a mean of comparison, a BP scheme was applied to the same
case study. The solution presented in figure 5 (dashed lines are
new additions) resulted in 44 circuits added (10 in 1995, 28 in
2000 and 6 in 2005) and a total investment cost of US $ 587.45
million (US$158.49 million in 1995, US$343.37 million in
2000 and US $ 84.59 million in 2005). This cost is about 20 %
greater than one obtained by the proposed approach. The
computing time was 3 seconds on the same computer.
Figure 2 bellow provides a comparison between the two payment
series obtained by the Backward-Forward procedure and the
Backward procedure.

U - ™* TOTAL

Figure 3: Comparison between two plans

Note that the BFP scheme is better than BP scheme for the two
first years and is worse for the last year.

5. CONCLUSIONS

Long-term transmission planning studies in countries with high
load growth rates as Brazil poses the planner with the task of
dealing with a great number of alternatives that needs to be
analyzed in order to select the best expansion plan. Coping with

the problem of timing besides sitting and sizing is even more
challenging, and for large networks formulating the problem as a
mixed integer program turns out impractical the search for
optimality due to the combinatorial nature of alternatives
involving the investment variables.

In this work, an alternative approach that combines an LP based
operation problem with a dynamic expansion path search scheme
has been presented and successfully applied to a real Brazilian
network expansion problem, with solutions significantly cheaper
than those obtained by static expansion approaches.
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PLANNING OF NEW GENERATING CAPACITY
FOR ESTONIA USING MARKAL MODEL

0. Liik
Department of Electrical Power Engineering

Tallinn Technical University
Tallinn, Estonia

Abstract - Problems of energy policy planning became
actual in Estonia after reestablishing the independence. During
soviet regime all important decisions were made outside the
republic. Complex energy system planning by means of a
mathematical model considering all areas of the system from
energy sources to the end-users has been possible only since
1994, when Tallinn Technical University got opportunity to use
internationally developed and used model MARKAL. A short
description of the model and present energy situation in
Estonia arc presented here. In the analysts the attention is paid
to one of the most important questions - what type of
technologies .should replace the existing worn-out generating
equipment

I. INTRODUCTION

Estonian economical situation can be characterised by
radical changes caused by establishing of political and
economical independence, transition from highly centralised
planned economy to tlic market economy, sharp loss of
guaranteed USSR markets and dramatic rise of fuel and raw
materials' prices.

As a result of these processes Estonian GDP dropped
from 4400 USD/capita in 1990 to 2930 USD/capita in 1992
|1]. According to the current statistics published in
newspapers, one can consider that drastic fall of economy
have bottomed out during 1993 and slight upturn can be
noticed in 1994.

Estonian energy sector is totally dependent on fossil fuels
from which substantial part is imported. The operational
resources of mining and power generating equipment are
exhausted, power engineering industry has low technical
standard and abatement equipment has poor level or is
absent at all.

Paper SPT PS 01- 04- 0283 accepted
for presentation at the IEEE/KTH
Stockholm Power Tech Conference,
Stockholm, Sweden, June 18-22,1995

Starting from 1989 several groups of experts have worked
on urgent problems and development trends of Estonian
power engineering [e.g. 2], but always there has been Jack of
a mathematical model capable to describe the energy sector
as a whole and enabling to "play through" various
development strategies.

In 1994 Swedish National Board for Industrial and
Technical Development (NUTEK) in cooperation with
Energy Systems Technology Group of Chalmers University
of Technology, Gothenburg, Sweden, purchased an energy
system planning tool MARKAL for Tallinn Technical
University and provided 3 months research opportunity in
Sweden for one Estonian researcher. Since then ihc
cooperation has been continuing and fruitful.

First tasks in using MARKAL have been the building up
of data base and research of future conversion technology
options (basically for electricity production). Investigation of
the influence of air pollution constraints on energy system
development started in 1995.

II. MARKAL MODEL

MARKAL (an acronym for "market allocation") is a
demand-driven, multi-period linear programming model of
the technical energy system that deals cvenhandedly with
supply- and demand-side options. It is a cost-minimising
energy-environment .system planning model used to
investigate mid- and long-term responses to different future
technological options, emissions limitations and policy
scenarios [3,4, 5].

Interfaces of the model are depicted in the Fig. 1, which
is copied from the User's Guide of the program.

MARKAL was developed in the late 1970's jointly at
Brookhaven National Laboratory (BNL), USA and
Kernforschungsanlage-Ju'Iich (KFA), Germany, as a part of
a collaborative effort of 17 nations under the auspices of the
International Energy Agency (IEA). Today the model is in
active use in 25 countries [4], Its continued development is
internationally coordinated by IEA Energy Technology
Systems Analysis Programme (ETS AP).

The latest enhancement of the model is a hybrid model
MARKAL-MACRO that combines "bottom-up" engineering
model MARKAL and MACRO, a "top-down" single
producer/consumer macroeconomic growth model. This
model serves as a tool for promoting dialogue between

1 8
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Fig. 1. Interfaces of the MARKAL model

the engineer and die economist [4], To run MARKAL-
MACRO for Estonia is one of our future research tasks.

MARKAL poses a linear programming (LP) problem of
the general sort [3]

(1)

subject to

YJctjiXi<>bj and X,. > 0 . (2) *

The coefficients c-t for the objective function and 0-, and

bj for the constraints are the known parameters; the vectors

X{ are the unknown quantities to be found, e.g. the solution

of the problem. Here / = [1,...,7]denotes the index of a

time period in the total planning time horizon T and
j denotes the index of a constraint.

In our applications the objective function was the total
discounted net present cost of the energy system over the
whole planning horizon. The objective function can also be a
weighted sum of this cost and the environmental emissions
or security of energy supply [5].

The variables in a MARKAL model are either exogenous
(supplied by the user) or endogenous (determined by the
model). Exogenous quantities are, for example, useful
energy demands, prices, unit costs (investment, operation
and maintenance, etc.) and technical coefficients (lifetime,

availability, residual capacity, etc.) of a technology. The
endogenous variables, whose values are determined by the
linear programming solution, are grouped as follows [51:
- variables representing energy carriers;
- quantity of each energy form available in each period;
- variables related to energy supply technologies;
- new investment in each technology in each time period
- installed capacity of each technology in each period;
- utilized capacity of each technology in each period;
- variables related to the demand technologies.

The heart of MARKAL is the set of equalities and
inequalities generated from the parameters supplied by a
user. These relationships called constraints of the model tie
together the variables. The principal constraints are [3,5]:
- satisfaction of demands;
- fuel balances;
- low-temperature heat and electricity balances;
- peak-load and base-load relations;
- limit on operations;
- period-to-period capacity transfer relation;
- cumulative and growth constraints;
- exogenous bounds such as those on market penetration of

individual types of technology;
- other constraints such as maximum allowable emissions

from the energy system.
After generating from the available parameters the

con.slr.iint and objective coefficients necessary to describe an
energy system, MARKAL produces a matrix of the LP
problem. Matrix characterising the Estonian energy system
witliout emissions' data consists of approximately 3600 rows
and 5600 columns with about 28000 non-zero elements.

As a solution of the LP problem MARKAL produces the
following outputs for each lime period [5]:

capacity expansion or reduction required for a
comprehensive set of energy supply technologies;

- level of activity of those technologies selected:
- identification of the end-use technologies that are die

most cost-effective;
- an accounting of all energy forms used;
- a marginal value for each energy form;
- a reduced cost for each activity that does not appear at a

positive level in die optimal program.
The model will price all energy forms at their marginal

cost in a hypothetical, tax-free world. It treats interfuel and
intertechnology substitution in detail. Costs of emission
reductions are internalized in the model.

III. PRESENT SITUATION OF ESTONIAN
POWER ENGINEERING

Estonian domestic fuels are oil shale, peat and wood. All
other fuels are imported, mainly from Russia. The share of
domestic fuels in energy balance is about 60%. Real hydro
potential is less than 1% of present power generation



capacity and there is no nuclear reactors. The wind potential
is quite remarkable, specially on islands, but there is neither
technical nor economical conditions for its utilisation in
nowadays.

The data about primary energy supply are presented in
Tables I and II. These data like other statistics in this paper
base mostly on [1,6, 7].

Domestic energy consumption is characterised by useful
energy demand (see Table III) and final consumption. The
total final consumption has decreased from 213.4 PJ in 1990
to 114.4 PJ in 1993 [6].

Estonian main fuel is oil shale: 99% of electricity
generation and ca 25% of heat production bases on its
combustion. It is used also for shale oil (synthetic crude oil)
production (25 PJ in 1993) and as a raw material for
chemical and cement industry. Average calorific value of oil
shale is 8.7 MJ/kg and it contains 45-50% of ash, 11-13% of
moisture, 1.4-1.8% of sulphur and 0.3% of nitrogen. The oil
shale is extracted from 6 underground mines (50%) and 4
openpit quarries (50%). Nowadays the mining and quarry
occupy ca 8 % of Estonian surface area. The value of oil

TABLE I
ESTONIAN PRIMARY ENERGY SUPPLY

Year
Total supply
Oil shale
F-'uel oil
Motor fuels
Cias
Coal
Wood and peat
Electricity (liydro+imp.)
Share of domestic fuels

1990
520.6 I'J

54%
18%
11 %
10%
2%
4 %
1 %

53%

TABLE

1991
462.5 PJ

53 %
16%
11 %
11 %

. 1 %
4%
2%

52%

II
PRIMARY ENERGY USE IN

1992
337.2 I'J

63 %
11 %
8 %
9 %
3%
6 %
0

6 3 %

1993

1993
276.2 PJ

61 %
14'*
11 %
6 %
2 %
6 %
0

61 %

Category Share in total use.'
lilettricily jeinT.iIinn
District heal production
Oil shale processing
Peat processing
Direct use of fuels
Non-energy use
Fuel losses
Export
Stockpiles

36.2
19.9
9.0
0.8

15.1
1.1
0.3
3.4

14.2

TABLE III
USEFUL ENERGY DEMAND IN 1993 [PJ]

Sector Electricity Heat Fuels TOTAL
Industry
Construction
Agriculture
Transport
Households
Other economy
Non-energy aw
TOTAL
Losses

7.2
0.2
2.8
0.5
4.0
3.1
.

17.8
5.3

25.5
0.3
0.9
0.9

16.5
1.9
.

46.0
3.4

7.1
2.1
9.0

26.3
11.1
7.3
3.1

66.0
0.7

39.8
2.6

12.1
27.7
30.6
12.3
3.1

129.8

shale deposits is 1.6* 109 tonnes. An annual extraction has
been31.3*106 t in 1980,22.5* 106 t in 1990and 14.9*106 t
in 1993. Every year some amount of oil shale is imported
from St. Petersburg deposits (16 PJ in 1993).

Electricity generation is concentrated into two oil shale
fuelled power stations in Narva region: Eesti and Balti
power plants. These plants were designed to supply north-
west region of USSR not particularly worrying about
environmental impact. During soviet regime approximately
50% of electricity was exported.

Heat is produced by regeneration plants, thousands of
boilerhouses of district heating and enterprises and
numerous small boilers of private houses. All towns, most
small settlements and villages have district heating network
and about 80% of apartments are connected with it.

Information about energy conversion technologies is
concentrated into the Table IV. The curves of the electricity
production, consumption and grid losses are presented in the
Fig 2.

The Estonian oil shale power plants are 21-45 years old.
Their basic equipment is very close to the operation time
limit and in next 10-20 years they must be either properly
reconstructed or closed. In addition, new generating capacity
is needed. The structure of the generating units needs also
improvement as the existing units were designed to cover the
base load.

TABLE IV
ELECTRICITY AND HEAT PRODUCTION CAPACITY

Plant Erected El. cap. Th. cap. Effi- Fuel
MW MW ciency

Eesii PP
Balti PP
IruPP
Kohtla-Jarve PP
Ahtme PP
Other pow. plants
Boilerhouses
TOTAL

1969-73
1959-66

1981-
1949-59
1951-56

1610
1390
190
39
20
64

3313

84
690
460
301
102
138

11450
13225

29%
27%
49%
28%
25'J

oil shale
oil shale
oil. gas
oil shale
oil shale
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Fig. 2. Electricity net production, consumption (incl. losses)
and grid losses 1945-1994
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In the heating sector the situation is quite similar: most of
boilers represent 30 years old technology level with poor
level or absence of automation and control of burning
process.

So, the questions about fuel, type, capacity and
construction time of new power and heating plants are very
important. Actually, Estonia got additional time for taking a
decision on power plant construction due to decreased
electricity and heat consumption in 1990's (radical changes
in economy, dramatic rise of fuel and raw material prices,
sharp decrease of electricity export).

Due to decreased energy demand and export Estonia can
fulfil also all agreements on emissions' reductions today. Air
pollution data for the period 1990-1992 are presented in the
Table V [7].

Power engineering gives about 2/3 of SO2 and 1/3 of NOX

emissions and major part of solid particles. Major sources of
NOx . CO and hydrocarbons arc motor vehicles. From CO2

emissions 64% is accounted for oil shale burning, 13.8% for
fuel oil, 9.9% for motor fuels, 7.1% for gas, 3.3% for wood
and peat, 1.9% for coal [7].

VI. ESTONIAN MARKAL DATA BASE AND
FUTURE TECHNOLOGY OPTIONS

The MARKAL model optimises a network representation
of an energy system depicting entire system from resource
extraction through energy transformation and end-use
devices to useful energy demand. This network is called
Reference Energy System (RES). Each link in the RES is
characterised by one or more technologies available to the
model. The model creates the best RES for each time period
by selecting the set of options that minimises cost [4].

So, the MARKAL research for Estonia started from the
drawing up the RES and data base structure and collecting
the base year data. These tasks have been quite complicated
and time consuming [8].

The base year has been changed three times (from 1991
to 1992 and 1993) as the corresponding information has
become available. Today the data base contains 18 supply
side options, several fuel processing technologies, 30 energy
conversion technologies and 20 demand categories with 300
demand-side technologies. Lately the descriptions of air
pollution and corresponding abatement technologies were
added to the data base as well.
The planning horizon was chosen 45 years, which was
divided into nine 5-years periods. The useful energy demand
was estimated to grow about twice during the whole

TABLE v
AIR POLLUTION 1990-1992
[THOUSANDS OF TONNES]

Year Solids SO- CO NOx CO:

planning interval, i.e. to tlie level of 1990. It was assumed
that aside the economic growth significant energy
conservation takes place. At that electricity consumption
growth rate was taken higher than the same of heat and fuels
consumption.

The future energy demands as well as the first years of
availability of the new technologies were all the author's
estimates because of no new prognosis were publicly
available. Forecasts, made couple years ago [2], have lost
their value due to dramatic changes in the economy.

The future electricity generation technology options are
listed in the Table VI. The investment costs, fixed and
variable operation and maintenance costs, efficiencies and
other figures were taken as European average values from
[9] or from Swedish data base used in Chalmers University
of Technology. The Swedish data base was the source of
some other figures (e.g. some future fuel prices) as well.

V. RESULTS OF MARKAL RUNS

The MARKAL optimisation was started from the
simplest case - unconstrained emissions scenario. The
solution basing on the 1992 data can be found in 18]. The
cumulative presentation of the new capacity curves of the
solution under die base year 1993 is given in the Fig. 3.

The next step in the model use was the introduction of air
pollution limits. At first tlie bounds were put on the SO2 -
one of our main environmental problems. Here the Estonian
target is to reduce the emissions by 50% by 1997, and by
80% by the year 2005, from the 1980 SO2 emissions level.
The power plants must have then desulphurisation units.
The production of existing power plants will be lower and
new capacity (natural gas combined cycle plant) must be
built starting already from 2003. Corresponding new
generating capacity curves are presented on the Fig. 4.

Limitation of sulphur emissions automatically reduces the
dust, NOx and greenhouse gases emissions as well.
The international agreements do not allow to exceed 1987
level of NOX emissions. It means, that Estonia will not have
NOX problems until 2008. Results of a scenario, where aside
constrained SO2 also NOX was bounded, are presented on the
Fig. 5. In this scenario NOX emissions were frozen on the
2008 level and then reduced by 50% by the year 2033.

TABLE vt
NEW GENERATING CAPACITY OPTIONS

1990
1991
1992

300
278
130

240
232
177

440
390
125

70
60
30

33590

Plant type

Reconstruction of existing oil shale plant
New oil shale power plant
Coal fluidized bed (FB)
Coal FB with additional abatement
Natural gas combined cycle
Peak-load gas turbine
Light water nuclear reactor
Wind generator (land)
Peal fired regeneration heat and power (CHP)
Coal CUP

First year of
availability

1998
2008
2008
2008
2008
2003
2023
1998
2003
2003
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As it can be seen from the results presented here, the
small-scale CHP plants cannot compete with the big
condensing plants and boilerhouses. At that reconstruction
of die oil shale power plant considers both condensing and
CHP power.

The results of model runs enable to make also some
general conclusions on fuels:
- peat remains to be a fuel only for smaller boilers;
- woodfuel should be used in the whole available extent;
- fuel oil will lose its Importance gradually after 2008;
- it is not reasonable to build a new oil shale liquefaction

plant to produce shale oil for combustion.
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The results can change if more precise information about
the new technologies, development scenarios, investment
limits or fuels' price changes will be available. The energy
demand changes affect in the first case on the capacity and
introduction time of a new technology, but not so much on
the fuel and technology mix.

VI. CONCLUSIONS

The results of model solutions show that the fuel and
technology choices for future Estonian power plants strongly
depend on the limits we put on the emissions and the
political decision about availability of the nuclear power.
Possible limits on fuel import (specially on coal and gas) will
affect the future fuel and conversion technology mix as well.

In spite of a large variety of solutions, the following
guidelines for future generating capacity options can be
drawn.
- Due to decreased consumption and export of electricity

no additional capacity is needed until 2003. For the same
reason Estonia can fulfil the international agreements on
emissions reductions today. Reasonability of the building
expensive cleaning devices for the old units is doubtful.

- It is reasonable to reconstruct existing oil shale power
plants on the bases of less polluting fluidizcd bed
combustion. The capacity depends on mining and
environmental limits. New oil shale plant is not rational.

- Peak-loaded gas turbines will be operated.
- In the unconstrained case the main fuels will be the coal,

gas and oil shale. Electricity will be generated in the FB
condensing and natural gas combined cycle plants
without extra abatement equipment.

2 2



- In the case of constrained SO2 emissions and unlimited
import, the main type of power plant will be the natural
gas fuelled combined cycle plant. To leave gas import in
the acceptable range, also the coal plant with the
cleaning equipment must be operated.

- If the nuclear plant is allowed, the model introduces it
almost always after 2023. Its capacity grows sharply if
the emissions' constraints are strict.

- The model solutions prefer separate electricity and heat
production to the small-scale coupled production plants.

- Wind generators will be operated only when all SO2,
NOx, and CO2 are very strictly limited.
The results presented here cannot be taken as the official

trends of Estonian power engineering development, but as a
first attempt of complex modelling of the energy sector with
MARKAL.
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A HYBRID SYSTEM BASED ON KNOWLEDGE APPLIED TO THE
ELECTRICAL POWER NETWORKS EXPANSION PLANNING

R. C. G. Teivc L. G. S. Fonscca
UFSC - Florianopolis - BRAZIL

Abstract
This paper describes a hybrid system for Power System

Transmission Expansion to be used in long-term planning
studies.

To represent the electrical power system two models are
used : a network flows program and a DC load flow program.
The network flows program, implemented in PASCAL,
determines the minimum cost expansion plan. This algorithm is
based on Graph Theory'. While the DC load flow program is
written in FORTRAN.

The Knowledge-based system and the algorithmic
programs (load flow and network flows program) form the
developed hybrid system. This hybrid system generates feasible
alternatives for the expansion of an overloaded power system,
based on heuristics of planning, and also determines the
minimum cost expansion plan.

A test-case with a 38-buscs power system is presented and
discussed.

I. INTRODUCTION

The studies of transmission expansion planning involve
the expertise of several areas of knowledge.

The planner (expert) must be able to understand the
relationship between these areas and the transmission
network expansion as well as to know how to solve all the
problems related to this planning.

In addition, the planner has to manage a lot of tools,
involving algorithmic programs that arc associated with the
global planning problem.

Algorithmic programs, using procedural computing, can
efficiently solve problems whose solution requires a rigorous
analytical approach, such as the program to solve the power
flow equations, which model the steady slate behaviour of a
power system (load flow progTam).

On the other hand, kno\vledgc_bascd systems (KBS) arc
much better for handling heuristic knowledge. In this case
the models are usually symbolic or declarative, instead of
numerical.

Since solving practical problems often requires both types
of abilities, there is a great incentive to develop hybrid
systems [01].
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Thus, the KBS applied to the transmission expansion
planning must be integrated with numerical programs,
forming a hybrid system. The KBS both executes these
programs and reads their output files.

Additionally, the KBS has other advantages, such as the
facility of modifying or updating nilcs [02].

This paper describes some important aspects of the
development of a hybrid system applied to the power system
transmission expansion planning.

The developed hybrid system is presented, emphasising
the techniques of knowledge representation used, the
inference engine adopted, the rules base, the facts base and
the necessary algorithmic programs.

For validation [06], the results obtained with the system
of southern Brazil arc presented and discussed.

11. THE DESIGNED HYBRID SYSTEM

The designed hybrid system to the power system
transmission expansion planning is composed by a KBS
integrated with two algorithmic programs.

The KBS has three main components :
- an inference engine, which defines the problem-solving

strategy;
- a rules base, containing 66 rules, including the heuristic

of planning;
- a facts base, containing the prior knowledge related to

this problem.
The designed hybrid system is depicted in Figure 1.
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Figure 1 - Designed hybrid system

As is shown in Figure I, the hybrid system is integrated
with" the following programs:

- load flow program - In the study of long term planning,
the complete representation of the power system is not
necessary. So the utilisation of a DC load flow program was
implemented.
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- network flous program - The ndoplcd network flows
program is based on the algorithm developed by Klein,
Busacker and Gowen [03].

The problem of minimum cost path determination in a
directed graph, sending through this path a specified amount
of flow, from a source vertex (s) to a sink vertex (t), is solved
by this method, through the repeated applications of an
algorithm for determining the minimum cost path in this
way:

1- Firstly, the minimum cost path from vertex (s) to
vertex ("t") is determinated. In this path the biggest possible
amount of flow must be sent out, and limited by the smallest
capacity' arc;

2- If the sent flow is equal to the target flow then the
problem is over. Otherwise, the graph must be modified
taking into account the obtained flow. This modified graph is
called the incremental graph.

These two steps arc repealed alternatively until the target
flow can be obtained , or there is no available path between
(s) and (t).

The incremental graph is a graph with the same structure
as the original graph, but with both capacities c,j and costs dtJ

modified. It is defined as follows:
a) If a flow fj,, which is different from zero, exists

through the arc (j.i), then we have a fictitious arc (ij), which
can be utilised in the opposite direction with the same
capacity, but with cost -d,Jt. Therefore this arc will be utilised
just for reducing the flow;

b) If a flow fij exists through the arc (i.j).whosc capacity
is smaller than the capacity c,j. then an additional flow can
be sent by this unsaturcd arc f,/ = c,j - f,j. The cost for sending
one unit of additional now through an unsaturcd arc has the
same value as the original cost;

c) As a saturcd arc is not usable for increasing flow, we
have f,j* = 0 and d,,* = oo.

The application of the Klein, Bitsacker and Gowen
algorithm [03] to electrical power networks, requires that
some modifications were made in the original algorithm,
especially the following modification : for using this
methodology, the net of interest, in this case electrical power
network, must be put into a graph representation. In this
representation, lines and buses of the electrical power system
are considered arcs and vertices of a directed graph.

This algorithm requires that the resultant graph has only
one source vertex and only one terminal vertex. Thus, as the
real electrical power network has many generation buses
(source vertex) and load buses (sink vertex) as well, all
generation buses must be connected to a fictitious vertex,
which will be the source vertex s. On the other hand, all load
buses are connected to another fictitious vertex t, called
terminal vertex, as is shown in the Figure 2.

Figure 2 - Graph representing a power system

The arc capacity is equal to the generation capacity or
load capacity of the real corresponding vertex, and the arc
cost is zero (fictitious arc). For example, in Figure 2, the
fictitious arc Gl has generation = Gl and cost = 0.

The interface between the ES and the final user, is made
by a set of questions-responses. The question arc produced by
ES and shown on the screen , while the responses arc typed
by keyboard user.

III. INFERENCE ENGINE

The inference engine is the processor of knowledge in a
KBS. It matches the facts contained in the working memory
against the abstract knowledge contained in the knowledge
base, infering facts. The inference engine controls the
instantiation process, examining and triggering the rules, as
well as executing the corresponding actions. In this
prototype forward chaining was used.

This inference engine is contained in the shell used to
build the KBS, Gcncsia II [04]. Therefore, this particular
inference engine is analysed.

The rules in the rules base arc analysed one by one.
Firstly, the inference engine makes the syntactic analysis,
considering only the way of writing the rule. If there is no
syntactic error, the inference engine performs the semantic
analysis of the rule, consisting of the word meaning.

The instantiation process starts only when both facts and
rules base have been compiled, without syntactic or semantic
error. This process obeys the following steps :

1) Read both rules base and facts base.
2) Choose an examinablc rule. If there is not one, go to

step 5.
3) Trigger the chosen rule. This rule is trigged for all

global instantiation found.
4) Go to step 2.
5) End.
To understand these steps it is important to give some

basic concepts:
- Examinable rule - This is a rule where all the premises

are satisfied, without taking into account the links between
premises, expressed by variables.

- Fireable rule - One rule is called fireable if the variables
in its premises have at least one global instantiation, and that
all instantiation are satisfied.
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- Global instantiation - When there is an instantiation of
each variable, the premise is satisfied and the links existing
between premises arc also respected.

The inference engine chooses the first rule of the rules
list, in the same order that the rules were written in the rules
base. The inference engine tries to fire these rules looking
for one global instantiation in the premises. When some
global instantiation is found, the inference engine fires this
rule for all global instantiation.

The inference stops when there is no more global
instantiation possible, i.e. when there arc no more
cxnminablc rules.

IV. KNOWLEDGE REPRESENTATION

The shell used to build the expert system. Gencsia II.
allows the utilisation of several techniques for representing
the knowledge necessary to the KBS.

Techniques like semantic networks, predicate logic, triple
object-attributc-valuc and production rules can be used
separately or together.

The kind of knowledge representation depends mainly on
the kind of knowledge involved. The knowledge of a
knowledge base usually is divided into two types : concrete
and abstract knowledge.

A. Concrete Knowledge
This kind of knowledge is stored in the working memory,

and is in other words, static knowledge or a fact, known by
the KBS before the instantiation process. To represent the
knowledge in the working memory triple object-attributc-
value (OAV) with semantic notions were used.

The facts contained in the facts base initially, before the
instantiation, arc shown below.
Facts base:

Object attribute value
1) BUSJ38 HAS_LINE LINEJ38
2) BUS_230 HAS_LINE LINE_230
3) BUS_500 HAS_LINE UNESCO
4) LINEJ38 HAS_FLOWMAX 100
5) L1NEJ38 HAS_MAXPARAL 4
6) LINE_230 HAS_FLOWMAX 600
7) LINE_230 HAS_MAXPARAL 3
8) LINE_500 HAS_FLOWMAX 2000
9) LINE_500 HAS_MAXPARAL 2

These sentences are considered facts because Ihey do not
depend on instantiations for being TRUE.

The sentence numbers 1 to 3 link the kind of bus with the
kind of line. The sentence numbers 4 to 9 are related to the
knowledge considered STATIC by the planner, during the
planning.

For instance, the sentence numbers 4 and 5 mean: one
transmission line with voltage class equal to 138 kV has

maximum transmission capacity of 100 MW, This kind of
line supports 4 line parallels. The last information is
associated with the right of way.

In an OAV representation, each object is considered
elemental fact. The attributes represent characteristics or
qualities of an object. Each attribute has a value, the
combination between attribute and value is called property.

Figure 3 depicts how the objects can be combined, using
semantic links . The links used were : A_KIND_OF (AKO),
IS A and HAS.

Figure 3 - Semantic network linking triples OAV

As it is depicted in the Figure 3, each line of the power
system is considered an object to the KBS. Each object has
several attributes, whose values depend on the conditions of
the power system, and represent all the important features of
this lines.

B. Abstract Knowledge
Abstract knowledge is stored in the Rules Base, and

consists of planning heuristics. The knowledge was
represented in the rules by predicate logic. The abstract
knowledge is stored in the rules base and is formed specially
by heuristics of planning.

To represent the abstract knowledge a set of production
rules was developed with the formalism of predicate logic.
This set of rules consists of the following production rules:

rules of reading - The aim of these rules is to perform the
reading of data from the output file to the load flow program,
(written in FORTRAN) and to store this data in the working
memory as well.

The rules shown below are in the same formalism as
those used in the prototype.

RULE READING_OF_BUSES_DATA
CALLC'flowl.com")
READ(RETURN,*, (X) (Y) (F) (G) (H))
AND DEDUCE [ (X) HASJ/OLTAGE (Y)

(X) HAS_GENERATION (F)
(X) HAS_TYPE (G)
(X) HASJLOAD (H)]

RULE READING OF LINES DATA
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CALL("fIo\v2.cora")
READ(RETURN,*.(X) (H) (F) (E))
AND DEDUCE [ (X) HAS_FLOW (H)

(X) HAS_RESISTENCE (F)
(X) HAS_CIRCUIT (E)
(X) HAS_PARALLEL 0]

In these rules the variable (X), which represents the
buses or lines of the power system, is linked with its
attributes through semantic link HAS. Each attribute is
associated with its real value, obtained from the load flow
program.

In these rules it is not necessary to write the part IF
(premises), because these rules must be trigged
unconditionally.

Actually, these rules read data from two different files,
one of them containing buses data and the other containg
lines data. The buses dala file has the following format:

Bus voltage generation load type
1 1.00 0.0 0.0 1

On the other hand, the lines data file has the following
format:

Line flow (Mw) resistance number of circuits
(1TO2) 32,39 2.09 1

rules of writing - These rules write some results to be
used by the network flows program after the instantiation
process.

Some of these rules arc shown bellow :
RULE PRINTING_COSTS_OF_LINES1
IF ((X) TO (Y)) A_KIND_OF (Z) 'REAL

((X) TO (Y)) HAS_CAPACITY (F)
((X) TO (Y)) HAS_PARALLEL (G)

THEN
WRITE(SEND, (X)" " (Y)" " 0 " " (F)*(G))

This rule write in an output file the necessary parameters
of a transmission line, to be considered for the network flows
program. In this case, only the total capacity is necessary,
due to this rule is related to real lines ( status = 'REAL') and
the expansion cost for a real line is zero.

RULE PRINTrNG_COSTS_OF_LINES2
IF ((X) TO (Y)) A_KIND_OF (Z) 'FIC

((X) TO (Y)) AJOND OF (Z) 'NEW
((X) TO 00) HAS CAPACITY (F)
((X) TO 00) HAS_COST (G)

THEN
WR1TE(SEND, (X) " " 0 0 " " (G)" " (F))

The aim of this rule is to write in an output file, the cost
and the capacity of all new lines. Each new line is
decomposed by two parts : one part whose status is FIC and
the other part whose status is NEW. It was done due to
network flows program.

rules of deleting - These rules were created (o delete
some facts from the working memory, when these facts
became useless to the ES.

RULE DELETING_OF_USELESS_FACTS
IF ((X) TO (Y)) COUNTER (Z): (F)
THEN

(F)' = INEXISTENT

Some facts after the initiatiation process are useless to the
KBS, so they are deleted from the facts base, making their
status INEXISTENT.

rules of heuristics - These rules contain the heuristics of
planning, involving the abstract knowledge related to this
problem.

RULE VERIFICATION_OF_LINES FLOW
IF ((X) TO CO) A_KIND_OF (Z)' REAL

((X) TO 00) HAS_FLOW (G) "NORMAL
((X) TO CO) HASJTOTALC APACITY (F)
((X) TO CO) HAS_PARALLEL (H)

THEN
((X) TO CO) HAS_FLOW (G) 'OVERLOADED
((X) TO 00) HAS_OVERLOAD ((G)/(F) + (H) - 1)

The aim of this rule is both to find overloaded lines and
to calculate the overload index to these lines. If one line is
overloaded its status changes from NORMAL to
OVERLOADED.

RULE LINES_DUPLICATION
IF ((X) TO CO) HAS_FLOW (Z)' OVERLOADED

((X) TO CO) A_KIND_OF (I)' REAL
((X) TO CO) HAS_OVERLOAD (H)
(X)BAYSNUMBER(Gl)
CO BAYSNUMBER (G2)
CO HAS_BUSFLOW (G3)
NUMBER MAX_OF_BAYS IS (F3)
(Y) HASJJUSFLOWMAX (H3)
(HI) <= (H) AND (Gl) < (F3) AND (G2) < (F3) AND

(G3)<(H3)
THEN

((X) TO (G)) A_K.IND_OF (I)' FIC
((G) TO CO) A_KIND_OF (I) ' NEW
((X) TO (G)) HAS_COST O
BAYSNUMBER (X) < - ((BAYSNUMBER (X)) + 1)
BAYSNUMBER (Y) < - ((BAYSNUMBER (Y)) + 1)

This line makes the reinforciment of a system, when
there is overloaded lines. In this case, the number of lines
created depends on the following constraints :

- the value of the overload index;
- the number of bays of each bus;
- the transformation capacity of each bus.
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other rules - Other rules were created specially to make
the interface with the user. This interface is made through
several questions shown at the computer screen.

For instance, the rules for knowing how many buses have
to be integrated into the system, and what is the number of
these buses.

RULE BUS_TO_BE_INTEGRATED1
THEN
WRITE(TERMINAL, "HOW MANY BUSES HAVE TO

BE INTEGRATED INTO THE SYSTEM? ")
READ ((BUS_NUMBER))
ANSWERNUM' = (BUS_NUMBER)
BUSCOUNT' < -- 0

RULE BUS_TO_BE_1NTEGRATED2
IF ANSWERNUM' = (F)

BUSCOUNT' = (H)
(H)<<F)

THEN
WRITE(TERMINAL."GIVE THE NUMBER OF THE

BUS TO BE INTEGRATED")
READ ((BUS NUMBER))
(BUS_NUMBER) IS_A NEW BUS
BUSCOUNT' < - (H) + I

WR1TE(TERMINAL. "GIVE THE VOLTAGE CLASS
OF THIS BUS (in upper cascsuch as BUS_XYZ):")

READ ((BUS_VOLTAGE))
(BUS_NUMBER) A_KIND_OF (BUS_VOLTAGE)

V. RESULTS

The test system used is the South-southern reduced
Brazilian system, whose diagram is depicted on Figure 4.
This system has 12 generation buses (including the buses 23
and 24 to be integrated), 19 load buses and 4 transformers.

This system is slightly different from the system
presented in [05]. The difference is related to the number of
new buses considered in the horizon year.

In this system, it is considered only 2 new buses (23 and
24). On the other hand, in [05] it is considered 8 new buses
besides the buses 23 and 24.

The aim is to integrate into the system the buses 23 and
24. corresponding to two new plants, do not taking account
other new buses.

Firstly, the KBS executes the load flow program of the
base system (Figure 4). Afterwards, the KBS reads the buses
data (voltage, generation, load and type of bus), and the lines
data (active flow, line resistance, number of circuits).

The Table 1 shows the result of this load flow., with
regards to the biggest mismatches.

TABLE 1
BASE SYSTEM - BIGGEST MISMATCHES

From bus

5
2
9
10
14
15
11
11
16
19
25
14
16
34

To bus
4
4
11
14
16
17
21
18
19
20
35
15
17
35

How (MWl
1088.81
-237.66
-255.95
-236.10
288.82
1642.41
247,85
285.11
490.19
261.10
1815.00
-681,03

L -1642.41
-1815,05

Capacity (MW)

600.00
-270.00
-270.00
-220.00
200,00
1500.00
220.00
270,00
270,00
270.00
1400.00
-600.00
-600.00
•600.00

Figure 1 - South-Southern reduced Brazilian system

As it is shown in the Table 1, there are 11 overloaded
lines (7 transmission line and 4 transformers).

Secondly, the KBS determines the overloaded lines,
generating the necessary reinforcement based on the
calculated overload index.

Afterwards, the KBS makes the integration of the buses
23 and 24, taking into account the heuristic of planning
stored in its rules base.

Considering the maximum number of bays equal to 15,
the KBS generated the following reinforcement:

line 16-19 (2)
line 14-16
line 11-21
line 14-10
line 11-18
line 25-35
line 15-17
transformer 35-34 (3)
transformer 17-16 (2)
transformer 15-14
transformer 54
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Besides these reinforcement, the KBS generated more 95
new lines, for integrating the new buses.

Finally, the KBS executes the network flows program,
taking into account the base system + expansions. In this
case, it was allowed rescheduling generation between bus 15
and 27. the total cost of the optimum plan is US$
173.083,00. which corresponds to the following 14 circuits
addition:

Reinforcing lines
line 16-19(2)
line 14-16
line 38-5
transformer 17-16 (2)
transformer 35-34 (2)
transformer 5-4 (2)
New lines
line 23-33
line 23-21
line 23-24

The Table 2 shows the results of the load flow program
for the base system + expansions.

TABLE II
SYSTEM + EXPANSIONS - BIGGEST MISMATCHES

From bus

5

2

9

10

14

15

11

11

16

19

25

14

16

33
34

To bus
4

4
11

14

16

17

21

18

19

20

35

15

17

34

35

How (M\V)
507.80

•235.29

-255.50

-179,18

199.55

1452.20

114,53

152,66

205.32

181,65

1167.99

-525.69

-484.07

-256.03

-389.33

Capacity (M\V)
600.00

-270.00

-270.00

-220,00

200.00

1500.00

220.00

270,00

270.00

270.00

1400.00

-600.00

-600.00

-270.00

•4500.00

As it is depicted in Table 2, after the expansion of the
base system, by the KBS, there arc no overloaded lines.

VI. CONCLUSIONS

The integration process of new plants into a power
system, and the determination of the best expansion plan arc
very complicate tasks. The expert needs to manage several
numerical programs and to use a lot of heuristic of planning
as well.

This work suggests the use of a hybrid system to solve
both problems. The hybrid system is composed by 2
numerical programs ( load flow program , written in

FORTRAN and network flows program, written in
PASCAL) and a knowlcdgcbased system (KBS). The
interface between the numerical program and the KBS is
made by functions.

The shell used for building this hybrid system is called
Gcnesia II, developed by EDF - France. Gcncsia II allows the
use of all classical techniques of knowledge representation.

In this work, it was adopted the triples object-attribute-
value to represent the concrete knowledge. These triples
were associated each other by semantic links.

On the other hand, it was used to represent the abstract
know ledge a set of productions rules, with the formalism of
predicate logic.

The develop hybrid system presented a good performance
when tested with difficult real-world test system, as it is the
south-southern Brazilian system.
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Abstract - The generating capacity expansion problem for
a single-area system is addressed from a new point of view.
The proposed method calculates confidence limits, or
percentiles, for all loss of load indices, including failure
frequency and duration, by considering uncertainties in the
generation transition rates and forecast peak loads. The
generating capacity expansion is then determined through
risk indices percentiles, instead of the usual expected
values. The proposed methodology is applied to a Brazilian
Southern system configuration, including ITAIPU hydro
power plants.

Keywords: Power generation reliability; Reliability;
Uncertainty modelling; Generating capacity expansion
planning.

INTRODUCTION

Nowadays, there is a huge effort from researchers and
power utilities to measure the reliability of a system. When
planning engineers detect a system area with a high risk of
failing to meet its load demand, new investments are needed
in order to minimize this condition. Conversely, in system
areas with very low risks, relocation of economical
resources to weaker areas is indicated [ 1J.

It is well known that the reliability measures are affected
by stochastic uncertainties [2-9]. For example, forecast peak
loads are extremely sensitive to the behaviour of economic
conditions and to subjective evaluations, usually present in
decision making processes. Moreover, uncertainties in
generator paiameters are dependent on limited number of
observations of failures, aging process, etc. [2J.

Paper SPT PS 01- 06- 0415 accepted
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So far, all decisions made by planning engineers, to
verify the ability of the available generating capacity to
meet the total area load, are based on reliability indices or
risks expressing expected value measures: LOLP (loss of
load probability); LOLE (loss of load expectation); EENS
(expected energy not supplied); LOLF (loss of load
frequency); LOLD (loss of load duration). These indices
will be generically named as GCR, generating capacity
reliability, indices.

The use of expected values to verify the associated risks
seems to be a very fragile procedure, bearing in mind the
previous stochastic uncertainties [2,7]. A more adequate
methodology should take into account the confidence
interval associated with those reliability indices, to provide
a more reliable decision [9].

In this paper, two important results of previous works
were used. Firstly, the expected-value and variance of GCR
indices can be efficiently obtained by a convolution
technique, when generating transition rates and forecast
peak loads are treated as random variables [5,7]. Secondly,
the probability distributions associated with these GCR
indices can be, in general, assumed as Gamma [6,9]. Under
these considerations, confidence limits of the GCR indices
can also be efficiently estimated and used to create a more
reliable methodology for planning the generating expansion.
The proposed methodology is tested in a configuration of
the Brazilian Southern system, and the results are compared
with those obtained with the conventional methodology
which is based only on the expected value of GCR indices.

STATISTICAL MODELLING OF INDICES

In order to calculate confidence limits for the GCR
indices, a Monte Carlo simulation (MCS) process was
carried out using a configuration of the Brazilian South-
Southeast, and the probability density functions (pdf) of the
indices were obtained [6]. The MCS process consisted of
running and processing several GCR evaluation cases whose
input were generated by pseudo-random numbers, according
to their specified statistical distributions. This experience is
reported in [6,9] and is briefly described as follows.
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In general, the pdfs of LOLE, LOLF and EENS indices
exhibit a shape close to a gamma function, while the LOLD
index could be modelled by a gamma or even a normal pdf.
Other similar functions as Weibull and Lognormal were
also candidates for this modelling process. Gamma
distribution is very attractive because it can approximate a
great deal of other distributions; with the increase of the
shape parameter, this distribution gets closer to the normal
one. Besides, it is very simple to calculate its parameters
from the expected value and the variance.

In order to measure how close to the Gamma shape the
simulated GCR indices were, goodness-of-fit tests were
performed. This was carried out according to Kolmogorov-
Smirnov tests; it is the only well developed criterion that is
totally competitive with other procedures and it is not less
efficient than other tests [10].

CONFIDENCE LIMITS

Once the probability distributions of the GCR indices are
set, the next step will be to determine the confidence limits
or percentiles. To better comprehend these parameters,
some concepts are here reviewed.

Degrees of freedom (v) -» is the sample number of
independent observation, discounted the number of
population parameters, which are estimated by means of
sample observations. In general, the average and the
variance of the sample are estimated.

Confidence interval -* is a random interval which includes
the actual value of the parameter plus a specified security
level (I-7).

Percentile of a distribution (p) -»is the variable value below
which a given percentage of occurrences can be expected:

calculated through an integral table of probabilities:

Fx(Xp) = P[X<;xp] = p/ioo (i)

i.e., "p" percent of all possible X is less than or equal to xp

Percentiles of a Normal Distribution

The percentiles of a normal distribution can be

p/100 = 0.5 + erfI (Xp M

where: erf is the error function [11]; Xp is the percentile k;
ix and a are the average and the standard deviation of the
distribution, respectively.

Percentiles of a Gamma Distribution

The pdf of a Gamma distribution is defined by:

f(x) = (3)

with xSO, a and 0>O. F(.) is the gamma function and a
and /3 are the scale and shape parameters of the gamma pdf,
respectively

By changing parameters a and /?, a great variety of
distributions can be modeled [11]. These parameters can be
easily set by the expected value and variance according to:

a =
V(x)
E(x)'

(4)

The upper and lower limit, Xu and XL, of a percentile
confidence interval, are related through:

P[XL<;X£XJ = (1-7) (5)

These confidence intervals, Xu and XL, can be
calculated through a simple transformation [2], which is
applied to parameters a and /?, in order to make possible
the use of a tabulated chi-square, x2. distribution function.
This is possible since the x2 distribution is a particular case
of the Gamma; E{X} = ^ and V{X}=2»>. Therefore, a=l
and P=v/2. Thus, the superior and inferior limits of the
confidence interval (I-7) are determined by:
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x - °V
A u - -jX (,,1-TO (6)

where X2<,,P> ' s 'he percentile point p of ihe x~ distribution
with v=20 degrees of freedom.

An Example

Suppose that the LOLE average and variance are
calculated as 4.815 h/month and 15.984 (h/month)2,
respectively. These are actual values derived from a
particular configuration of the Brazilian South-Southeastem
system 19]. Considering that the LOLE index follows a
Gamma distribution, then: a= 15.984/4.819 = 3.317 and
0=4.819715.984= 1.453

For a confidence interval of 90%, i.e. 7=1-0.9 = 0.1,
and considering a \2 distribution with »<=2/J = 2.9 degrees
of freedom, then [12]:

~ '•815

XG.I.BM = 0.3518

and therefore,

LOLEu = ( 0 / 2 ) ^ , ^ = 12.961 h/m

LOLEL = (a/2)x2
( M O = 0.5835 h/m

The results above show that the actual value of LOLE,
although unknown, is somewhere in the range
[0.5835,12.961], with probability 0.9, that is, with a
confidence limit of 90%. Thus, the actual and unknown
value is bigger than 12.961 h/m, with probability 0.05, and
it is smaller than 0.5835 h/m, with the same probability;
the LOLE average value is 4.819 h/m.

A similar study can be carried out with other indices
such as EENS, LOLF, etc.

EXPANSION PLANNING

The main goal of static generation planning is to
establish when, where and what type of new generator units
(hydraulic, thermal, etc.) must be installed. Static reserve

refers to the long-term planning and construction of
efficient installed capacity to allow for schedule
maintenance of generating units, random failure of units
and load growth in excess of the estimates. Besides, in this
work, failure and repair rates and forecast peak loads are
treated as random variables with known distributions. The
expected-values and variances associated with the GCR
indices are calculated by the CONFINC program which
follows the methodology described in [7]. To verify the
ne«d of adding a new unit, two expansion planning
methodologies are analyzed.

The first methodology does not consider any
uncertainties in the generating parameters and peak loads.
In this case the expansion planning is carried out based on
an acceptable value, LOLEa, for the LOLE index. Thus, for
a given generating configuration, the calculated value
LOLEC is compared with the acceptable value. If
LOLEc>LOLEa, this means that a new generating unit must
be added. This can be considered the conventional
methodology for generating expansion planning.

The second methodology does consider uncertainties in
the generating parameters and forecast peak loads. Thus,
for a given generating configuration, the expected value and
variance associated with index LOLE are calculated and
also the confidence limits -* {LOLEL,LOLEV). If
LOLEu>LOLEl, this means that a new generating unit must
be added. This is the proposed methodology for generating
expansion planning.

Planning decisions are made for a limited time period,
for example, 10 years. The impact of the proposed
methodology will be illustrated in the Brazilian Southern
system, where the forecast peak loads from 1994 to 2002
are given in Table 1. The generating configuration at the
beginning of this period is shown in Table 2. As can be
observed, there are 63 power generating units: 39 hydro
and 24 thermal units. The power capacities range from 5.7
to 700 MW, The generating unit parameters were obtained
from the Commission of Regional Integration - CIER, a
Latin American Association [13].

The load model is represented by an hourly load curve,
covering a typical week. There are 168 load levels to be
considered. The GCR indices are calculated using this
model and then transformed to a monthly basis. A normal
distribution is used to model the forecast peak load
uncertainties, with a standard deviation of 1.5% of the
expected value. In Table 1, only the annual expected peak
load of the system is shown. As can be verified, the annual
peak load grows approximately with a rate of 5% a year.
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Table 4.1 - Forecast Peak Load Table 4.2 - Brazilian Southern System

Year

1994

1995

1996

1997

1998

1999

2000

2001

2002

Annual Load
(MW/Yr)

4641

4898

5127

5421

5721

6003

6274

6616

6931

Peak Load
(MW)

6637

7005

7332

7752

8181

8584

8972

9461

9911

In the case of failure rates, standard deviations greater
than 20% of the respective expected values were found. For
the repair rates standard deviations around 30% of the
respective expected values were found. These standard
deviations represent the uncertainty on the parameters of the
generators. In Table 2, only the FOR of generating units
are shown.

The sequence of new available units is: priority 1 -» 3
units of 350 MW with forced outage rate, FOR, equal to
14.6%; priority 2 -* C -..its of 270 MW with FOR =
3.3%.

The concept of capacity expansion analysis [14] is then
illustrated using the Brazilian Southern system as follows.
An accepted system risk level for the LOLE index of 0.1
hours/month is assumed. Any other GCR index could have
been used instead of LOLE index. The question to be
answered is - in what years must the units be committed in
order to meet the accepted system risk level? As previously
explained, two methodologies will be tested: the
conventional one, named PLAN-0 (no uncertainties assumed
in generating parameters and forecast peak loads) and the
proposed one, named PLAN-AGL (uncertainties are
assumed for both generating parameters and forecast peak
loads).

PLANTS

HYDRO TYPE:

PASSO FUNDO

S. SANTIAGO

SALTÖ OSORIO

PASSO REAL

JACUI

1TAUBA

FOZ DO AREIA

C. CACHOEIRA

SEGREDO

ITAIPU

THERMAL TYPE:

J. LACERDA 1-2

J. LACERDA 3-4

J. LACERDA 5-6

CHARQUEADAS

ALEGRETE

PRES. MEDICI A

SAO JERONIMO

NUPETA

PRES. MEDICI B

FIGUEIRA

No.

2

4

6

2

6

4

4

4

4

3

2

2

2

4

2

2

3

3

2

2

CAP.
(MW)

110

333

175

70

30

125

419

63

315

700

50

66

125

18

33

63

5.7

8

160

10

FOR
(%)

2.5

3.3

2.5

2.5

1.6

2.5

3.3

2.5

3.3

3.3

11.3

19.1

14.6

11.3

11.3

19.1

11.3

11.3

11.5

11.3

The expansion PLAN-0, is shown in Table 4.3.
According to this plan, the 350 unit additions would have
to be made in years 1998, 1999, 2000, and the 270 unit
additions would have to be made in years 2000, 2001 (2
units), 2002 and so on.
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Table 4.3 - PLAN-O: Expansion Planning with No Uncert. Table 4.4 - PLAN-AGL: Expansion Planning with Uncert.

Year

1995

1996

1997

1998

1999

2000

2001

2002

New
Unit

-

-

-

1

1
2

2
3
4

4
5
6

6
7

Cap.
(MW)

9837

9837

9837

9837
10187

10187
10537

10537
10887
11157

11157
11427
11697

11697
11967

Load
(MW)

7005

7332

7752

8181

8584

8972

9461

9911

LOLE
(h/m)

0.212E-03

0.137E-02

0.178E-01

0.122
0.323E-01

0.199
0.732E-01

0.395
0.114
0.489E-01

0.387
0.125
0.360E-01

0.292
0.912E-01

Year

1995

1996

1997

1998

1999

2000

2001

2002

New
Unit

-

-

-

1
2

2
3

3
4
5

5
6
7

7
8
9

E(LOLE)
(h/month)

0.287E-01

0.193E-02

0.180E-01

0.135
0.425E-01
0.129E-01

0.855E-01
0.276E-01

0.151
O.5O3E-O1
0.155E-01

0.138
0.465E-01
O.145E-O1

0.108
0.362E-01
0.113E-01

Upper LOLE
(h/month)

0.828E-03

0.537E-02

0.463E-01

0.316
0.108
0.358E-01

0.220
0.769E-01

0.383
0.136
0.449E-01

0.358
0.128
0.429E-01

0.288
0.103
O.345E-O1

To illustrate the importance of the interconnection with
1TAIPU power generation station, already in 1994, the
LOLE index, without this interconnection, goes to 1.4
hours/month; more than ten times the accepted risk.

The expansion PLAN-AGL, is shown in Table 4.4. In
this case, the accepted system risk level of 0.1 h/m is
compared with the upper LOLE limit and no more with the
average LOLE as in PLAN-0. Confidence limits of ^0%
are used in all expansion plans, i.e. there is a probability of
0.95 that the LOLE index will be smaller than the
calculated upper limit.

This percentile can be increased or decreased in
agreement with the designer's specification. According to
this plan, the 350 unit additions would have to be made in
years 1998 (2 units), 1999, and the 270 unit additions
would have to be made in years 2000 (2 units), 2001 (2
units), 2002 (2 units). Observe that at the end of the study
period, 7 units will have to be committed based on PLAN-0
against 9 units based on PLAN-AGL. Clearly, PLAN-AGL
is more costly but at the same time much more reliable,
since it considers all sorts of uncertainties.

If the uncertainty level on the forecast peak loads are
increased to 2.5% of the respective average values deep
changes in the expansion plan are experienced [9].

It must be realized that any risk level could have been
selected. The actual choice is a management decision. Also,
the particular expansion study represents a somewhat
idealized case. The present worth of this particular strategy
would have to be compared with others to establish the
optimum expansion configuration for the system. Finally,
the proposed methodology can also considered the
uncertainties of the hydrological conditions on the output
generating capacities [6,7,9].

CONCLUSIONS

This work presented a new methodology for evaluating
the generating expansion planning, when uncertainties in
generating parameters (transition rates) and forecast peak
loads are considered.
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Undoubtedly, the conventional LOLE method was an
important step for determining a more reliable generating
expansion planning, as compared to the traditional
deterministic methodology based on worst conditions.
Similarly, the proposed methodology is another step
forward to obtain a still more reliable plan for the
generating expansion. Moreover, since the probability
associated with each specific risk level can be assessed,
there will be a relationship between the reinforcement costs
and the desired risk level.

The results with both, conventional and proposed,
expansion plans were obtained. The impact of generating
parameter and forecast peak load uncertainties is
tremendous. The proposed methodology proved to be very
adequate to deal with these problems and can improve
significantly the decision making process.
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Abstract — An improved two stages solution model to the
unit commitment of thermal units is developed in this
paper. In the first stage a preschedule is generated using
a high quality trained artificial neural net (ANN). A
dynamic programming (DP) algorithm is implemented and
applied in the second stage for the final determination of
the commitment states. The developed solution model
avoids the complications imposed by the generation of the
variable window structure, proposed by other techniques.
A unified approach for the treatment of the uncertain
states resulting from the application of the ANN is also
developed in the paper. The validity of the proposed
technique is proved via numerical applications to both
sample and small practical power systems.

I. INTRODUCTION

The unit commitment strategy involves the development of
rules for the hour-by-hour ordering of generating units, on and
off the system, to match the anticipated load and to allow a
predetermined security margin. In addition and above all, the
most economic operation has to be achieved. In literature this
problem has been treated using a number of algorithmic
approaches [1-8], including the dynamic programming (DP)
approach, the mixed integer linear programming (MILP)
approach, and the Lagrangian relaxation (LR) approach.

Recently, more attention has been paid to the construction of
Artificial Intelligent (AI) systems capable of solving such
problems. In place of the conventional algorithmic techniques,
a rule-based system was developed to speed up the process,
which utilizes ANN as the global optimization support.
However, in that approach the global optimal was not
guaranteed as the quality of the obtained solution was found to
be greatly affected by the quality of the driving rules.

Paper SPT PS 02- 01- 000S accepted
for presentation at the IEEE/KTH
Stockholm Power Tech Conference,
Stockholm, Sweden, June 18-22,1995

In the ANN application to unit commitment, the available
scheduling information regarding a generating system can be
stored and retrieved as a part of die new solution process.
Most of the time is spent in the off line training from the I/O
data pairs. Once the network is completely trained, the on line
operation would involve a chain of simple arithmetic
operations for which the processing time should be very short
as compared to the completely analytical programming
technique. From this prospective a two stages ANN/DP
technique has been recommended for this application.

Reference [9] introduced a two-stages process which consists
of ANN and a modified DP approach. The modified DP
approach considered a variable window for the dynamic
search, and new combinations were examined at each stage
with uncertain units. A rather detailed explanation to that
technique is given in section III. Apart from the fact that
approach imposes an extra and unnecessary computational
burden in the second stage, the number of uncertain units,
resulting from the first stage, could have been greatly reduced
via properly training the ANN.

The lack of a proper and straightforward interface between
the output of the ANN and the original DP program has
motivated the creation of the present work. Therefore, the
primal objective of the present work is to avoid die further
complications imposed by the generation of the variable
window scheme proposed in [9]. A new treatment of the
uncertain states is developed in this paper. Moreover, the
proposed schemes allow the direct application of a normal DP
package, and thus provides a significant saving in both
computational time and efforts.

D. ARTIFICIAL NEURAL NETWORK

An ANN is made up of a simple and highly interconnected
processing elements, called neurons, which process
information by its dynamic state response to external nodes.
Each neuron can have only one or multi inputs. A multi-layer
ANN comprises an input layer, an output layer, and a number
of hidden layers. The computation process can proceed either

3 6



forward or backward. A typical feed forward neural network
with a single hidden layer is shown in Fig. 1.

Output Pattern

Output ( J y *

HKMXI U v

Input Pattern

Fig. 1 A Typical Feed Forward Neural Network

The operation of a neural network consists of the
presentation of a set of inputs and a subsequent forward
propagation of this input through the network. For each
neuron in the input layer the neuron output is the same as the
neuron input. For each neuron j in the hidden layer the net
input is given by:

where i is the neuron in the preceding layer, O; is the output
of node i, W^ is the connection weight from neuron j to
neuron i, Uj is a bias. The neuron output via a logistic
function is given by:

j
l +

(2)

where aj is a user selected parameter. According to a specific
training rule, an ANN must be trained by being provided with
data sets describing the nature of the problem under study. An
adequate training set must describe the full range of expected
inputs and associated desired outputs. La this paper the
proposed neural network is trained by using the back
propagation learning algorithm. The steps involved in the
training process may be summarized as follows:
1) Assign a set of random numbers to the network connection
weights and biases.
2) Initialize iteration counter 1 = 1
3) Read an input pattern P with the desired output vector from

the training set.
4) Perform the forward propagation on the input pattern to
determine its response.
5) Compute the output error by:

(3)

where M is the number of output nodes, O^ and t̂  are the
output and target respectively of the j * neuron due to the P
input pattern.
(6) Update the connection weights to minimize the output error
according to the following equation:

l P-l ) (4)= P dPj OPj + a

where for output nodes :

dPJ = <tp* -°PJ )°^1-OBJ) (5)
and for the other nodes:

a ^ = ( E apk»u > °*jii ~ °Pi > <6i
k

where k represents the number of nodes connecting unit j .
7) Repeat steps 3 through 6 until all patterns in the training set
are considered.
8) Compute the error function, E(I), for the present iteration
with the following equation:

E{ I) = (7)
p - i

where P is the number of patterns in the training set.
9) If there is no significant improvement in the error function,
i.e., | E(I) - E(l-l)| S £, where £ is a small positive number
then print out the weights and stop; otherwise increase the
iteration count (I) by one and proceed to step (3).

ID. TWO STEPS ANN/DP SOLUTION STRATEGY

The following terminology is adopted in this work.
Preschedule: The unit schedule pattern at the output layer of
a trained network, for any input load profile.
A certain state: A preschedule of either 1 or 0.
An uncertain state: A preschedule with at least one element
having a value between 1 and 0.
A Stage: Each hour sub-period in the expected study range
(e.g. 1 hour, 2 hours, ..etc).
A determined stage: represents an hour in the preschedule
where all units have certain states.
An Undetermined stage: represents an hour in the
preschedule where some or all units have uncertain states.
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The solution procedure constitutes two stages:
Stage I: In this stage the expected load demand on the plant
under study is fed to the trained ANN so that the preschedule
information are obtained. In general this preschedule would
have a degree of uncertainty, due to the expected
discrepancies between the training patterns and the input test
patterns.
Stage II: In this stage a modified DP is developed for the
final scheduling. The generation of a truncated window
structure is specified, and new combinations are attempted at
undetermined stages.

The truncated window constitutes three unit categories,
which are defined as follows:
Upper off-set: Sort all the decommitted (state=0) units in the
ascending priority list called Oplist. The upper offset units are
the first K ^ , units in the Oplist.

Lower off-set: Sort all the committed (state = 1) units in the
descending priority list order which is referred to as Lrlist.
The lower off set units are the Klower units in the Lrlist. It is
worth noting that all units with uncertain states should be
included in the search window. This would, however, exclude
those restricted uncertain units which can be identified as
MUST-ON or MUST-OFF units. These units are referred to
free uncertain units and they represent the third category of
the developed truncated window.

IV. IMPROVED SOLUTION TECHNIQUE

Two key objectives are aimed in the improved solution
technique. The first is to minimize the number of the
preschedule uncertain states so that further computational
demand can be avoided. The second is to allow for the direct
application of the normal DP package to solve for the
uncertain states, with no need for the generation of the
truncated variable window structure.

A. Minimization of the number of uncertain states:

This objective may be achieved via providing a high quality
training for the generation of the preschedule. To fulfill such
a requirement the following suggestions are outlined:
1) Using an adequate number of training patterns, with diverse
load features that would cover most of the expected load
curves on the plant.
In this regard the following two cases may be encountered:

Case (1): Due to the minimum up/down time constraints, the
set of I/O patterns may contain a subset of patterns which in
spite of possessing diverse load features, yet they may have
the same preschedule information. Such training patterns
should be included in the training process as they introduce

non-redundant (useful) information to the network.
Case (2): This case arises when the set of training patterns
contains a subset of patterns with a high degree of load
similarity, while resulting in the same preschedule results.
Such load patterns will lead to redundant information and
hence, will not improve the quality of training. Therefore,
these load patterns may be omitted from the training process
without degrading the quality of training.
(2) Improving the quality of training by improving the
accuracy level.
In this paper the accuracy level, measured in terms of the
convergence tolerance, is taken as 0.00001. This is a fairly
small tolerance that would result in a fairly accurate
preschedule. However, adopting this level, it may still exist
a few number of uncertain states in the preschedule. Further
improvement of the accuracy level would lead to a further
reduction in the number of uncertain states. However, this
would require more training cycles for the training process.
(3) To overcome the problem of possible local minima that
may be encountered during the training process, the solution
must be repeated by using different values of initial weights
and thresholds. This would allow the solution to start from
different solution points, and if it ends up with the same
result, a global minimum is then assured.

B. Direct Application of the DP Package:

Let the number of undetermined units be Nu. The application
of DP-TC requires a total number of combinations less than or
equal 2Nu. In this paper, a technique is developed which will
be referred to a the "Mask" technique. In this technique a
constant number of combinations is maintained during all
stages (both determined and undetermined). The steps may be
summarized as follows:
i) According to the preschedule of the ANN, specify the total
number of uncertain units along all stages,
ii) Determine the number of combinations that will be fed into
the DP program. This number is determined according to the
number of combinations generated for search and also the
combinations specified for the determined units,
iii) For the determined stages: Assign a production cost for the
combinations that include only determined units. Combinations
which include uncertain units will be assigned a cost of infinity
so that these combinations are "-Masked" during tracing the
optimal path.
iv) For the undeterminate stages: All generated feasible
combinations will be assigned their proper production cost,
according to ths load demand of these stages. By this way all
feasible combinations will be available for dynamic search.
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V. IMPLEMENTATION AND TEST RESULTS

The "Mask" technique described in the previous section can
be best illustrated by the following example:
Consider a plant of 6 thermal units to be committed along 12
intervals, covering the 24 hours period. The preschedule from
the ANN application is given in Table 1.

Table 1 Preschedule obtained from ANN

Table 3 Allowable combinations needed for search

p

u
I

2

3

4

5

6

1

1

1

0

1

I

1

2

0/1

0/1

0

I

1

1

3

1

0/1

0

1

1

1

4

1

1

0/1

1

1

1

5

1

0/1

0/1

1

1

1

6

0

0

I

1

1

1

7

0

0

1

1

1

1

1

0

0

I

1

1

1

9

0

0

0

1

1

1

10

1

1

0

1

1

1

II

1

1

0

1

1

1

12

1

1

0

1

1

1

From Table 1 it is found that units 4, 5, and 6 have certain
states along all stages, while units 1,2, and 3 have uncertain
states along stages 2, 3, 4 and S. Then the allowable
combinations are generated in Table 2.

Table 2 Allowable combinations for uncertain units

(Jam

Comb. No

I

2

3

4

5

6

7

8

1

1

0

1

0

1

0

1

0

2

0

1

1

0

0

1

I

0

3

0

0

0

1

1

1

1

0

The combinations required for the search in each
undetermined stage are given in Table 3. Then a fixed number
of combinations (including the six combinations in Table 3
plus combination number 4 in Table 2) are fed to the DP
program, where assignment for the production cost are given
in Table 4 . It is then obvious that all combinations that have
a production cost of infinity will be "Masked" when tracing
the optimal path.

As a second application a number of 5 units of ABU QER
power station are considered. The characteristics of these units
are given in Table 5. The fuel cost curves were modeled as
quadratic cost functions. Typical load curves were taken from
daily and monthly reports. Samples of these load curves are
given in Table 6. A total number of 2s -1 = 3 1 combinations

SU|d

Comb. No.

1

2

3

5

7

S

2

T

T

T

F

F

T

3

T

F

T

F

F

F

4

F

F

T

F

T

F

$

T

F

T

T

T

F

F = combination is not considered for >earch.
T = combination i! considered for search.

Table 4 Assignments of the production cost

p

Comb.

1

2

3

4

5

7

8

1

IN

IN

C

IN

IN

IN

IN

2

C

C

C

IN

IN

IN

C

3

C

IN

C

IN

IN

IN

IN

4

IN

IN

C

IN

IN

C

IN

5

C

IN

C

IN

C

C

IN

6

IN

IN

IN

C

IN

IN

IN

7

IN

IN

IN

C

IN

IN

IN

8

IN

IN

IN

C

IN

IN

IN

9

IN

IN

C

IN

IN

IN

C

10

IN

IN

C

IN

IN

IN

IN

11

IN

IN

C

IN

IN

IN

IN

12

IN

IN

C

IN

IN

IN

IN

C = production cost associated with combination
IN = infeasible combination.

are considered for the application of the DP technique.
According to the max/min demand level of the station, only 20
combinations prove feasibility of satisfying the~load demand.
The dispatch results for different combinations, covering the
three load curves, were then obtained [12].

The design of the proposed neural net exhibitx the following
features:

1. The input layer consists of 12 neurons corresponding to 12
intervals, covering the 24 hours period.
2. The output layer consists of 60 neurons representing the
state of 5 units along the 12 intervals.
3. A hidden layer consists of 24 neurons. The actual
determination of the correct number of hidden neurons is a
trial and error process. The use of too few hidden neurons
may not classify inputs properly, while using two many may
not generalire well. In this work after few experiments, the
network was found to perform satisfactorily with 24 hidden
neurons laid in one layer. The proposed ANN was trained
using 13 I/O patterns. A generaliied DP package [11] was
used to prepare the commitment results for different input load
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profiles. The training process required about 15 minuits and
a total number of 250 training cycles.

Table 5 Unit characteristics

Table 7 Preschedule by ANN for the test patterns

NQ of Units

m u Qptriry (MW)
mia Opacity (MW)

Rid Type

Cost Cocffiossci
oo load can a L-E/hr
iKrasaxiI Hal Rue

0L.E/MWhr

Avenge Production Cost
X m u (L.E/MWhr)
X mm O-.E/MWhr)

Son up Cost
(cold san) L.E

Shut down Con (L.E)

min up time (hr)

min down time (hr)

4

1 »
75

titxani Gö

16.6058

2.9377
8.06356'lfr1

3.1796
3.05865

980

358.75

8

8

1

320
140

NminlGiJ

57.376

2.34644
3.39436'Kr*

2.88367
2.58148

2450

475

16

16

Table 6 Sample load curves

—

n>

0)

0)

ID

590

Stt

450

m

600

su

475

01

no

9M

510

(4>

7 »

<C7

JSQ

(S)

t »

U7

too

(O

no

»54

t »

(7)

no

MJ

100

(I)

TTO

705

no

I»)

100

«T7

790

(10)

u»

U l

510

(II)

JJO

WO

500

on

MO

ao

475

In order to validate the training process, three test load curves
were then used. The preschedule information proposed by the
trained ANN for the 3 test patterns are given in Table 7.

The close inspection of these results reveals the following
observations:

1) For patterns 2 and 3 the trained ANN managed to give the
correct commitment states for all units along the 12 stages and
hence the same operating cost and schedule as the DP solution
are obtained.

Inspecting the data given in Table 5, it is found that unit tt
5 is a MUST RUN unit, hence its commitment state has been
decided to be ON. This would lead to a reduction in the
number of the output nets to be only 48.

Load
curve

(1)

(2)

(3)

No. of
uncertain

states

1

0

0

Preschedule by
ANN

1st
stage

1234
5

1100
1

1100
1

1000
1

remaini-
ng

stages

all units
ON

all units
ON

all units
ON

Actual
commitment

1 st
stage

1234
5

1100
1

1100
1

1000
1

remaini-
ng

stages

all units
ON

all units
ON

all units
ON

2) For pattern # 1 it is observed that:
i) In the first stage units 1,2, and 4 have certain states

of 1,1,0 respectively; while unit tt 3 possesses uncertain value
of 0.01.

ii) In the remaining stages ( Stage tt 2 through 12) the
ANN managed to give the correct commitment states for all
units.
Therefore unit tt 3 would be considered as being uncertain and
thus it would be included in the DP search range.

3- The "Mask" technique described in section IV was then
applied. The following remarks are considered:

i) Units 1,2,4, and 5 have a determined state of 1 in all
stages, while unit 3 has an uncertain state in the first stage
only and a certain state in the remaining stages.

ii) Only those combinations including units 1,2,4, and
5 as ON were considered, while the state of unit 3 was to be
searched. The available combinations used for search are
shown in Table 8.

Table 8 Available combinations used for search.

Unit*

Comb.
#

(1)

(2)

1

1

1

2

1

1

3

0

1

4

1

1

5

1

1

4 0



iii) A production cost was assigned for combinations 1
and 2 in the first stage only (undetermined stage). For the
remaining (determined) stages, only combination # 2 was
assigned its production cost according to the load demand in
each stage, while combination # 1 was assigned a cost if
infinity. The final commitment states are given in Table 9.

Table 9 Final commitment states by using the proposed
DP-ANN technique

Unit*/

State

(1)

1

(2)

1

(3)

0

(4)

0

(5)

0

It is observed that in this application the commitment of two
load curves were successfully obtained while the third
possessed one ( out of 5 ) uncertain unit. Also the number of
undetermined stages was found to be limited to one stage out
of the 12 stages. According to these results, the expected
number of uncertain units, in a system of 20 units for
example, could be 4 units and hence, only 2* combinations
would be considered in the search rarge. Those 16
combinations represent the upper bound, since some
combinations may not satisfy the demand reserve constraints,
and thus would be naturally omitted from the search range.

VI. CONCLUSIONS

An improved intelligent ANN supported DP solution model
to the unit commitment problem is presented in this paper.
Although the proposed two stages DP/ANN technique was
tested for a small practical system, the technique is so general
that it can be adopted by larger size systems with an
acceptable increase in computational efforts, compared to the
simplest pure algorithmic techniques. However, like any
artificial intelligent technique, the solution quality of the
proposed technique is system dependent. This implies that a
trained network for one system may not be readily
transferrable to provide results with the same accuracy to
another system with a different configuration.
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Fast Economic D ispatch S o l u t i o n w i t h Piecewise Quadra t i c

Cost Funct ion Using Lagrangian M u l t i p l i e r

Young-Si k Baek and Jin-Hee Han

Dep. of Electr ical Eng., Kyungpook National University

Taegu 702-701, KOREA

Abstract - This paper presents economic dispatch
solution with piecewise quadratic cost functions
using Lagrangian multiplier. Lagrangian method is a
very popular method in solving economic dispatch
problem, but with piecewise quadratic function i t was
difficult to solve. In this study a smart algorithm
is developed using Lagrangian multipl ier. Case study
shows that this method is fast, simple, efficient and
rel iable compared wi th conventional methods. The test
system with 10 generators is implemented and the
results is compared with conventional methods. Lambda
method is much faster and the final cost is reached
to minimum exactly. Wi th this method we can seek al I
the possible local minimum and can see the some of the
conventional results a, ••only local minimum. 11 isalso
possible to include transmission line losses in this
method with a little additional CPU time.

INTRODUCTION

The economic load dispatch(ELD) problem is one
of the most important optimization problems in power
system. Traditionally, in the ELD problem, the cost
function for each generator has been approximately
represented by a single quadratic function. And the
so I ut i on of th i s prob I em i s we 11 so I ved by Lagrang i an
method. But presently the cost function changed to
piecewise quadrat i c functions. One reason of this is
to increase the accuracy of the functional

Paper SPT PS 02- 02- 0075 accepted
for presentation at the IEEE/KTH
Stockholm Power Tech Conference,
Stockholm, Sweden, June 18-22,1995

relationship and the other one results from multiple
fuel sources for each generation units[1].
This type of cost function is nonlinear and the ELD
problem is solved based on nonlinear
methods[1,2,3,4].

Hierarchical method is first introduced to solve
this type of problem[1L The results show that the
solution method is practical and val id for real-time
application. But it can't be proved that the result
is a real optimum. R.R. Shoults et al. used dynamic
programming method to solve this problem[2]. In this
method losses in the power system are ignored and the
computational time increase heavily as the system
grows. The Hopfield neural network[3] and genetic
algorithm[4] has been applied to this problem. The
results of the method [3] proved to be good for a sample
studies but hardware implementation is needed for the
real time applications. Genetic algorithm is a
powerful method for any type of cost function but it
uses no information of piecewise quadratic function
in ELD problem. So it has a limit in solution time.

For any given unit with multiple cost curves, the
curves can be superimposed as shown in Figure 1.
If there exist a optimal point i t wi 11 be on the one

of the quadratic curves, and equal Lagrangian Å
theorem must satisfied. If Lagrangian n.ethod can be
introduced in this piecewise quadratic cost funct ion
the algorithm wi 11 be most effective as with the case
of a simple quadratic cost function. In this study
a simple algorithm is developed

PROBLEM FORMULATION

In this problem, the piecewise quadratic function
is used to represent the cost function of each
generat i on un i t. The hybr i d cost funct i on and hybr i d
incremental cost function of unit i is shown in Figure
1. Cost function is continuous but incremental cost
function is piecewise I i near but noncontinuous. These
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functions are defined as

a a + b a x Pi + caxPJ, fuel 1

COST(P,) =

using B coefficient.

(1)

If we use Lagrangian multip!ier the minimization
of eq. (2) with the constraint eq (4) is converted
to minimization of eq. (5).

n n
uj _ ~̂* •"> 5f \^ D D D 1 fc>
oC — ^j L/( /iL ^j 1 | i /) i 7J.J 10^

where aik,bik,cik • cost coefficients of fuel k and the optimal point is calculated when al I lambda
or region k of unit i. are same as follows.
Pi '• the generated power of generator i 9 r P +h

;.<•=—!LTT—>L- (6)Pi, Pi '• minimum and maximum limits of the

generation power of unit i .

Pk-\ ,i, P* .i : minimum and maximum limits of the

generation power at range k.

Fig 1. Hybrid cost and incremental

cost function.

The ELD prob I em is to f i nd the opt i ma I comb i nat i on
of power generat ion that mi nimize the total cost whi le
satisfying the power balance equation and I imits of
each generator power.

The cost function to be minimized is as follows :

C=T,COST(P,) 2)

where the function COSlXPj), maximum and minimum

I imits of generator power Pi are defined in eq. (1).
Power balance equation to be satisfied is as fol lows

TL (3)

where PD : total load

Pfi : transmission line loss

Transmission I ine losses are expressed as follows

1 -2 2
i

Description of the Algorithm

Decide grobal
minimum solution

Fig2. Flowchart of the Algorithm

Fig 2. shows the flow chart of the solution method.
And theoveral I algorithm of the method is as fol lows.

step 1) Initialization of generated power : select
all generated power Pi minimum (or all maximum).

step 2) let the difference 2 P ( - and PD is

dP,



step 3) add or subtract generated power according
to A,-values as much as a little increment e ( 0.001

for example). If | dPg\ ^ e than go to step 3,

otherwise select all generated power maximum (or
minimum) and go to step 2.

step4) all /?,- w i 11 have same values. Find out the

sets of generators that have dupl icated Å as in Fig
3.(point a and b for example)

step 5) make sets of initial generated power using
duplicated Å and from this every initial condition
do step 2 and 3.

step 6) decide local minimum from the results of
step 5.

Boundary problem

In case of encounter boundary point d during a
generation power increase in step 3, the next point
become e as in Fig 3. From this point step 2 begins
aga i n. The decreat i on or i ncrease of generat i on power
will be accomplished according to positive or
negative values of dPg.

A l

X2

n /

1 /
" """71'

/ c

- P

Fig 3. Incremental cost curve in the
boundary point

Multiple solution problem

After minimized scheme ended assume that point a
is a final solution obtained as in Fig 3. There exist
a same A value at point b. If a study on this point
did not examined during minimization scheme we can't
say that point a is really a global minimum. There
might be another Å at c near point b that is global
minimum. Fig 4. which is a relationship between
generating cost and Å explains this clearly. If we

increased Å from mi n i mum to /,] we can't find out ?^

that is really a opt i ma I point. To obtain this poi nt
we have two methods. It is as follows

1) Calculate a new ,\ with the new initial
generat i ng power at point b when point a is a solut ion.

2) Find out optimal value from the upper limit of
generating powers with decreasing A
Mixing this two methods we can obtain alI the local
minimums. General algorithms toobtainglobal minimum
is as follows
step 1) Start with minimum generations of all

Fig4. Cost curve for Å value

generator and increase Å to obtain a solution.
step 2) Start with maximum generations of all

generators and decrease Å to obtain a solution
step 3) Determine cases of recalculation from the

solutions of step 1 and 2.
step 4) Calculate all cases of step 3 and decide

the global minimum.
In step 3 we can obtain a 11 the possible cases frome

the duplicated Å values because the load balance
equation must hold.

Simulation results and discussions

To prove the effectiveness of the algorithm
developed here 10 generator system in [2,3] was
studied. The characteristic of the system shown in
Table 1. Generation (MIN) and (MAX) are the lower and
upper I imits of the each generation unit. There are
three different types of fuels : type 1, 2, and 3.

To compare the results with ref. [2] [3], total load
2400, 2500, 2600 and 2700CMW] without line losses was
studied. In table 2. the results with Lagrangian
method is shown. When the total load is2700[MW], the
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result that started from maximum limit powers of a I

Table 1. The data of cost coefficients for
piecewise quadratic cost function.

Table 2. Simulation results.

2700CMW] Load 2600[MW] Load

Unit

1

2

3

4

in

6

7

8

9

10

Pi
min

100
196

50
114

200
332
388

99
138
200

190
338
407

85
138
200

200
331
391

99
138
200

130
213
370

200
362
407

Pi
max

196
250

114
157

332
388
500

138
200
265

338
407
490

138
200
265

331
391
500

138
200
265

213
370
440

362
407
490

ai

26.97
21.13

18.65
13.65

39.79
-2.876

-59.14

1.983
52.85

266.8

13.92
99.76

-53.99

1.983
52.85

266.8

18.93
43.77

-43. 35

1.983
52.85

266.8

14.23
88.53
14.23

13.97
46.71

-61.13

bi

-0.3975
-0.3059

-0.03988
-0.1980

-0.3116
-0.03389

0.4864

-3.114
-0.6348
-2.338

-0.08733
-0.5206

0.4462

-0.03114
-0.6348
-2. 338

-0.1325
-0. 2267

0. 3559

-0.03114
-0. 6348
-2.338

-0.01817
-0. 5675
-0.01817

-0.09938
-0.2024
0.5084

ci

0.00216
0.001861

0.001138
0.001620

0.001457
0.0008035
0.00001176

0.001049
0.002758
0.005935

0.001066
0.001597
0.0001498

0.001049
0.002758
0.005935

0.001107
0.001165
0.0002454

0.001049
0.002758
0.005935

0.0006121
0.001554
0.0006121

0.001102
0.001137
0.00004164

the generators the value of Å is 0.5374. In this
case No 9 generator generated 355.49CMW] on 2nd
piecewise curve. But we can see when on 3rd piecewise
curve with output of 453.794CMW] the A value is also
0.5374. This result in power increase of 58.304CMW]
and we must decrease this amount from other
generators. The final result of Å is 0.5064 and
generated power of No. 9 generator is 428.501. The
same result can be obtained when we start all the
initial generated powers from minimum limits.
Comparing the costs the last case is the global
minimum. Other cases have the same pattern of
calculation and the results are shown in Table 2.

Unit

1
2
3
4
5
6
7
8
9

10

Sura

Cost

Generated

Å =0.5374

226.564
215.356
291.359
242. 236

293.047
242. 229
302.593
242.236
355. 49
288.89

2700.00

626.254

Power

Å =0.5064

218.253
211.667
280. 769
239.612
278. 557
239. 598
288. 58
239. 606
428. 501
274. 857

2700.00

623. 809

1 tn i f

1
2
3
4
5
6
7
8
9

10

Sum

Cost

Generated

,* =0.5000

216.53
210.903
278.559
239.088
275.532
239.092
285. 724
239.088
343. 494
271.992

2600.00

574.381

Power

;. =0.4750

208.809
207.917
269.941
236.932
263.715
236.936
274. 386
236.932
402.858
260.574

2600. 00

574.741

Unit

1
2
3
4
5
6
7
8
9

10

Sum

Cost

2500[MW]

Generated

A =0.4627

206.518
206. 458
265.755
235. 96
258. 05
235. 941
268. 887
235. 929
331.473
255.03

2500.00

526.239

Load

Power

A =0.4434

201.304
204. 127
259. 13
234. 304
248.971
234. 284
260.176
234. 334
377.121
246. 249

2500. 00

528. 823

Unit

1
2
3
4
5
6
7
8
9

10

Sum

Cost

2400[MW] Load

Generated

A =0.4400

200.397
203.715
257. 972
194.858
247. 397
234.025
258.648
234.047
324.177
244. 746

2400. 00

487.956

Power

Å=0.4254

196.512
202.003
252. 994
232. 785
240.546
232.771
251.99
232.8 U
319.483
238.107

2400. 00

481.828

Table 3. shows the comparison of prior two methods
with this study. In case of 2400CMW] and 2700CMW],
we can see that H i erarch i ca I method and Neura I network
method only obtained local minimum. But the method
deve I oped here obta i ned a 11 I oca I m i n i mum and finally
global minimum. The calculation time is faster than
any other methods.
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Table 3. Cost Comparison of Simulation Results Table 5. The Results Considering Line Losses

Total
LoadCMW

2400

2500

2600

2700

Hicrarchi.
Method

488.50

526.70

574.03

625.18

Neural
Network

487.87

526.13

574.26

626.12

A method
(CPU sec.)

481.83 (0.266s)

526.23 (0.233s)

574.38 (0.233s)

623.81 (0.733s)

It is possible to include transmission I ine losses
in this method only with a I itt I e additional CPU time.
The B coef f i c i ents used i n the study i s shown i n Tab I e
4. Table 5. represents the final results of Load
2700[MW]with line losses considered. The total load
plus line losses are 2723.15[MW] and the optimal
operating cost is 635.623 which is increased than
I oss I ess case. To prove the effect i veness of th i s case
we studied the tota I load of 2723.15[MW] without loss
and obtained exactly the same result of 2700CMW] load
with the Iine loss.

Unit

1
2
3
4
5
6
7
8
9

10

Load

COST

Line loss consideration

Yes (1)
^=0.5375

228.952
217.214
293.979
243.205
297.878
243.097
305.469
243.071
358.511
291.664

2723.04

638.742

Yes (2)
Å=0.5056

220.303
213.298
282.937
240.456
282.579
240.43
290.914
240.329
434.865
277.038

2723.15

635.623

No

218.253
211.667
280.769
239.612
278.557
239.598
288.58
239. 606
428.501
274.857

2700.00

623.809

Table 4. B Constants Used in this method
( x E-06 )

Unit

1
2
3
4
5
6
7
8
9
10

Unit

1
2
3
4
5
6
7
8
9
10

1

1.496
2.135
1.981
1.323
7.651
1.909
1.345
2.222
5.436
2.313

6

1.909
1.878
3.241
1.111
1.234
9.009
1.001
2.345
8.765
1.911

2

2.135
3.424
1.101
9.999
8.765
1.878
8.888
9.876
4.321
1.001

7

1.345
8.888
1.001
2.121
2.099
1.001
1.012
1.001
2.111
2.001

3

1.981
1.101
1.998
2.134
1.001
3.241
1.001
9.001
3.456
1.101

8

2.222
9.876
9.001
1.088
2.001
2.345
1.001
1.234
1.987
3.001

4

1.323
9.999
2.134
3.214
9.909
1.111
2.121
1.088
3.212
4.009

9

5.436
4.321
3.456
3.212
1.301
8.765
2.111
1.987
1.001
1.666

5

7.651
8.765
1.001
9.909
2.345
1.234
2.099
2.001
1.301
1.401

10

2.313
1.001
1.101
4.009
1.401
1.911
2.001
3.001
1.666
2.111

Conclusion

It becomes more difficult to solve a ELD problem
because the generation cost function is represented
by a piecewise quadratic function. A very simple and
computationally efficient method is developed using
Lagrangian mult ipl ier. Such a nonl i near problem I ike
this have mult i pie local minimum that any other method
never proved that the solution solved is really a
global minimum. In this study we can solve local
minimum and final ly a global minimum. The algorithm
developed is very simple and have many superiorities
than any other algorithms ever developed. The
so I ut i on t i me is the fastest and the accuracy i s good.
The same system appl ied to compare the methods [2]

and [3] with the Lagrangian multipl ier method. It can
be proved that some cases solved in [2], [3] are only
a local minimum. The solution time is much faster and
the accuracies is as good. It is also possible to
include transmission I ine losses in this method with
a I ittle additional CPU time. It is also proved that
we can reach to exact solutions in case of including
line loss.
The ELD prob I em that has a p i eeew i se quadrat i c cost
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function can be solved most effectively using the
proposed algorithms rather than any other nonl inear
methods.
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A NOVEL ECONOMIC DISPATCH APPROACH - IMPLEMENTATION OF
GENETIC ALGORITHM

Hong-Chan Chang and Po-Hung Chen

Department of Electrical Engineering, National Taiwan Institute of Technology
Taipei, Taiwan, ROC

ABSTRACT

A novel approach based on the genetic algorithm is
presented in this paper for solving the economic dispatch
problem in thermal units scheduling environment. The
approach can take network losses, ramp rate limits, and
valve point avoidance into account. Moreover, a new
encoding technique is developed. In this encoding
technique, the chromosome contains only an encoding of
the normalized system incremental cost. The total
number of bits of chromosome is entirely independent of
the number of units. The salient feature makes the
proposed genetic approach attractive in large and
complex systems which other methodologies may fail to
achieve. Numerical results on an actual utility system of
up to 40 units show that the proposed approach is
efficient and accurate.

Keywords: Economic Dispatch, Genetic Algorithm. Network
Losses, Ramp Rate, Valve Point.

1. INTRODUCTION

Economic dispatch (ED) plays an important role in
power system operation [1,2,3]. Previous efforts at ED have
applied various mathematical programming methods and
optimization techniques. These include the lambda-iteration
method [4], the base point and participation factors method
[4], the gradient method [4], the recursive method [5], the
Ncwton-Raphson method [6], and a unit-based genetic
algorithm (GA) method [7,8] has also been reported recently.

Among these methods, the lambda-iteration method is a
well-known method and has been widely used by power
utilities for ED. However, the characteristics and feasibility
of the lambda-iteration method have not yet been extensively
investigated. Since the lambda-iteration method requires a

Paper SPT PS 02- 05- 0484 accepted
for presentation at the IEEE/KTH
Stockholm Power Tech Conference,
Stockholm, Sweden, June 18-22,1995

continuous problem formulation, it cannot be directly
applied to the ED problem with discontinuous valve point
zones.

The base point and participation factors method assumes
that the economic dispatch problem has to be solved
repeatedly by moving the unit's MW output linearly from a
given schedule (the base point) to another by "participation"
in the load change. Since the units' generation cost functions
arc not in linear form, this method yields a fast but
approximate dispatch.

The gradient method is a direct search algorithm which
starts from a feasible solution and searches for the optimum
solution along a MW output trajectory that always maintains
a feasible solution in which all the constraint conditions arc
met. The disadvantage of this method is that there is no clear
stopping rule. Therefore, establishing the optimum point is
difficult.

This paper develops a lambda-based GA approach for
solving the ED problem. A jalicnt feature of the proposed
approach is that the solution time grows approximately
linearly with problem size other than geometrically. '1 his
feature is attractive in large-scale problems. Comparative
studies on the Taipowcr system, a realistic system in Taiwan,
show that the proposed approach is robust and efficient.

2.NOMENCLATURE

F: total generation cost of the system
Pi: power generation of unit i

Pt: minimum generation of unit i

Pt : maximum generation of unit i
n : total number of units
ft(P,) '• generation cost for Pt

P." : power generation of unit i at previous hour

PD: system load demand

transmission network losses

ZL: loss coefficients

". ramp rate limit of unit i as generation increases

' ramp rate limit of unit i as generation decreases

4 8



P* : upper bound of a valve point zone
' pz

P~ : lower bound of a valve point zone

3. ECONOMIC DISPATCH FORMULATION

The objective of ED is to minimize the total generation
cost of a power system over some appropriate period (one
hour typically) while satisfying various constraints. In
equation form, this becomes a constrained optimization
problem:

Objective function: Minimize F= J^,f,(P,)

Subject to:

o System power balance

(1)

1=1

o Generation limits

(2)

(3)

In (1), the generation cost function ft(Pt) is usually
expressed as a quadratic polynomial:

fl(PJ=atP?+blPl+cl (4)

where ai, b,, and c, arc constants.
Since the power stations are usually spread out

geographically, the transmission network losses must be
taken inlo account to achieve true economic dispatch.
Network loss is a function of unit generation. To calculate
network losses, two methods arc in general use 12,11]. One
is the penalty factors method and the other is the B
coefficients method. The latter is commonly used by the
power utility industry. In the B coefficients method, network
losses are expressed as a quadratic function:

(5)

where B are constants called B coefficients or loss

coefficients. The B coefficients method is used for this study.
In ED research, a number of studies have focused upon

the economical aspects of the problem under the assumption
that unit generation output can be adjusted instantaneously.
Even though this assumption simplifies the problem, it does

not reflect the actual operating processes of the generating
unit. The operating range of all on-line units is restricted by
their ramp rate limits [2,12]. Then, the inequality constraints
due to generation and ramp rate limits are given:

O Generation and ramp rate limits

(6)

Fig. 1 shows the input-output performance curve for a
typical thermal unit. The valve point zones in the curve are
due to steam valve operating [2,15]. Several studies in the
literature [2,8,13] discuss the effects of the valve point zone
in the ED problem. For example, Walters & Sheble model
the effects of the valve point zone as a recurring rectified
sinusoid function [8]. However, in practice, the shape of the
input-output curve in the neighborhood of the valve point
zone is difficult to determine by actual performance testing
or operating records. In actual operation, the best economy is
achieved by avoiding operation in these areas [13,14,15]. As
such, a heuristic algorithm is developed in this paper to
adjust the generation output of a unit in order to avoid unit
operation in the valve point zones.

Input (S/h)

Output (MW)

Fig. 1. Performance curve of a thermal unit.

4. THE GENETIC ALGORITHM

Recently, a global optimization technique known as
genetic algorithm (GA) has become a candidate for many
optimization applications due to its flexibility and efficiency.
GA is a stochastic searching algorithm. It combines an
artificial survival of the fittest with genetic operators
abstracted from nature to form a surprisingly robust
mechanism that is suitable for a variety of optimization
problems. One of the advantages of GA is using stochastic
operators instead of deterministic rules to search a solution.
GA hops randomly from point to point, thus allowing it to
escape from local optimum in which other algorithms might
land. Therefore, the global optimum of the problem can be
approached with high probability [9,10]. Another attractive

4 9



property of GA is that it searches for many optimum points
in parallel.

GA is a search algorithm based on the mechanics of
natural genetics and natural selection [9]. It combines the
adaptive nature of the natural genetics or the evolut'on
procedures of organs with functional optimizations. By
simulating "the survival of the fittest" of Darwinian
evolution among chromosome structures, the optimal
chromosome (solution) is searched by randomized
information exchange. Figure 2 shows the structure of an
artificial chromosome. In every generation, a new set of
artificial chromosomes is created using bits and pieces of the
fittest of the old ones. While randomized, GA is not a simple
random walk. It efficiently exploits historical information to
speculate on new search points with expected improved
performance [9,10].

1 0 1 1 0 0.826
Fitness

Figure 2. Structure of an artificial chromosome.

GA is essentially derived from a simple model of
population genetics. The three prime operators associated
with the GA arc reproduction, crossover, and mutation.

Reproduction is simply an operation whereby an old
chromosome is copied into a "mating pool" according to its
fitness value. More highly fitted chromosomes (i.e., with
better values of the objective function) receive a higher
number of copies in the next generation. Copying
chromosomes according to their fitness values means that
chromosomes with a higher value have a higher probability
of contributing one or more offspring in the next generation.

Crossover is an extremely important component of the
GA. It is a structured recombination operation. This
operation is similar to two scientists exchanging information.
This study applies a new crossover technique known as
"uniform crossover" as shown in Fig. 3. The uniform
crossover exchange bits, according to a randomly generated
mask, between the parent chromosomes to create two new
chromosomes. The '1' in the random mask means bits
swapping and the '0' means bits replicating, as shown in Fig.
3.

Although reproduction and crossover effectively search
and recombine existing chromosomes, they do not create any
new genetic material in the population. Mutation is capable
of overcoming this shortcoming. It is an occasional (with
small probability) random alternation of a chromosome
position. This provides background variation and
occasionally introduces beneficial materials into the
population.

Parent A :

Parent B :

A random mask:

Child A :

Child B :

1 1 1

Oil 0 1 1 | 0 0

m m
stj III mm

C Surt

Read daU (unit data, load demand, )

Initialize a population of chromosome

Decode the chromosome to obtain -I""

Taralate X" to A«* iumg equ (8)

Calculate R using set of equations (9) - (11)

CalculaleP,^ using equ (3)

I Rank chromosome according to their fitness

Select 'best' parent) for reproduction

Apply crossover and perhapt mutation

Evaluate new chromosomes and insert best tnto
populabon displacing weaker chromosome

Fig. 3. Crossover operation.

/ Print results /

Fig. 4. General flow chart of the proposed approach.
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5. SOLUTION METHODOLOGY

Figure 4 shows the general flow chart of the proposed
GA approach for economic dispatch. The detailed solution
methodology includes: the encoding and decoding
techniques, constrained generation output calculation, the
fitness function, parent selection, and parameter selection.
These are described in more detail below.

5.1 Encoding and Decoding

Implementation of a problem in a GA starts from the
parameter encoding (i.e., the representation of the problem).
The encoding must be carefully designed to utilize the GA's
ability to efficiently transfer information between
chromosome strings and objective function of problem. The
proposed approach uses the equal system X (equal system
incremental cost) criterion as its basis. The only encoded
parameter is the normalized system incremental cost, X"m,
where 0 <knm <1 • The advantage of using system X instead
of units' output as the encoded parameter is that the number
of bits of chromosome will be entirely independent of the
number of units. This is particularly attractive in large-scale
systems.

The resolution of the solution depends upon how many
bits arc used to represent X"". In other words, the more
encoding bits there are, the higher the resolution. However,
on the othe* hand, the more encoding bits there are, the
slower the convergence. In this paper, we use 10 bits to
represent X""- Fig. 5 shows the encoding scheme of Xnm-

X X X

2"3

4.
X

J-4

X

r5

«6

X

?•«

-7
X

r1

d8

X X

T9

| - . o
X

Fig. 5. The encoding scheme of X""

Evaluation of a chromosome is accomplished by
decoding the encoded chromosome string and computing the
chromosome's fitness value using the decoded parameter.
The decoding of Xnm can be expressed as:

10

X** =X
sys + ". (8)

where and X arc the maximum and minimum values

of system incremental cost.

5.2 Generation output with ramp rate and valve point zone
constraints

Applying the methods of the LaGrange function and
Kuhn-Tucker conditions [4] to the constrained optimization
problem (1), the ED problem can be reformulated as:

la, Px +bi = Xaa for , P° - DRt

la,P{ +6, <,Xact for Pt = Min(P,,P° (10)

la,/> + b, Xaa for P, = ,P°-DRt)

(7)

The relationship between the actual system incremental

cost, X°ct, and the normalized system incremental cost, X"m,

is:

subject to the power balance constraint. For a given xacl, the
generation output of each unit can be determined from (9),
(10), and (11).
. As mentioned, in actual operation, the best economy is

achieved by avoiding unit operation in the valve point zone.
If the generation output calculated from (9), (10), and (11) is
located in a valve point zone, it needs heuristic adjustment to
leave this area. If the dispatching hour in a load increasing
period (the forecasted load of the next hour is greater than

this hour), the adjusting point is the upper bound, p*z, to

follow the load fluctuation. On the contrary, when in a load

falling period, the adjusting point is the lower bound, P~.

5.3 The fitness function and parent selection

Implementation of a problem in a genetic algorithm is
realized within the fitness function. Since the proposed
approach uses the equal incremental cost criterion as its
basis, the constraint equation can be rewritten as:

e = (12)

Then, the converging rule is when s decreases to within a
specified tolerance.

In order to emphasize the "best" chromosomes and speed
up convergence of the iteration procedure, fitness is
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normalized into the range between 0 and I. The fitness
function adopted is:

FIT=-
1

(13)

where k is a scaling constant (A-200 in this study).
When the fitness of each chromosome is calculated, the

"roulette wheel parent selection" technique [10] is used to
select the "best" parents according to their fitness. It consists
of the following steps:

Step 1. Sum the Fitness of all chromosomes in the
population; call it the FITSUM.

Step 2. Generate a random number, p, between 0 and
FITSUM.

Step 3. Rctum the first chromosome whose fitness, added
to the fitness of preceding chromosomes, is greater
than or equal to p.

5.4 Parameter selection

Like other stochastic methods, the GA has a number of
parameters that must be selected. These include: size of
population, probability of crossover, and probability of
mutation.

Usually, a relatively small size of population, high
crossover probability, and low mutation probability is
recommended. According to the authors' experiments, the
following values of parameters are appropriate for tht ED
problem:

o Size of population = 16
o Probability of crossover = 0.8
o Probability of mutation = 0.1

6. NUMERICAL RESULTS

Four example cases are studied in this section to
illustrate the performance of the proposed approach in
practical application. The software was written in Salford
Fortran language and executed on a 486-33 personal
computer. Taking network losses, ramp rate limits, and
valve point zone avoidance into account only increases the
solution time by 5% because of GA's flexibility in handling
constraints. Throughout the study, the lambda-iteration
method is used as the main benchmark of comparison for the
proposed approach.

In this example, a simple system with three thermal units
[4] is used to demonstrate how the proposed approach works.
The unit characteristics are given in Tables l(a) and l(b).

Table l(a). Generating units capacity and coefficients.

Unit

1

2

3

50

5

15

P,

250

150

100

a,(S/MW3)

0.00525

0.00609

0.00592

b,($/h{W)

8.663

10.04

9.76

328.13

136.91

59.16

Table l(b). Generating units ramp rate limits and valve point zones.

Unit

1

2

3

P°

215

72.0

98.0

URj(MW/h)

55.0

55.0

45.0

DRj (MW/h)

95.0

78.0

64.0

Valve point zones (MW)

[105.1171(165.177]

[50.601(92.1021

(25.32H60.671

o The loss formula coefficients are:

*</ =

'0.000136

0.0OOO175

0.000184

o Load = 300 MW

o Converging criterion:

0.0000175

0.0OO154

0.000283

e<o.ooi •

0.000184

0.000283

0.00161

Load

Succeeding iterations are shown in the following. Note
that only the five best chromosomes in ranking are listed.

An inilial population

Rank Chromosome g (MW) Fitness

1
2
3
4
5

1000111010

looioioiot
1000101011
10OO011111
1000101011

0.556641
0.583008
0.541992
0.530273
0.528320

3.4625
6.5155
9.7654
16.7081
17.8694

0.8125
0.6972
0.6057

0.4731
0.4564

The population afler 1st iteration

Rank Chromosome £ (MW) Fitness

1
2
3
4

5

100100O00O
1001001000
1000U1010

1000111000
1001010101

0.562500
0.570313
0.556641

0.554638
0.583008

1.2371
1.7308
3.4625
4.2079
6.5I5S

0.9241
0.8966
0.8125
0.7809
0.6972
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The population afler 2nd iteration (converging)

Rank
1

2
3
4
5

Chromosome

1001000011
1001000010
1001000000
1001001000
1000111110

xm

0.565430
0.564453
0.562500
0.570313
0.560547

€ (MW)

0.1192

0.4898

1.2317

1.7308

1.9744

Fitness

0.9921

0.9684

0.9241

0.8966

0.8837

The convergence is obtained in the second iteration. A
summary of the results and the computation time are
presented below:

oP, = 194.265 MW
P7 = 50.0 MW
Pi = 79.627 MW

o/> t o = 24.011MW
o System incremental cost U<*')= 10.7028 $/MWhr
o CPU time :0.016 s.

Example 2

This example compares the solution cost, number of
iteration, and solution time in different scale systems based
on the actual Taipowcr system. Test data arc given in Table
2(a) and 2(b). After randomly executing each method 100
times, the results are shown in Table 3. It is obvious that the
proposed approach can produce almost the same cost
solution with the lambda-iteration method, and the solution
time is less than the lambda-iteration method when the
number of units is greater than 35. More significantly, since
the number of iterations of the proposed approach increases
negligibly with the number of units, the solution time of the
proposed approach grows approximately linearly with
problem size other than geometrically. The salient feature
makes the proposed GA approach attractive particularly in
large-scale systems.

Table 2(a). Test data of Example 2.

Unit

1

2

3

4

5

6

7

8

9

10

11

12

13

40

60

80

24

26

68

110

135

135

130

94

94

125

P,

80

120

190

42

42

140

300

300

300

300

375

375

500

°t

0 03073

0 02028

000942

0 08482

0 09693

0 01142

0 00357

0 00492

0.00573

0 00605

000515

0 00569

0 00421

8 336

7.0706

81817

69467

6 5595

8 0543

8 0323

6999

6 602

12 908

12.986

12.796

12 501

c,

17044

309.54

369.03

135 48

135 19

222 33

287.71

39198

455 76

722 82

635 2

65469

9134

UR,

35

40

50

42

42

40

65

65

65

65

55

55

80

DR,

60

70

90

42

42

75

100

100

100

100

95

95

120

14

15

16

17

18

19

20

2i

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

125

125

125

125

220

220

242

242

254

254

254

254

254

254

10

10

10

20

20

20

20

18

18

20

25

25

25

500

500

5O0

500

500

500

550

550

550

550

550

550

550

550

150

150

150

70

70

70

70

60

60

60

60

60

60

0.00752

0 00708

0 00708

0 00708

0.00313

0 00313

0.00313

0 00313

0 00298

0.00298

0 00284

0 00284

0 00277

000277

0 52124

0 52124

0.52124

0 25098

0 16766

0 2635

0 30575

0 18362

0 32563

0 33722

0 23915

023915

0 23915

8.8412

9 1575

91575

9.1575

7.9691

7.955

7.9691

7.9691

6 6313

6 6313

6.6611

6 6611

7.1032

7.1032

3 3353

3 3353

3 3353

13 052

21887

10 244

8.3707

26 258

9 6956

7 1633

16 339

16 339

16 339

1760.4

1728 3

1728 3

1728 3

647.85

649 69

647 83

647.81

785.96

785 96

79-1.53

794.53

801 32

80132

1055 1

1055 1

1055.1

1207 8

810.79

1247 7

1219 2

64143

11128

10444

832 24

834 24

1035 2

80

80

80

80

70

70

70

70

70

70

70

70

70

70

90

90

90

70

70

70

70

60

60

60

60

60

60

120

120

120

120

110

110

no
no
no
no
no
no
no
no
150

150

150

70

70

70

70

60

60

60

60

60

60

Table 2(b). Unit combination of Example 2.

No. of units

5

10

20

30

40

Unit Combination

9,15.24.31.38

+ 3 .6 12.18,22

+ 4,7.10.13.16.20.28.32.35.39

+ 1. 8.14.17.23.25.29.33.36.40

All

Load(MW)

1100

2500

4600

7400

10500

Table 3. The convergence behavior of randomly executing 100

times in different scale svstcms.

No.

or
units

5

10

20

30

40

Lambda-Iteration

Solution

Costs

(106NT$)

1.39

3.12

5.91

10.26

15.64

Average

Iteration

7.98

10.52

13.17

16.25

20.22

Average

CPU Time

(sec.)

0.008

0.017

0.049

0.102

0.178

Proposed Approach

Solution

Costs

(10* NTS)

55

110

220

330

440

Average

Iteration

4.34

4.47

4.56

4.82

4.89

Average

CPU Time

(sec.)

0.045

0.058

0.087

0.118

0.146



7. CONCLUSION [2]

This paper suggests a novel approach for solving the ED
problem. In comparison with other economic dispatch [3]
methods, the proposed approach has the following attractive
properties:
1. Faster solution time in large-scale systems: For a large- [4]

scale, mixed-generating system such as the Taipower
system (coal-fired, oil-fired, gas turbine, diesel, combined [5]
cycle, and nuclear units are all present in the Taipower
system), the proposed approach is faster than the well-
known lambda-iteration method when the number of [6]
committed units is greater than 35.

2. Robust and global optimization: Compared with other [7]
ED methods, the four differences-direct use of coding,
search of many optimum points in parallel, blindness to
auxiliary information, and using probabilistic rules (8]
(rather than deterministic rules)-impart to the proposed
approach a robust and global optimization algorithm.

3. Less limitation: GA allows nonlincarities and [9]
discontinuities (e.g., the valve point zones) to appear in
the solution space. [10]
Evaluation results based on the Taipowcr system show

that the proposed approach is faster than the well-known [ii]
lambda-iteration method in large-scale systems.
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ELD Calculation Using Quadratic Programming Based on Binary Search

T. Kashiwagi* T. Wakabayashi Y. Hayashi**
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Tokyo, Japan

S. Iwamoto

Abstract — In this paper, we propose an application of "Quadratic
Programming based on Binary Search (QPBS)" to ELD calculation
for the purpose of determining the optimal generation allocation of
thermal units accurately and quickly. Most conventional equal
incremental methods cannot always obtain the optimal solution for
LLD problems when transmission losses and/or upper and lower
bounds of generator outputs are taken into account. Numerous
studies have been made to solve the problems accurately with
considerable complexities.

The formulation of the problem considered as standard for Ql'IJS
is very similar to that of the ELD problem when transmission losses
are neglected. Therefore to the 1:1.13 calculation we apply QI'BS
algorithm, especially Pardalos-Kovoor method, whose computing
time order is O(n) where n is the number of variables.

I. INTRODUCTION

Since power systems have become larger and more
complicated than ever, the operations of power equipments,
especially generators, would give much influence on the
economy of total systems. Economic load dispatch (ELD) for
thermal units, which is an economic operation problem for
power systems, is an optimization problem to minimize the
total generation (fuel) costs under the constraints of loads or
generator outputs, and the equal incremental method is a
representative algorithm for ELD.

The conventional equal incremental method, however, does
not necessarily give optimal or converged solutions when
upper and lower bounds of generator outputs or transmission
losses are taken into account. To overcome this problem, a
number of studies have been made on the "optimal" ELD
algorithm. Applications of various mathematical
programming techniques and improvements of the equal
incremental method have been proposed by many researchers,
lor example as in [1], [2].

Paper SPT PS 02- 06- 0532 accepted
for presentation at the IEEE/KTH
Stockholm Power Tech Conference,
Stockholm, Sweden, June 18-22,1995

Quadratic Programming based on Binary Search (QPBS) is
a fast algorithm for the multi-commodity network flow
problem in a field of mathematical programming, and was
proposed for [3]. Since the formulation of the standard
problem in QPBS is very similar to that of the ELD problem
with no transmission losses, QPBS is also expected to be an
efficient approach to solve the ELD problem.

Thus we propose an application of QPBS to ELD,
especially the algorithm in [4] (Pardalos-Kovoor method)
whose time complexity is O(ii), and we carry out simulations
for the ELD problems including problems with transmission
losses. In addition, through the simulations we compare
Pardalos-Kovoor method with a revised equal incremental
method, and demonstrate the validity of the proposed method.

II. ELI) FOR THERMAL UNITS

A. Formulation

Economic load dispatch among thermal units is defined as
the process of allocating generation so that the system loads
can be supplied entirely and most economically, and the ELD
problem with no transmission losses can be formulated as
follows:

minimize /•"-

subject to

(1)

(2)

/ { s / { s / } . / = ! n (3)

where /•' : objective function representing total
generation (fuel) costs

/? : number of generators
f, : fuel cost function of i-\\\ generator
P, : output of/-th generator
Pu : total demand
P, : lower bound of /-th generator output

P, : upper bound of i—th generator output

• Takeshi Kashiwagi is with Mitsubishi Research Instilulc.Tokyo.Japan,
since April 1994

• • Yasuhiro Hayashi is with Ibaraki University.Dcpartmeni of systems
engineering, Ibaraki.Japan, sice April 1994.
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13. The Equal Incremental Method

As early as 1930, it was recognized that the incremental
method, which is known as equal incremental method, yields
the most economic results, and the fundamental concept of
the (equal) incremental method is still in use today.

If the upper and lower bounds of generator outputs and
transmission losses can be neglected, the most economic
dispatch is obtained when the incremental fuel cost X of all
generators are equal.

" dP2 " "
The equal incremental fuel cost X and the output of each

generator Pt, i =\,...,n are determined by (4) and the
equality constraint (5):

/', + / ' '+•"+/»-/ 'n (5)
When the upper and lower bounds of generator outputs are

considered, the general ELD procedure is described as
follows:

Step 1. Calculate X and I], i = ) n without taking
into account the upper and lower bounds of
generator outputs.

Step 2. Fix the output of /-lh generator to the upper
hound or the lower bound if /' > Pt or / ' < / ' ,

respectively. Then calculate X and /). ; = 1 n
for other generators so that the incremental cost
may be equal among them as in Step 1.

Although such an ELD procedure is said to be sufficient in
practical use, the obtained generator outputs are not
necessarily optimal. To overcome this problem, a number of
studies have been made with regard to applications of various
mathematical programming techniques or the improved
incremental methods.

C. Bosch '.v Method

The problem (6) can be solved by introducing the Lagrange
multiplier and the Lagrangian 1.(1].'/.) when the equality
constraint is taken into account.

ijp,:tj~y\m,p-+b.p.+c,j\-y.\ ^P-D) (7)
.w ' " - KX J

The optimal solutions for this Lagrangian are determined
as below:

(8)v*I - /

("t.-b,)

Ja,

In [21
Bosch's
such

then

as

we

If

If

If

Bosch ha;
theorem.

PX =

PN =

» presented a theorem as follows:
By 0>) and (9), if we calculate PX and I'N

n

1

2
> _ i

can obtained

PN = PX

PN > PX.

PN s PX.

= 0

/

max OJIOJ-T}]

(10)

Hw.v[»./;-/;r/j].

the optimal solutions as follows:

/; = P,O.)

= P, (all units with P,('/J < Pt\

' - P. (all units with /'("/.) > J'j

The flowchart of Bosch's method derived from this
theorem can he shown as in Fig.l.

'"START

The ELD procedure proposed in |2] (Bosch's method) is
one of the most efficient improved incremental methods. In
[3] the paper stated that in the Netherlands the transmission
losses can be neglected. Consequently, these losses are not
included in the problem formulation of the paper, and the
paper describes a fast algorithm for the solution of the " static
dispatch problem " as follows:

minimize la> p< +l}
lPi+cJ

subject to
i - /

(6)
1-1

p]. i-1 n

where
o .b,,ci: fuel cost function coefficients of each generator

Calculate >. Pi ( A : PX. Pll
(by eg (8! (9; (10'.)

<^PN--PX=0?

So

. Ye

IF P i ( A ) > P i . m a x
for i = l ~ n THEN

Pi = Pi.max
D = D - P i. max

remove unit i i
n = n - l _ '

é

1 IF P i U X P i . m i n 1
for i=1—n THEN

P c = P i. min
D = D - P i . m i n

remove unit i
n=n- l

é
Fig. 1. Flowchart of Bosch's method

For ELD problems with no transmission losses, Bosch's
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method can reach the optimal solutions with at most n
iterations.

III. PARDALOS-KOVOOR METHOD

The QPBS which is presented in [3],[4] is an efficient
algorithm, and the standard problem consists of one equality
constraint and inequality constraints of upper and lower
bounds of variables. Also QPBS uses binary search to solve
the Kuhn-Tucker system of the problem.

Pardalos-Kovoor method [4] is a kind of QPBS, and runs
in expected linear time related to the number of variables.

A. The Standard Problem

The standard problem formulated as [Problem 1] is
equivalent to the ELD problem with a quadratic fuel cost
function.

[Problem 1]

minimize qTx + ~x1Qx (11)

subject to
eTx-M (12)
ösjr.sp, (13)

where X = {x;,...,xn),e =(!,...,!/,and Q is a diagonal

matrix such as:
Q = (Hag (a, a,,) (14)

If. Conversion of /Problem 1] to [Problem 2] and the Kuhn
- Tucker Conditions

If [Problem 1| is feasible and strictly convex
u , >0(i* 1 /?;, it has a unique local minimum, that is,
the global minimum. When the transformation as in (15) is
made.

2

(15)

' * 2 X'+~2
[Problem 11 can be converted to [Problem 2] which is

[Problem 2|
n

minimize 3V.Y," (16)

subject to

&.*,-'> 07)

fl,sxlSA,.i-/ n (18)

The Kuhn-Tucker conditions for a local (global) minimum
X of [Problem 2) are

c,x, - (I

a, -x, s 0 . i - 1 n
x, - i ( s f l , i - /,...,/;

2ctx, + /x-, -t-v, - (i, » 0 . ( = / ii
l i / a . - x J + v / x . - V - O . / - / /;

(19)

(20)
(21)
(22)
(23)

u., t f l . v , s 0 . / - / n (24)
where X is a Lagrangc multiplier and \i,.v, are dual

variables (;' = 1...../J).

C. Determination of the Global Minimum

From (22) we get for any / - /,...,;?,

( 2 5 )

Now if .v, < - - /. , then v, - u., > 0 , and v, =- O from (24),

and thus .v, -b, =0 by (20),(21),(23),(24). Accordingly,

x, < - - / . •

and similarly

x, > - - /. • .v, = a,

(26)

(27)

Since n, s .v, s bl, we have to consider three cases as
below:

i) b, <--[}.

ii) a, s--/.sA,

iii) o, > - - /.

For the three cases, .v, can be obtained as follows:

i.
Then .v, < - - /. by .v, s b, (21), and by (26)

(28)

ii) o, s — /. <.b,

1.
© If we assume .v, < — /. ,

1.
as in i), .v, =bt by (26), and thus — / . <, b, = .v,. Tin's is i

contradiction to the assumption .v, < — / . . Therefore

x, *--,>• (29)

® If we assume x, > - -"/. ,

x- = a. by (27), and thus .v, =at s—/.. This is in

57



contradiction to the assumption x, > —>. as well. Therefore

Thus by (29), (30)

...X / .

nu o, > — / .

(30)

(31)

Then x, > - - / . by a, s x;(20), and by (27)

(32)
Consequently, we can obtain the next Theorem by

(23),(31),(32) if we define v - - - X .

Theorem. Le
Then X is the j
for all x, (/ = 1,.

t X be a feasible solution of [Problem 2].
>lobal minimum if there exists a y such that,
...«)

a, (wheny <a,)
y (when at s v s bt) (33)
b, (whcny>b,)

In other words, the determination of the optimum of
(Problem 2] is equivalent to the determination of such ay (=
.i1") that X given by y in (33) is also a feasible solution of
I Problem 2|.

I). Binary Search

Dinar}- Search is one of the search methods which find out
a specified key from the data arranged in a sequential order.
In general, the search principle of binary search can be
written as follows:

Let the key to be searched as X,
Set lower and upper bounds of the range to be
searched as L and R, respectively.
Let the median of the range an Mid, and compare
Mid with X.
If .v = Mid, this algorithm terminates.
If x < Mid, then let the range to be searched be
the first half of the previous range.
If x > Mid, then let the range to be searched be
the end half of the previous range.
Go to Step 2.

Since the binary search makes the range to be searched half
at each iteration, the key can be found out at around log, .V
iterations, where A' is (he number of the data in order.

Now let the arranged data as S(ij. i = 1 V, and the key
to be found as X. The flowchart of the binary search is
shown in Fig.2.

L = S ( 1 )
R = S(N)

_Mid_r_pic_dian of S(i), i= I, .N

L=Mid
Mid = median of [L.R]

R = Mid
Mid = median of [L.R]

Fig. 2. Flowchart of binary search

E. Search Algorithm

Since the optimal solutions are determined by y and at, />,
from Theorem, x, can be written as:

*,-*,<>•) (34)
Then xt{y) is a pieccwisc linear monotone non-decreasing

function of y by (33). Hence due to ct >0 (i •* I n), the
function:

n

is also a piccewisc linear monotone non-decreasing function
ofy, with breakpoints at a,,bt (i - / nj.

To determine the optimum X, it is necessary to determine
y" such that:

n

g(y')~ ^c;x,(y ) = d (3d)

If the a, and /;, (i = / n) are arranged in a sequential

order, g(.v) is also in a sequential order. Therefore y" can
be found by (he binary search. Suppose a minimal among
intervals which contain y" as:

/.Vi.V/,7 (37)
then [yL,yR] is varied so thai \g(y)-tl\ becomes smaller,
which is the error with respect to the equality constraint.
Finally, the minimal [yL .yn ] among intervals which also
contain y", and y" can be obtained by simple interpolation.

By the relationship between y and o, ,bt, the variables x, is
classified as follows:
light variables : variables that satisfy

/«,,/;, yn/y^y-o
slack variables : variables that satisfy

[a,.b,ir\[yL,yRJ-!yL,yK/
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unset variables: variables that are not specified as "tight"
or "slack"

This algorithm runs until all the variables xt are specified

as "tight" or "slack".
Now defining

Tighlsum : Yc,.r, for tight variables

Slachveight : Y c; for slack variables ,

)•' is given as follows:

Tightsuni + Slackueight -y ™d

• y' - (d - Tightsum) / Slackweight (38)

IV. APPLICATION OF PARDALOS-KOVOOR
METHOD TO ELI)

When transmission losses can be neglected, only the
balance between the generator outputs and the forecasted
system demand is considered. Assuming that the fuel cost
functions of generators arc in quadratic form, the formulation
of the ELD problem is compatible with that of [Problem 1]
in III. A on the conditions as below:

x < »• P - P

p, «—>T]-p,
Accordingly, the optimal dispatch is accomplished directly

with I'ardalos-Kovoor method.

V. SIMULATIONS

Simulations have been carried out for the 3 and 10
generator [5|, and 15 generator [6], and 17 generator [7]
systems.

As an example, the fuel cost characteristics of generators
for the 15 generator system arc shown in TABLE I. Fig. 3
and Fig. 4 show the monotone non-decreasing function
.unhand the change of the intervals /y,,y,tJ which contain

y' when we carried out simulations for the 15 generators

system in which the total demand Pl} = 1()48[MW|.

TABLE I
FUEL COST CHARACTERISTICS OF GENERATIONS

(15 GENERATOR SYSTEM)

No.

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15

a,

0.005
0.006
0.004
0.005
0.007
0.012
0.012
0.016
0.022
0.024
0.030
0.029
0.030
0.010
0.009

P,
5.627
5.506
6.383
6.295
6.654
6.362
6.515
6.268
7.750
8.062
7.667
7.716
8.317

11.752
11.993

Y,

261.186
264.634
190.502
230.154
112.922
143.092
135.334
154.298
93.100
88.200
99.960

105.840
91.140

100.659
101.790

Orieinal

^|MW]

225
240
285
282
114
91

105
104
70
63
77
66
77

118
US

/;|MW]

70
70

110
110
30
30
40
30
35
35
35
35
35
20
20

Modified

/j[MW|

275
325
318
275
165
110
105
94
75
63
77
66
77

118
11K

/;|MWJ

70
70

no
110
30
30
40
30
20
15
18

22.5
15
20
20

•18 ,

•15 ;

•i: •

3 9 r

3 6

l:ig. 3. Mnnotnnc non-ilccrca-sing function f!iy) (15 generator system)

l-'ig. 4. Changesnf/.)•;.jAJ at each iteration (15 gcnei.ilor system)

As in Fig..\ y' is (he v such dial g(yj = </. Using random

search, it takes at most 31 iterations to obtain v", because

g( v) has 30 ( number of o,.6,. / = 1 15) breakpoints on it.

However, the use of the binary search makes it possible to
reach the optimum at relatively few iterations as in Fig. 4 .

The calculation time and the number of iterations required
in simulations for each system are shown in TABLE II and III,
respectively. We compare Pardalos-Kovoor method with
Bosch's method which is based on the equal incremental
method, and quadratic programming approach [8]. The
suffixes PM, I3M, and QP indicate Pardalos-Kovoor method,
Bosch's method, and quadratic programming approach,
respectively. M systems are modified systems with different
upper and lower bounds of generators.
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TABLE 11
CALCULATION TIMU

Number of generators

3

10

15
15M

17

fw,[msec]

s:
118

139
144

151

/„„ 1msec]
79

111

125
149

149

' » i ' '&«

1.04

1.06

1.11
0.97

1.01

' « / ' 'QF

0 65

0.26

0.08
0.08

0.08

(CPU: i386DX 20Mitz)

TABLE 111

NUMBER OF ITERATIONS

Number of generators

3

10

15
151)

17

/ « /
3

5

5
5

6

'KM

T

3

5
7

11

We have carried out simulations for larger systems, and we
obtained the relationship between the number of generators
and iteration count as in Fig.5.

o ot> K0 IK) IM

Number of cunualnrs

I'ii;. 5. lU'l.nioiisliip between the number of generalens and ihal
ol ilei.uions

Tlie superiority of l'ardalos-Kovoor and Bosch's method to
the qudratie programming approach in calculation time can
be easily recognized in TABLE II.

As in TABLE II and III, although Bosch's method reaches
the optimum at relatively few iterations, the calculation time
of Bosch's method may increase with tlie change of system
data because it takes // iterations to reach the optimum in a
worst case.

Since the binary search is employed in Pardalos-Kovoor
method, the number of iterations that Pardalos-Kovoor
method takes to reach the optimum is subject to the number
of variables only (which is the number of generators in ELD).
This fact can be recognized in Fig.5, which shows that the
optimum can always be obtained at around log,(2/7+ 2)
iterations, where 2n means the number of breakpoints and 2
means .. infinities.

VI. CONCLUSIONS

We have applied OPUS, especially Pardalos-Kovoor
method to ELD calculation as a new algorithm. And we have
proved the effectiveness of Pardalos-Kovoor method for ELD
through the comparison with other algorithms.

In Pardalos-Kovoor method, the inequality constraints
concerning the upper and lower bounds can be handled easily
because the relationship between the optimum and the upper
and lower bounds of variables is derived from appropriate
manipulation of the Kuhn-Tuckcr conditions. Moreover,
Pardalos-Kovoor method is guaranteed to reach the optimum
at around Iog2(2n + 2) iterations by using the binary search.

Thus we can conclude that Pardalos-Kovoor method has
been quite suitable for the ELD problems. For cases with
transmission losses, the same or similar relaxation approach
as the conventional ELD method is utilized to l'ardalos-
Kovoor method.
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LAGRANGIAN RELAXATION TECHNIQUE IN POWER SYSTEMS OPERATION
PLANNING: MULTIPLIERS UPDATING PROBLEM

Slobodan Ruzic
Electric Power Utility of Serbia

Belgrade, Yugoslavia

Abstract - All Lagrangian relaxation based approaches to the
power systems operation planning have an important common
part: the Lagrangian multipliers correction procedure. It is the
subject of this paper. Different approaches presented in the
literature are discussed and an original method for the
Lagrangian multipliers uj dating is proposed. The basic idea of
this new method is to update Lagr&ngian multipliers trying to
satisfy Khun-Tucker optimality conditions. Instead of the dual
function maximization the 'distance of optimality function' is
defined and minimized. If Khun-Tucker optimality conditions
are satisfied the value of this function is in range (-1,0);
otherwise the function has a big positive value. This method
called 'the distance of optimality method' takes into account
future changes in planning generations due to the Lagrangian
multipliers updating. The influence of changes in a multiplier
associated to one system constraint to the satisfaction of some
other system requirements is also considered. The numerical
efficiency of the proposed method is analyzed and compared
with results obtained using the subgradient technique.

1. INTRODUCTION

The hydro-thermal coordination problem belongs to the
class of large-scale, mixed-integer, nonlinear, dynamic and
non convex problems. Two main reasons which extremely
complicate the problem are non convexity of the objective
function caused by integer variables and the existence of
system constraints which make units outputs mutually
dependent. The basic idea of the Lagrangian relaxation
technique is to enable the relaxation of all system cons'raints
which is achieved through the dual problem formu.ation.
The dual function is formed by associating a Lagrangian
multiplier to every1 single system constraint and introducing
them into the objective function. The dual problem is stated
as the task of the dual function maximization with respect to
Lagrangian multipliers and its minimization with respect to
primal variables subject to all local constraints.

Paper SPT PS 03- 01- 0100 accepted
for presentation at the IEEE/KTH
Stockholm Power Tech Conference,
Stockholm, Sweden, June 18-22,1995

This problem is solved using the separability feature of the
dual function. It means that for a chosen initial set of
Lagrangian multipliers the dual problem is decomposed into
independent subproblems. All of these subproblems are
solved with fixed values of Lagrangian multipliers. The
value of the dual function is calculated, Lagraugian
multipliers are updated and dual subproblems are solved
again. This iterative procedure repeats until the maximum of
the dual function is obtained. Obviously, overall efficiency of
such an algorithm strongly depends on the convergence of
the dual problem solution to the dual maximum i.e. on the
Lagrangian multipliers update procedure.

The main drawback of the Lagrangian relaxation is that
the solution of the dual problem generally does not provide
feasibility of the primal problem. It means that control
variables obtained in the dual problem solution should be
modified in order to find a feasible solution of the primal
problem. That is why algorithms proposed in the literature
in addition to dual maximization phase always have so
called feasibility phase. Depending on the obtained dual
solution two following cases may appear in the feasibility
phase: the solution of the primal problem may be achieved
by changing the continuos variables only and some
commitment status's of thermal units have to be changed to
provide feasibility of the solution. If commitment status's of
thermal units have to be changed the optimization algorithm
is again faced with multipliers updating problem.

A good convergence to the dual maximum and finding the
near optimal solution of the primal problem are two crucial
tasks in all Lagrangian relaxation based approaches. Both of
these tasks are closely related to the Lagrangian multipliers
updating problem. It is important to stress that the problem
is more serious in case of a hydro-thermal than in case of a
thermal power system. Namely, if the Lagrangian multiplier
associated to the power balance equation in hour t is
increased, it will caused the increasing of the thermal units
generation in that hour. Outputs of thermal units in other
hours will stay the same (except in case when ramp rates or
fuel limits are active constraints). On the other hand, the
increasing of the generation in hour t in every single
hydroplant will cause the decreasing of outputs in some of
other hours due to limited amounts of available water. In
other words, even very small changes in the Lagrangian
multipliers may cause the "shifting" of a hydroplant
production from one to the another hour. The goal of this
paper is to present existing techniques for the multipliers
updating and to propose some new ideas in this field.
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2. PROBLEM FORMULATION

A. Primal problem

The hydro-thermal coordination problem is stated as the
minimization of the total system costs subject to all system
and local constraints. The total system costs consist of the
fuel, start-up, shut-down and maintenance costs of thermal
units. A penalty term which penalizes the excessive usage of
available water in hydroplants may be included in the
objective function, also. Two subsets of system constraints
may be recognized in the primal problem formulation.
The subset of equality system constraints consists of power
balance equations during the optimization period. All other
system requirements, such as the spinning and regulating
reserve, transmission line capacity limit and fuel constraint
of a group of thermal units belong to the class of inequality
system constraints. Due to notation simplicity, only the fast
spinning reserve requirement will be explicitly treated in the
mathematical formulation. Local constraints have not been
relaxed during the optimization procedure, so they are out of
the scope of this paper. In other words, the primal problem
can be expressed as follows:

N M

min F =Zfj+Zh,
Pfi j=l 1=1

subject to:

.=1

^ O ; t=L.. . ,T

so ; t=l , . . . , T

(1)

(2)

(3)

The following notation is used in above relations:

f; -cost function of thermal unit j
hj -penalty function of hydroplant i
N -total number of thermal units
M -total number of hydroplants
t -index of a time interval (an hour)
D -total system power demand
PF -penalty factor
Pj -vector of thermal unit j hourly generations
Pj -vector of hydroplant i hourly generations
R -fast spinning reserve system requirement
q -hydroplant i contribution to the system spinning reserve
r, -contribution of thermal unit j to the spinning reserve.

D. Dual problem

By associating vectors of Lagrangian multipliers A. and (i
to system constraints (2) and (3) respectively, the dual
problem can be formulated as:

max i mm =F ( (4)

Obviously, the dual problem is defined as a task of finding
the saddle point of function 1>. In each iteration of the
optimization procedure the dual problem solution is found
for a fixed set of Lagrangian multipliers as:

O ,H )=min
P,.P,

(
1=1

(5)

Lagrangian multipliers updating and solving of (5) are
successively repeated until the maximal solution of the dual
problem is found.

3. LAGRANGIAN MULTIPLIERS UPDATING PROBLEM IN THE

TECHNICAL LITERATURE

Two different Lagrangian multipliers update procedures
are discussed in this paper. A survey of various tactics for
the Lagrangian multipliers updating is presented in [7].
Although there are a number of theoretically possible
procedures for the dual maximization, the subgradient
method (also called the generalized gradient method) is the
much more applied than other techniques. This method
(firstly proposed in [1], then validated and additionally
developed in [2] and [3]) is the most popular in practice due
to its simplicity and the fact that the subgradient vector of
the dual function is easily available [6].

The second Lagrangian multipliers update method
discussed in this paper is the variable metric method. The
first application of this method to the power system
operations planning is reported in [11]. The method is
additionally improved and applied in [15]. In both cases
promising results have been obtained which show that this
method deserves further investigations.

A. Subgradient method

The subgradient method in its basic form may be
expressed as follows:

k+l

(6)

where k, [X [if, [AD AR] and s are the iteration index,
the Lagrangian multipliers vector, the vector of subgradients
of the dual function and the scalar correction step,
respectively. This algorithm theoretically converge if scalar
correction step, s, satisfies following conditions:

limsk->0 A lim is r->°° (7)

6 2



Several alternative ways for generating the value of scalar
s have been proposed. The first way suggested in [1] is given
by the following relation:

ADK

ARk
(S)

where a is a scaling constant and o * is an estimate of the
optimal value of the dual function. This approach is applied
in [9], [13] and [18]. It is suggested in [13] that scaling
constant a takes value between 0 and 2.

The following simple rule for generating the value of
scalar correction step s is defined in [4]:

s k = l / ( p + k y ) (9)

where P and y are positive constants which depend on the
power system. The above rule is basically applied in [8],
[10]. [17] and [19]. An interesting modification of this
algorithm regarding multipliers X has been proposed in [8]
(and later applied in [13] and [17]). In case that a feasible
(but not the optimal) solution of the primal problem is found
in iteration k the system marginal cost, MC, in each hour is
calculated and Lagrangian multipliers X are updated as:

).k+]=z)}+{l -t )MCk (10)

where E is a hcuristically defined parameter (0<e<l) . The
procedure for the multipliers (i updating arc also modified in
[8]. In order to obtain the satisfaction of inequality system
constraints positive elements of subgradient vector AR are
increased in each iteration using the constant equal to the
capacity of the lowest thermal unit in the system. Due to
same reasons an acceleration coefficient is used in [17] and
[19] providing much stronger corrections for those elements
of n which are associated to violated system constraints.

The third approach for the scalar correction step s
gcneraling (suggested in [5] and later applied in [12] and
[16]) may be expressed as follows:

AD1

AR1
( x + k v ) (H)

where % and o arc system dependent constants.
These three alternative approaches for the step size

generating in the subgradient method are tested in [14]. It
has been found that both methods defined by (9) and (11)
provide an acceptable convergence. It is also reported that
the basic problem with method defined by (8) lies in

obtaining a correct value for o*- This problem is overcome
in [13] using the best available solution of the primal
problem. It is possible due to the fact that the primal
problem solution cannot be less than the solution of the dual
problem. The algorithm proposed in [13] after each iteration

of the dual problem proceeds with a heuristic procedure for
finding the primal problem solution. However, this heuristic
procedure cannot guarantee that a feasible solution of the
primal problem will be found. The general dual-primal
solution procedure similar to this is applied in [8], [17] and
[19]. I fa l l inequality system constraints are satisfied in the
solution of the dual problem the general solution procedure
comes to the reduced primal (continuous) problem solving.
But there is no guarantee that the solution of the dual will
satisfied necessary conditions for finding a feasible primal
problem solution. It means that the convergence of the basic
multiplier update procedure to a dual solution which satisfies
all inequality system constraints is the crucial point in this
methodology. A great number of proposed procedures, such
as [9], [10], [12], [14], [16] and [18], are basically different.
They maximize the solution of the dual in the first step and
after that in the second step try to find a feasible solution of
the primal problem. In the feasibility phase of these
algorithms Lagrangian multipliers have to be updated again
either in the same manner as it is performed during the dual
maximization phase ([10] and [18]) or using some special
update procedures (reserve-feasibility search in [12],
adaptive partial relaxation in [14] or a procedure based on
the quadratic programming in [16]).

The subgradient method may be efficient only if the
multipliers initialization is done properly and if heuristic
coefficients in the correction procedure are chosen
adequately. Initial values for Lagrangian multipliers \ may
be set to system marginal costs which are calculated using
the economic dispatch procedure and the priority order list
of thermal units ([17] and [18]). Also, the initialization of
Lagrangian multipliers may be carried out using their
optimal values obtained in the previous planning period (as
it is suggested in [9] and applied in [19]). However, although
a good initial set of Lagrangian multipliers can significantly
reduce the number of iteration, the subgradient method
generally provide a ' cry slow convergence.

B. Variable metric method

The variable metric method is proposed in [11] in order to
overcome the slow convergence of the subgradient method.
This method takes into account that changes in cither
subvector X or | i effect not only the corresponding
subgradient vector. Due to this fact an approximation of the
Hessian inverse matrix, H, is calculated in each iteration as:

[ ] [ ] / k T H k A S k (12)
where H° is equal to the identity matrix and £ is a
heuristically defined parameter (0<q<l). Vector AS used in
the above relation is assumed to be:

ASK =
AR

AD

AR

k-l
(13)
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The Hessian inverse matrix is then multiplied by the
subgradient vector. The new vector obtained in that way
(instead of the subgradient vector) is then used in the
Lagrangian multipliers updating algorithm defined by
relations (6) and (11). It should be noticed that in the special
case when £=0 the variable metric method completely
corresponds to the subgradient method defined by (6) and
(11). However, if the optimization period increases the
Hessian inverse matrix becomes too large and dense. To
overcome this serious disadvantages the method is modified
in [15] using the block diagonal structure of the Hessian
inverse matrix. Actually, the variable metric method is used
to calculate a multipliers update width vector for each day
and then the obtained update width vector is modified using
the mean value of subgradients in other days.

In both papers [11] and [15] the dual maximization phase
is carried out completely before the feasibility phase is
performed. Using the least squares method and information
obtained during the dual maximization a linear relationship
between Lagrangian multiplier X and the total system
generation is formed in [11]. This relationship is used in the
feasibility phase to calculate necessary changes of the
corresponding Lagrangian multiplier. Unfeasibility functions
arc defined in [15] and the problem of finding a feasible
solution is transformed into a least squares type problem.

The variable metric method need significantly less
iterations than the subgradient method to converge to the
dual maximum. It is clearly shown in both [11] and [15].
However, it is not quite clear how the convergence of this
method depends on the initial set of Lagrangian multipliers
and how matrix operations effect the CPU time and memory
requirement. Further investigations should give answers to
these questions. Also, it should be noticed that a serious
problem regarding the feasibility of the primal problem
solution still remains in the optimization algorithm.

4. DISTANCE OF OPTIMALITY METHOD

The new idea for the Lagrangian multipliers updating
which will be presented bellow is based on Khun-Tuckcr
optimality conditions. These conditions may be expressed as

follows: if ).' and n* are gi%en sets of Lagrangian

multipliers and if p* and p* are vectors of primal variables

which solve (5) then these vectors of primal variables
represent the optimal solution of primal problem (1) if

constraints (2) and (3) are met, if u'*20 and if

Hl*ARls:0 for all t. Taking into account above conditions
function W which represents the distance of the dual
problem solution from the optimal solution of the primal
problem may be formed as:

(14)

where RQ is a constant which regulates the importance of
violated reserve constraints to value of function W. It is
important to note that always when Khun-Tucker optimality
conditions are satisfied this function takes a value between 0
and -1 but otherwise function W takes a big positive value.
This means that when all dual subproblems are solved the
value of function W can be calculated and Lagrangian
multipliers should be updated in order to nullify this
function. Of course, it is practically impossible to achieve
this goal by means of Lagrangian multipliers updating only.
However, if the value of function W is decreased it means
that the algorithm converge to a near optimal and feasible
solution of the primal problem. In other words, the finding
of a feasible solution is much easier task if the 'distance of
oplimality1 function has less value. The minimization of this
function leads to the fast satisfaction of all inequality system
constraints (due to the fact that second term in function W
takes an enormous value if AR>0) and on the other hand
reduces the finding of a feasible solution to a continuos
problem. If the Taylor series expansion of function W is
performed near the value obtained in iteration k then the
value of function W in the next iteration can be expressed as:

Au1l.k (15)
•ti

If A^lk and An'k arc directly proportional to corresponding
descent directions of function W and if the value of this
function in iteration (k+1) should be equal to zero then the
multipliers correction step (the factor of proportionality), s,
can be obtained from the following relation:

\Vk+1=\Vk-sk aw*
dX' t=i

=0 (16)

In other words, if VWk and VWj; are gradient vectors of
function W in iteration k with respect to Lagrangian
multipliers X and u, respectively, then new values of
multipliers (which in the first approximation nullify function
W) should be calculated as:

.k+1
wk fvwk

vwk
(17)

The first derivatives of (14) with respect to multipliers /. and
H in hour r can be expressed by (18) and (19), respectively:
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(18)

2 t=i

N dP\ M gpM
ZPFj—f+ZPFi—H-

(19)

The fast spinning reserve of hydroplant i is the difference
between the maximal and the planned generation on the
current head. Consequently the partial derivative of the
hydroplant spinning reserve with respect to its generation is
equal to -1. However, due to significant ramp limitations in
case of thermal units the spinning reserve is modeled as a
piece-wise linear function (sec (8) and (9) in [19]). That is
why the partial derivative of the thermal unit spinning
reserve with respect to its generation is either -1 or 0
depending on the generation level. Obviously, only partial
derivatives of unit generations with respect to Lagrangian
multipliers should be additionally calculated in order to
apply correction procedure defined by (17), (18) and (19).
These partial derivatives can be obtained using the fact that
thermal units and hydroplants generations needed above are
obtained as the solution of (5) i.e. as solutions of dual
subproblems. The dual problem solution procedure gives
expressions that define the optimal thermal unit output
(relations (12) and (13) in [20]) and the optimal discharge of
a hydroplant (relation (24) in [20]). The known relationship
between optimal values of control variables and values of
Lagrangian multipliers can be used in the multipliers
correction procedure. In other words, partial derivatives of
the thermal unit generation with respect to Lagrangian
multipliers should be obtained as follows:

0

dk' [PFj/2aj ; r=t
t=L...,T

SP\

r = t A

(20)

; t=L...,T (21)

where a; is the quadratic coefficient in the fuel cost function
and r;m a x is the maximal contribution of unit j to the system
spinning reserve. Above expressions are obtained assuming
that ifk and/or u arc changed in hour t, it will not caused
changes of thermal units generations in any other hour
(except hour t). Partial derivatives of the hydroplant

- X i

A

t=r

t=m

generation with respect to Lagrangian multipliers are
calculated according to following relations:

-rfr=Tzr ^ r ; t=i,...,T (22)

...,T (23)

; t=L...,T (24)

(25)
L " J

M=__L^I . l=u,T (26)
5 / PF.SA.'

Parameters a) and b| are coefficients of the quadratic
generation-discharge function on the current head in hour t.

Value Qj* represents the optimal discharge and k[+I* is the
optimal slope of the piece-wise linear dual function. Both of
these values are calculated in the dual subproblem solution
procedure which is in detail explained in [20]. It should be
noticed that limited amount of available water in hydroplant
i is taken into account in relation (24). This relation assumes
that changes in multipliers in hour r will cause the discharge
changing in that hour and the opposite changing in hour m.
If the discharge in hour r should be increased then hour m is
detected as the hour in which multiplier k has the minimal
value and the optimal discharge is greater than the minimal.
But if the discharge should be decreased then hour m is
detected as the hour in which multiplier k has '.he maximal
value and the optimal discharge is less than the maximal.

5. NUMERICAL RESULTS

The efficiency of the proposed methodology is tested on
the system of Electric Power Utility of Serbia consisting of
34 thermal units and 18 hydro plants. Necessary technical
data have been presented in [19]. The fast spinning reserve
requirement is set to 10% of the maximal hourly demand in
each day of the testing period. The maximal value of the
duality gap and the maximal number of iterations are set to
0.5% and 20. Comparing results between the distance of
optimally method (DOM) and the subgradient method
(SGM) are given in Table 1. The number of iteration, IT,
optimal value of the objective function, F, and obtained
duality gap are presented for both methods. The optimal set
of multipliers obtained in the previous day is used for the
initialization in both cases. However, daily system demands

6 5



in the testing period decrease from 109.6 to 75.1 GWh
which means that the importance of the multipliers update
procedure is additionally stressed.
Table 1: SGM and DOM: Comparing Results

Method]

SGM

DOM

Dav
IT
F

GAP
IT
F

GAP

1.4.95.
20

2.431
0.52

12
2.430
0.49

2.4.95.
5

2.571
0.45

9
2.5T1
0.42

3.4.95.
20
CO

OO

20
2.056
1.01

4.4 9!
17

1.659
0.35
20

1.671
1.08

? 4 05
20

1.619
1.56
20

1.607
0.86

6 4 "5
20

1.543
1.65

8
1.523

L 0.37

7 4 95 ll
20
0 0

CO

7
1.566
0.41

Obviously, if subgradient method is applied in April 3 and
7, twenty iterations have not been enough for finding a
feasible solution of the primal problem. In both cases the
distance of optimalin method provides a near optimal
solution. Furthermore, solutions obtained for April 5 and 6,
using the DOM are significantly better than when the SGM
is used. On the contrary, the SGM leads to a better solution
of the primal problem than the DOM only in April 4.

Table 2 shows convergence performance of the DOM for
April 7, 1995. Dala presented in Table 2 show very fast
convergence of the distance of optimality function, W, to its
minimum. The first feasible solution of the primal problem
is obtained in iteration 2, better solutions are found in
iterations 4 and 5 while the best solution is achieved in
iteration 7. Obviously, if the value of function W decreases
the algorithm converge to a feasible near optimal solution of
the primal problem.

TABLE 2: Distance of Optimally Method: Convergence Performance

I IT II 1

W(10b) 18.326
| F U TO

2
2.163

1.593

3
0.872

1.597

4
0.365

1.590

5
0.304

1.583

6
0.422

CO

7 I

0.287

1.566 I

6. CONCLUSIONS

In this paper the Lagrangian multipliers updating problem
is investigated. A new method for the multipliers updating is
proposed. It is shown that the dual maximization phase can
be replaced by the minimization of a function which
represents the distance between the obtained dual and the
optimal primal problem solution. The minimization of this
function leads to the fast satisfaction of all inequality system
constraints and reduces the finding of a feasible solution to a
continuos problem. This method called the distance of
optimality method uses known relationships between optimal
values of control variables in the dual problem solution and
values of Lagrangian multipliers. Very promising results
obtained in the first numerical testing of the proposed
method show that it deserves further investigations.
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Abstract—Optimizing the thermal production of
electricity in the short term in an integrated power
system when a thermal unit commitment has been
decided means coordinating hydro and thermal
generation in order to obtain the minimum thermal
generation costs over the time period under study.
Fundamental constraints to be satisfied are the
covering of each hourly load and satisfaction of
spinning reserve requirements and transmission
capacity limits. A. nonlinear network flow model
with side constraints with no decomposition into
hydro and thermal subproblems was used to solve
the hydrotherinal scheduling. A novel thermal
generation and transmission network is introduced
and this transmission network is replicated with
line outages in order to obtain a secure niulti-
interval short-term power How. Computational
results are reported.

Juywimls—Hydrothernial Scheduling, Optimal Power Flow,
Line-Outage Constraints, Spinning; Reserve. Electricity
Generation, Nonlinear Network Optimization, Side Con-
straints

i. INTHODCCTION

Tin- solution to sliorl-tcrni liydrotliermal coordination
indicates liow to distribute the hydroelectric generation
(cost-free) in each reservoir of the reservoir system and
how to allocate generation to thermal units committed
to operating over a short period of time so that the
fuel expenditure during the period is minimized. The
time period (e.g. 3 days) will l>e subdivided into short
time intervals (e.g. of J hour) for which the generation
and operating variables arc optimized. In short-term
hydrotheinial coordination t lie predicted load at each
hourly interval must be met, and a spinning reserve
requirement to account for failures or load prediction
errors must be satisfied. These load and spinning reserve
constraints tie up hydro and thermal generation. On
the other hand the initial ami linal water volumes ;it.
each interval in the reservoirs considered, which are
used to calculate the hydrogeueralions of the interval,
tie up die variables of all intervals, and besides multi-
interval emission constraints involve thermal generations
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over several intervals, thus all hydrothermal variables of
the problem are in fact, strongly coupled.

Network flow techniques have come to be the most,
widely used tool for solving this problem. The literature
on short-term Uydrothermal optimization and coordination
through network flows is rich [1,10]. The short-term
liydrothennal scheduling problem has been researched
intensively during recent years, either as the main problem
[2,3,4] or as a subproblem of the short, term Iiydrothermal
coordination problem, which includes the commitment of
thermal units [f),(i]. The decoupl1 .i method followed by
these papers consists in solving the hydro and thermal
subproblems separately, coordinating these decoupled
optimizations through ;i) the interchange of the marginal
prices of the hourly load demand (from the thermal
subproblein to the hydro subproblein) and h) the hydro
generation in each time period (from the hydro subp.
to the thermal sub]).). In order to solve the hydro
subprobleins through efficient linear network flow codes,
hydrogeiieration , which appears in the objective function
of the hydro subprohlems, is usually approximated as
a linear function of the discharges [2,3], or both the
discharges and stored water [5] . Quadratic [0] and fully
nonlinear formulation [7] of the hydrogeneration has also
been reported. The thermalsnbproblem is usually posed as
a set of independent thermal economic dispatch problems if
the transmission network is not considered [5,0], or as a set.
of independent optimal power How problems, either with
a dc [3,<1,7,N] or ac [!)] approach. The thermal generation
and power flows are optimized with a fixed value of the
hydrogeneration that corresponds to the optimal solution
of the last, hydro siibproblem. The models proposed in
[2,3,<1,(>,7] take into account, the load demands hut. neglect,
the spinning reserve, which is included in [!>] .

Attempts to solve the hydro and thermal problems
together are limited. In [!)] a coupled model with an ac.
OPF solution and a very simplified model of the hydro
system has been reported.

The decoupled procedure followed in previous works has
to assume liydi'ogeuerat.ion values (to define constraints
limits) for the thermal minimization and marginal prices
of thermal production for hydro optimization. Since
both hydi ogenerat ions and marginal prices of thermal
generation have unknown values at the. optimizer, many
solutions to the undeeoupled problems will be needed until
convergence, which is a clear disadvantage with respect, to
the Ulldecoupled model.

In previous works by two of the authors [11,17] the net-
work model usually employed for short-term hydrogenera-
tiou optimization was extended to include thermal units
in an undeconpled way, imposing single load and spin-
ning reserve constraints on both hydro and thermal gen-
erators and directly minimizing thermal production costs
without decoupling the problem into hydro and thermal
subprobleins. When constraints are added to limit genera-
tion to pie-specified margins at each interval, or to satisfy
a given spinning reserve requirement, pure network flow
algorithms are no longer applicable. However if these con-
straints are linearized, efficient specialised algorithms for
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optimizing network flows with linear side constraints could
be employed [12,13,17].

Transmission constraints and the economic effect of
losses can also be taken into account through network (low
techniques [10] . In [11] they were integrated into the
thermal network developed.

The nndeconph'd solution to the short term hydrother-
mal coordination, taking into account a dc. transmission
network model, is nothing but a multi-interval dc opti-
mum hydrothermal power ilow, where the coupling effects
of hydrogeneration over successive intervals are rigorously
taken into account and optimized. The classical optimum
power flow for a given interval finds values for thermal and
for hydregeneration but requires an "estimated value" of
hydrogeneration determined beforehand, and it is not easy
to choose values of hydrogeneration over successive inter-
vals so that volumes and discharges in reservoir systems
are all within limits and match natural inflows.

In this work the multi-interval dc. optimum hydrothermal
power flow concept is extended in two ways: line-outage
security constraints are modeled and taken into account,
and multi-interval emission const mints are also incliidi'il in
the problem. Computational results are reported using a
nonlinear optimization package.

II. SHORT-TERM HYDKOCJENEHATION OPTIMIZATION
THROUGH NETWORK FLOWS

Network flows can model any configuration of cascaded
hydro stations along branched rivers and water transport
delays between successive stations. Hydro variables such
as initial and final stored water volumes in a reservoir at.
each interval and discharge and spillage over an interval are
flows on replicated hydros) at ion networks. In a reservoir
system, if the /•"' of Nr reservoirs is of variable head we
can compute its generation over the ;''' interval as:

//«'• = m . < ( / , , ( i
 f / , ( ; (1)

where // is the mechanical to electrical energy conversion
constant and /n..'1 is the eHieiency of the /•''' reservoir, /IJ.'1

is its equivalent head —obtainable from the initial and
final stored volumes— and </;•'' its discharge over the ilU

interval. The efliciency /IJ.1' changes with water head ;ind
discharge. The total hydrogens-ration over the /"' interval
would be:

The expression of the incremental spinning reserve of
hydro units (the amount by which the current generation

can he increased) in the »'"' interval would be Yli=i [Hi- ~
//['] where//,, would represent the maximum hydropower
of the k reservoir over the i1'1 interval.

The. total hydrogeiieratiou in the »"' interval ^Zj.I, //}.'
can be taken as the decrement al hydro spinning reserve
(amount by which the current generation can be decreased)
in the interval.

Both the hydro incremental and decremental spinning
reserve are assumed to be available within a short
(relatively to that of a thermal unit) time lapse

III. VARIABLES ASSOCIATED TO THE GENERATION
OF A THERMAL UNIT

Let Pj be (lie power output of the j " 1 thermal unit and
let Pj and P_j be its upper and lower operating limits.

ISH ,
(MWJ

(a

Fin 1 a) Incremental S|>IIIIIIIIK Reserve ( I S R ) function of tlie J
IIIHIIII.-II unit

I.) l>r
t!..t

c) TI.

i l) Tlit-
wi l l

n:il unit
I

t.'il S]i|iiiuiiK Rfst-ivt- ( D S R ) function of t l ie J
III

<ik |V>i the j ' t l ienual unit indicating; l imits

tial network for the j tlieri:ml unit siiowinj; node U
JifpWt-l" Olltjillt

£i < Pi < Pi (3)
The incremental spinning reserve (ISR) rjj of unit "j"

is the amount of power by which the current generation Pj
can be increased within a given time lapse. The maximum
possible ISH rij of the j ' h unit, is the product, of the
incremental power rate (MW/min) and the minutes of the
specified time lapse. Similarly, the decremental spinning
reserve (DSR) rnj of tlie / ' ' unit is the amount of power
by which one can decrease the current power output Pj
within a pie-determined time lapse. Its maximum value
will be represented by Toj • The ISR rij and the DSR re j
of the j " ' unit can be expressed_as:

rij = wh,{nj,Tj-Pj} (4)
rDj = HIMI {!•/); , Pj - P_j} (5)

which are the thick lines of Fig. la) and 11)).
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TRANSMISSION

NETWORK

I;. '2 Thei i i in l ue twoik of eustriuli|*r of t t t tni iM uni t s JVIHI connect ion
to t ta i ismission netwoik

At p o w e r Pj we h a v e a n ISR / / j a n d a DSH rpj, a n d ;i
power g a p ju} > 0 f rom t h e JSH nj t o Pj - P} a n d a l so a
power g a p <ipj > 0 b e t w e e n t h e DSK vpj a n d Pj — P_-\

rij + ttij =T'j- Pj (C>)
>-nj+UPj = Pj -P.j (")

The generat ion of a thermal unit , its ISR and DSH,
the associated power gaps, and its operating l imits lend
themselves well to being modeled through network Hows
[11,17]. Fig. l r ) shows (lie directed graph having t lie
variables described ;is ilows on its a r rs ._

Node A has a power injection of P3 — P_j, which is
collected at the sink node S. From the balance equations
at nodes H and ('•, equations ((i) and (7) are satisfied. Arcs
o and /i, both from node H to the sink node S, carry the
power gap ijij and ISR i /j respectively, and an upper limit
of T/j on arc a must be imposed to prevent the reserve from
gelling over its limit. From Fig. l a ) and 11>) it is clear thai
rij ami its gap ;;/; must be such tha t , for a given value of
Pj, VIJ takes the highest value compatible with rjj < F/j
and with rtj + <IJJ = / ' ; - P}.

In fact, the arc going from node A to node 13 in Fig. lc)
is useless and can be eliminated as in Fig. Id) (since (In-
flow on arc r> plus that on arc ji will amount to Pj — P}).
The same happens to be so for the arc going from node
A to node C, which can also he suppressed. However a
(generally nonlinear) cost function of its How Pj — P_} will
have to be opt imized, but it suffices to optimize the same
function of the sum of flows on arcs-) and A. Node S of Fig.
2 can be split into nodes T and U as in Fig. Id) . It can
be noticed that if P_- is injected in node V, the outcome
of this node will be just Pj, which is the generation of the
j " 1 thermal uni t . The simplified thermal network of Fig.
Id) can thus be employed. Only for explanatory purposes
the notation Pj — P_y equivalent to rpj + UPj, will be
maintained.

IV. N E T W O R K R E P R E S E N T A T I O N OK THE ENSEMBLE
OF T H E R M A L U N I T S , HYDROGENERATION

AND TRANSMISSION N E T W O R K

Transmission lines with known characteristics and a
maximum rapacity connect generating units among them-
selves and to other (load or generating) nodes. The inclu-
sion of the transmission network accounts for transmission
limits, which may play an important part in shaping the
thermal and hydrogenerat.ion at some intervals.

It was shown in [17] that, it is possible to combine the
equivalent network of each thermal unit and a dc model of
the transmission network, which takes power from hydro
and thermal generating stations to the load nodes [10] ,
into a generation plus transmission network that ensures
the satisfaction of load and transmission capacity limits,
and where KirrhhofT's current law is satisfied. Kirchhoff's
voltage law will also be imposed via linear side constraints
on the Ilows of this network [10] .

The generations of thermal units coming out of nodes U
(see Fig. Id)) can be fed into a transmission network as
in Fig. 2), where the generation of single reservoirs or of
one or more reservoir systems must, also be fed (it can be
assumed that there are A'</ nodes where hydrogeneration

is fe<| in). There are Nl load nodes, with load L}',
j=[,...,Ni, in the transmission network and thermal and
hydrogeiieration must balance the loads which draw from
the network.

A sink node S is used to balance generation and load
of a given interval " i" . Node S collects thermal gen-
eration and supplies hydrogeneratious ( 6 ^ , j= l , . . . , iV , )
through artificial arcs from the sink node S to nodes Gj
0 = 1 , . . .,A'.</). Nodes \lj,(j=l,.. ,,Nu) receive the power
output Pj , which is fed into the transmission network.
All nodes T of the equivalent network of each single ther-
mal unit (see Fig. Id)) are made to coincide with the

sink S. Since the output of node T is Pj-PJ' (at inter-
val "i") it is necessary to draw out of node S the flow

]C}='i Pj — Yli=i L/I which is constant, to balance the
flows.

Ilydtogeiieiatiolis //;•'' (fr=l,. . ..A'?) must correspond to
the flows on arcs from the sink S to nodes Gj ( j= l , - • -,N(j).
In order for this to be so, Ntj (linear) side constraints
employing the linear approximation to hydrogeneration
must be imposed:

i = l AT i
»•€/,

where Ij is the set of reservoirs whose hydrogeneration
enters into the transmission network through node G;-. In
[17] there is a linearized version of this side constraint.

The transmission network is any set. of connections be-
tween any of the nodes \]i,.. .,UJVH,GI,. . .,Gyvs,Li ,• • -,LNI,

either directly or via other nodes called transhipment
nodes. Let Nf,C,f,£t,Tj

+ be the sets of lines that
have nodes U;, (ij Lj and T,- as the origin nodes, and
U~,(/" ,CJ ,'Tj~ the sets of lilies with the same nodes as
destination nodes. Let Jii:l be the capacity of transmission
line (/•,/).

Taking an arbitrary orientation on each arc of the
transmission network, its balance How equation will be:
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Since in a. dc network model power and current Hows
measured in per unit (p.u.) coincide, the balance of
flow at the nodes of the transmission network ensures the
satisfaction of Kirchholf's current law. Kirclilioff's voltage
law must be imposed on all basic loops in the transmission
network [111] . Imposing tlier-e constraints makes the flows
in the transmission network more realistic.

Let. rtii be tin* p.u. reactance of the transmission line,
corresponding to the arc of the equivalent network going
from node I- to node /, and let JIJ./ l>e the power (low from /"
to /. The voltage drop along arc k-l can then be. expressed
as J'ki]>ki- Thus the expression of Kirchlioff's voltage law
i

*k\Vki = 0 for all basic, loopsj (10)
Meiopj

The network of Fig. 2 will be referred to as tlierm-

V. LINE-OUTAGE SECURITY CONSTRAINTS

An optimum power flow solution with security is such
that, given a patern of loads at the load nodes, the
generations fed in the network produce power flows that do
not exceed the, capacity limits neither in normal operation
nor in case that any of a list of line-outage contingencies
would take place.

It. would be desirable to obtain a multi-interval optimal
hydrothermal power flow solution with security and it will
be shown here that an extension of the former model, as
that, in Fig. 4 is an adequate model of this problem. The
transmission network should be replicated at each interval
as many times as line-outage contingencies have to be
considered. Each of these replicated transmission networks
has all arcs (lines/transformers) but the outage one. Then
artificial arcs from the sink to the hydro anil thermal
generat ion nodes of each contingency replicated network
must be added and side constraints expressing that, the
How in these arcs coincides with the generation flow in
the analogous arcs of the non-contingency transmission
network.

Assuming there are Nk contingencies to be considered
the side constraints to be added are:

{ k= \,...,Nk

j=l Nn (11)

i=\,...,Ni

Ur= l,...,Nk

/>]•' - * £ = r% + ,j% + Pj - JT£ = 0 I j = 1 Nu
{ i=\,...,Ni

'I lie network ol Fig. -\ will be referred to as tlienn tnuis.-
ollfa.ne Jirf " j " .

VI. HYUUO-TIIEKMAL-TKANSMIS.SION EXTENDED NETWORK
(HTTEN) AND HYDRO-THERMAL-TRANSMISSION-

OUTA<;E EXTENDED NETWORK (HTTOEN)

All the variables taking part in the short-term hydro-
thermal scheduling are flows on arcs of a single net-
work such ;is that in Fig. 4, called the Hydro-Thennnl-
Transmission Extruded Network (HTTEN) and the Hydro-
Tht'riiiid-Trtiiisinissinii-Oiit.fijfp Extended Network (IIT-
TOES). A unique sink node S collects all the balance water
plus the power supplied to the thermal networks. There is
no problem in having a common sink node for the repli-
cated hydro network and for the thermal network of each
interval because each network is balanced in its own flow.

It should be stressed that the fact of using a common
sink mode is just, a means to reduce the number of
balance equality constraints, but it does nor entail that the
hydro optimization problem and the thermal optimization
problem are coupled. What couples the two problems is
the fact that their variables are optimized at the same
time with respect to a unique objective function and, most
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important, subject to common spinning reserve and load
constraints where hydio and thermal variables take part.

VII. GENERATION COST OF THERMAL UNITS AND
LOSSES IN THE TRANSMISSION NETWORK

The production cost of the j " ' thermal unit over the /'ll

interval, expressed as a second order polynomial with a
linear and a quadratic cost coefficient r/j and c^ would

be cijP}' + c V ; ( / j )"', which in terms of the network flow

Pj ~E-j ~ rDj + UOj >s (<'lj 4 2<'tij P.J)(PJ' — Ilj) + <'iij(Pj' ~

£ ; ) J -t{''ijll] +rqjllj"')• 'I*'"1 l;'s' parenthesis is of constant
terms and can be excluded from the minimization. So the
expression to be minimized is: (n, +'2i^]P_J)(r

{
1')j +<;'/,J) +

c<]j(ip j+Up .)"'• Thus the thermal part of t he cost function
(corresponding to the ;''' interval) to be minimized can be
expressed as:

A'»
Iuiu2->[(''J +2fVJPJ)(;-pJ +'Jpj) + <'qj(i'nj +.7/jj)J] (1;')

When the equivalent network model of Section VI
is considered, the transmission network model is a i\c
approach and losses are not included in the generation
injected. Power losses cost can be estimated and added

to the objective function to be minimized. /',.', being the
p.u. value of power flow on the arc from notfe /• to node
/ at the i'1' interval, rj) being the p.u. resist en re of the
transmission line conesponding to the arc, the losses on

that line are approximately '•<•;[/'!-'(]"'. and K(I being a price
given to the losses over the ("' interval, the term to be
added to the objective function would be:

A11
h > n-'/'.., (M)

L.—é Ii A U

.=1 I J 6 T N

where T.N. is the set. of pairs of nodes that, are the ends of
all transmission lines.

VIII. UNDECOUPLED NETWORK FORMULATION OF
THE HYDRO-THERMAL SCHEDULING

A. Ohjecliw Function.
The objective function to be minimized is

Ni Nu
f

(15)1=1 ]=l

where the last, term corresponds to the evaluation of the
losses.
B. Network Constraints.

The network constraints are those related with the
HTTEN or HTTOEN depicted in Fig. 4. Upper limits
and lower limits, which are zero for most of the variables,
exist, for all the Hows. They are taken into account by the
specialised network codes.
C. Hide Constraints.

Side constraints [12] (i.e.: constraints on the flows on
the arcs dillerent from the flow balance equations at each
node) can be imposed and can be dealt with efficiently in
specific network flow optimization methods [1'2,13]. Such
side constraints are:
• Hydrogeneration side constraints (8).
• Line-outage Security side constraints (11,12)
• Kirchhofl's voltage law side constraints for the trans-

mission network (10) and for each transmission network
with outage "k".

• Incremental and decremental spinning side constraints.
If R)' and R^ are the minimum 1SR and DSR required
respectively, these side constraints can be formulated as:

Na Nu Nr

'8
Nq A'ii

; = 1 ; = ]

(10)

D. C'-im]tling between I/yi/ro nwl Thermal System.
The ISH and DSK constraints (Hi) constitute the

coupling side constraints between the hydro and the
thermal variables of each interval. These variables are also
coupled through the combined effect of the transmission
network and the Hydrogeneration side constraints (8). The
replicated hydro network involves a time coupling between
the liydro and the thermal variables of all intervals.
E. Emission Side Constraints.

Single-interval and multi-interval emission constraints
can be easily imposed, in a coupled formulation of the
liydrot.hermal problem such as that described here, sinre
all thermal generation variables are available. A linear
multi-interval emission ronstraints referred to units using
fule type "F.T." is;

A'i

E ^ (17)
J5

Single interval, or nonlinear emission limits can also be
easily formulated and incorporated.
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IX. COMPUTATIONAL RESULTS AND CASE EXAMPLES

The network nioilel put. forward has been implemented
to solve hydrothennal scheduling problems described in
Tables I and 11, where Nrn and Nb stand for the
number of lines/transformers and number of nodes of
the transmission network. L.s.c. and n.s.c. indicate
the number of linear and nonlinear side constraints
respectively. There is one single multi-interval emission
constraint in both problems A and B.

These problems could be solved efficiently through
nonlinear network flow codes with side constraints. In
a previous work by the authors [17] , the specialised
nonlinear network flow program with linear side constraint
NOXCB [14] was employed to .solve the problem without
outages, through successive linearization of the nonlinear
hydrogeneration side constraints (8). Although the same
methodology proposed in [17] can be applied to the
problem with security constraints, the preliminary results
presented here have been obtained using the general
purpose nonlinear optimization code MINOS .r>.3 [lfi.JO].
The. CPU times indicated in Table III have been obtained
on a SUN Sparc 10/41 workstation.

Fig. f) shows the effect of incorporating line-outage
security constraints on the successive flows on one of t lie
lines of the dc. transmission network (case Be: with line-
outage constraints, against case B without). It can lie
aprecial.e.d that, the successive flows of ca.se Be are more
secure than those of case B in that they keep away of the
capacity limit to make room for extra How due to possible
line-outages. The optimum cost, obtained show that the
extraprice paid for security is low (though, in the cases
shown, the contingency list —of lenglit A'/— is short).
The number of saturated lines, "In" in the transportation
network, and "en" in all Nk- outage networks is indicated
in Table III.
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X. CONCLUSIONS

An undecoupled formulation of the short-term optimal
hydrotheriiial multi-interval power flows with security con-
straints has been presented and demonstrated computa-
tionally. Multi-interval emission constraints have also been
imposed. The results obtained indicate, that, the solution
to this problem is possible and that the computation re-
sources required are moderate.. The undecoupled formula-
tion is more advantageous than the decoupled one because
a single optimization leads to the optimum and there, is
no need lei repeal optimizations with updated estimations
of I he Lagiange multipliers or of liydrogenerations, which
could not converge, or converge slowly, to the optimum of
the problem.

The dimension of the problem increases considerably
when outage contingencies are taken into account.

The com iiitaliou times required with a general purpose
nonlinear optimization package are high but they could
be reduced by an order of magnitude by employing an
specialised nonlinear network How code with linear and
nonlinear side constraints.
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SECURITY CONSTRAINED SHORT-TERM HYDRO-THERMAL SCHEDULING IN A FLEXIBLE MARKET
ENVIRONMENT

by

Olav B. Fosso Arne Johannesen

Norwegian Electric Power Research Institute (EFI)
(Norway)

Abstract - The paper presents a method for short term power
production scheduling in a hydro-thermal system. The method
uses a detailed representation of both hydro and transmission
system. It is possible to take into account features such as
variable hydro plant head, variation of unit output vs. efficiency,
limitations on flows and reservoir levels, limitations on the rate
of change of the same quantities, time delays on flows between
reservoirs, ramping constraints on thermal units, availability and
emission constraints on the use of fuels, spinning reserve
requirements, normal and outage system state constraints on
individual or bundled network flows, post contingency
rescheduling, a short-term electrical spot market 'on top' of
firm demand.

The solution technique is based on successive linear
programming where inequality constraints as maximum rate of
change and network flow constraints, are added in an iterative
sequence as the violations are identified.

1 INTRODUCTION

The paper describes an approach for short-term scheduling
developed at the Norwegian Electric Power Research Institute
(EFI). The Norwegian system is nearly a 100% hydro system,
and this is reflected in the development of the method.

The short-term scheduling aims to find an optimal plan for
utilizing the available resources and spot market options for the
next day or week, with time intervals from one to a few hours. In
a hydro electric power system final time boundaries are set at a
higher level of the planning procedure, where a longer time span
is considered. The boundary conditions may be in terms of final
storage or incremental cost of water. In the short-term
scheduling, water inflows are assumed to be known. Thus the
problem is defined as deterministic.

The stated short-term optimization problem has to account for:

Coupling between the different time intervals for plants
with scarce resources
Hydraulic coupling between plants within the same
water course
Detailed electrical analysis within each time interval
where contingency analysis and constraint generation are
included

Paper SPT PS 03- 03- 0334 accepted
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The task will become an infeasibly large optimization problem,
if both the binding and nonbinding constraints are to be included
simultaneously.

The method proposed in this paper utilizes the fact that most of
the inequality constraints of such a system will be nonbinding at
the optimal solution. The algorithm therefore consists of an outer
and an inner loop. The inner loop is an optimization process
taking care of equality constraints as given by reservoir balances,
discharges, load balances, - and added inequality constraints. The
outer loop checks the solution in terms of transmission network
violations and adds new constraints as required. The network
analysis is formulated as a separate optimization problem where
the coordination of contingency constraints, is based on
Benders' decomposition.

2 SYSTEM MODEL

Reservoir Model
The nonlinear relation between reservoir volume and level is
accounted for in the head calculations by a piece-wise linear
description of head vs. volume.

Power Plant Model
For given head, it is assumed that a piecewise linear function is
adequate for describing power plant output as function of water
discharge. Each plant may have several units installed. Since the
units normally have a joint tunnel, it is appropriate to model the
production characteristics on plant level. Due to the
unavailability of units within the period of time in consideration,
the relation between plant output and discharge may change over
the period. The program may automatically build the plain
description from a list of available units, based on loading of the
most efficient units first. This description will subsequently be
modified to account for loss of head by using either tables or
head loss coefficients.

On the plant level the relation between production and discharge
is given by:

where:

«,(*> = £«,/*> (2)

P,(k) Output for plant ' i ' in time interval *k*
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h, Per unit head of plant'i '
r|,j Energy conversion factor at segment ' j ' of plant ' i '
u,;(k) Discharge for the segment in interval 'k'
u,(,k) Total discharge from the plant in interval 'k'

The water balance equation for the i-th reservoir is given by:

It is required that the scheduled operation is electrically feasible
in all time intervals of the planning period. Representing the
electrical network by a linearized power flow model, the
feasibility requirement of an interval is given in matrix terms as:

po + So ~ Bo% =
' TOQO i s e 0 6

' W090 I ^ %b
(5a-c)

where:

x,(k) Content of i-th reservoir at end of interval 'k '
z,(k) Spillages from i-th reservoir in interval 'k '
m. Reservoirs from which discharges enter reservoir T
m2 Reservoirs from which spillages enter reservoir V

The reservoir balance equations will form a network structure.
However, ramping constraints in the water courses together with
electrical network constraints will destroy this network structure.

Head Optimization
The head optimization of a plant is done by combining equation
(1) and (2) and linearizing. This equation becomes:

AP,(k) = (4)

The change in head. Ah,, is transformed to an equivalent change
in up and downstream reservoir volumes by using the successive
linear reservoir description.

System Opera t ing Constraints
In addition to the equality constraints posed by reservoir and
load balance equations, there are many inequality type operating
constraints which must be taken into account. E.g.:

Minimum and maximum reservoir volumes in individual
time intervals
Minimum and maximum discharges
Minimum and maximum plant output different from
physical limits.
Maximum change in reservoir volume between
successive time intervals
Maximum change in downstream release between
successive time intervals
Limits on power production on groups of plants

The inequality constraints fall into two main classes depending
on the approach for implementation. The first three from the list
above can be implemented via limits on single variables; either
directly or by using transformations. The remaining cases will
introduce additional constraints and thus increase the
computation time significantly if there are numerous of them.

Electrical Network Model
The interconnected system contains M buses. At each bus there
may be a f <;n load and possibilities for making selling and
buying transactions in a local spot market. Thermal generation
is considered equivalent to a buying option in the market.

where subscript '0 ' denotes base case operating conditions.

P Power production
S Spot market transactions
8 Voltage angles
B Susceptance matrix of transmission network
Pd Firm load demand
6Ob Branch flow limits
i|/Ob Voltage angle difference
(T,H) Appropriate branch-node incidence matrices

The system should be scheduled to withstand prospective
disturbances, taking into account the ability of the system to
partly alleviate the additional strain by proper post-contingency
rescheduling. To secure feasible operation after a contingency V ,
the following set of equations must be fulfilled:

e, = pd
i TQi i < e
I A/,e,. I i

I Po - P.\ ,

ib
(6a-d)

'm' is the specified number of contingencies. The equation (6d)
describes the degrees of freedom for post-contingency
rescheduling. For A=0, no rescheduling is permitted after a
contingency, and the initial schedule has to remain feasible also
alter the outage.

Objective Function
A common objective is to minimize the variable cost under the
condition that the firm power demand should be met, accounting
also for the water left in the reservoir at the end of the planning
period.

Minimize:

(7)

c, are the prices for buying and selling in the spot market.

The 4>,(x,(N)) are cost functions for remaining water in
reservoirs. Each ^>{ is approximated by linear segments. Then,
the objective function becomes a linear expression. For short-
term scheduling, only a small range around the reservoir
trajectory obtained in the mid-term planning needs to be
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modelled for each reservoir. 3 ITERATIVE PROCEDURE

Problem Formulation
The main optimization problem as solved in the inner loop can
compactly be expressed as:

Minimize:

subject to:

F = cTx + dTy (8)

Ac

Hx

+ Du
Eu +

Gu
Iu +

Fy

Jy

= Q

= P
i h
^ 8

(9a-e)

To obtain a compact notation, the vector x, u and q are redefined
to:

x Reservoir content and spillage for all time intervals
u Vector of corresponding discharges
c Cost vector with elements defined by the endpoint

storage cost function <I>. With all volumes specified c=0
y Spot market transactions and thermal productions
d Associated cost vector
q Elements given by water inflow and start and endpoint

storage of reservoirs
p Firm power demand vector

The equation of (9a) describes the water balance for all
reservoirs for each time interval. A and D arc network
incidence matrices. The equation (9b) is the load balances for
all time intervals. Matrix E contains energy conversion factors.
The equations (9c) and (9d) are ramping constraints on the
reservoir volumes and the discharges. The equation (9e) lakes
into account the transmission network constraints. Matrix 1
contains sensitivity coefficients of power injection multiplied
with energy conversion factors while J is the sensitivity
coefficients at nodes for market options.

The coefficients of the matrices I and J are obtained from
network analysis. There are several approaches for taking
transfer limitations into account in power production planning.
The simplest and most common is to define production areas
and set limits on the transfer between these areas. Another
method is to use the load flow equations as given by equations
(5) and (6) directly and form linear constraints for the
considered transmission lines. This method is easy to implement
but has the disadvantage that the constraints will imply dense
vectors. Too many constraints will then slow down the
optimization process. The most general method is to create
separate optimization problems and use the results to form
constraints which can be added to the coordination procedure.
This method will be described in the next section.

The problem solving sequence of the contingency constrained
power production scheduling is indicated in figure 1.

Security-constrained optimization

Coordination Level

Network Analysis

LeveM

Base Case
Int. K

Linear constraints
(Cuts)

Cont. Case
No. 1 . lot k

/
Cont. Case
No. 2 , Int. k

Network Analysts

Level 2

Figure 1: Decomposition scheme

Three different levels of analysis are indicated in the figure
above.

At the coordination level, an optimization problem as given by
eq. 8 - 9 is solved. This is a coupled problem over all study
intervals. Available resources are utilized so as to minimize total
variable cost associated with firm power deliveries, taking into
account the options for trading in the electrical spot market and
also all activated hydraulic and electrical constraints. All
decisions on power production and power exchange are made at
the coordination level.

The main task of the network analysis at level 1 is to check the
feasibility of the power flow for the normal state within each
time interval of the study period and to coordinate constraints
from the analysis of the level 2 so the appropriate sensitivity
information can be handed to the coordination level for the next
main iteration. The analysis of level 1 is performed for all time
intervals.

The network analysis of level 2 is performed for the relevant
contingencies for the time interval considered. The constraints
from each contingency are sent back to network analysis level 1
for coordination.

Problem formulation on the network analysis levels will be
described in the next section.

Electrical network analysis
As stated, all decisions on buying and selling are made at the
coordination level. Within the network analysis, power injection
is assumed fixed at nodes except for rescheduling options
permitted under outage conditions.

Assume that an initial schedule of power injections, denoted P,
is available from the coordination level. The feasibility of the
power flow is to be checked for each time interval of the study
period.
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The electrical subproblem is now given by:

Minimize:

T n
(10)

subject to:

R* - R- - BQ =0
I 7fl Is Qb (lla-c)

The equations (10-11) expresses the conceptual model for the
electrical analyses. R*and R" are vectors of dummy-variables for
ensuring feasibility of solution. For the technical
implementation, a compact formulation of the optimization
problem is adopted. This means that an iterative sequence for
identifying the violated constraints is used, and that all
constraints are expressed as linear functions of the control
variables which are injections at the nodes.

Contingency analyses are included, and the post-contingency
rescheduling capabilities arc modelled explicitly by using
Benders decomposition [1]. Using this approach, the solution is
afforded by solving a master problem which relates to base case
and a number of subproblems related to pet-contingency states.

The equations for the electrical subproblem represents all time
intervals. It is possible to do the network analysis separately for
each time interval since the coupling between the power
productions is accounted for at the coordination level.

The Master problem is solved by using a nonsparse formulation.
This means that only constraints identified as violated are added
to the optimization process. These constraints are formed as
linear combinations of the control variables, which are
generations and spot market options.

The master problem is compactly formulated as:

Minimize:

*;> (12)

subject to:

/nnn s A,(P, + R ; - R,-) < fm (13)

Subject't' refers to that part of the system description indicated
ineq. (10-11) that relates to interval ' t \ The matrix A includes
sensitivity rows for the violated constraints. These are found by
forward and backward substitutions on the system description B,
with a suitable initialization of the right-hand side of the
equation, or formed by the subproblem due to violation of
security constraints. fmm and f^ are the lower and upper limits
for the constraints. Relaxation techniques are applied, and once
an added constraint is identified as nonbinding, it is dropped

from the formulation.

After an optimization of the master problem, a contingency
analysis is performed in order to identify new violations. The
contingency analyses are based on compensation tecluiiques [2].
This implies that no refactorization or sparse factor updating is
required for taking the change in configuration into account.
Cases with violation are treated in an own optimization process
here denoted as a subproblem.

The subproblem deals with constraint generation for the master
problem. A nonsparse formula'ion is selected. A V-shaped
penalty function is used as an objective. The subproblem for
outage V is formulated as:

Minimize:

(14)

subject to:

- / » / i s A
(15a-b)

The matrix A,' includes sensitivity rows for time interval't* after
outage V and ' " indicates the value from the previous iteration.
Eq. (15b) represents the coupling constraints and define the
permitted corrective rescheduling.

Constraint relaxation is applied, and the A-matrix is updated by
adding and removing constraints after each optimization.
Calculation of the sensitivity rows are based on the base case
description of the network, and the outages are compensated for
in the solution vector.

An objective value K equal to zero indicates that the flow
solution is feasible, and ilia- no preventive rescheduling is
required. For K>0, the permitted rescheduling was insufficient
for removing all violations, and a constraint is required in order
to influence on the initial scheduling of the plants.

The result from the subproblem optimization can be given the
following interpretation: The objective function is the sum of
required rescheduling. Since the cost of dummy-units was set to
unity, the dual variable at a bus will express the value of an
additional MW made available either by preventive rescheduling
or post-contingency rescheduling. Therefore, the dual variables,
A., can be interpreted as sensitivities with respect to improving
the feasibility.

Using this interpretation, a linear cut can be formed and added to
the master problem. The formulation is:

K + xT(p; - o < o (16)

This formulation of the constraint is also used in the master
problem when the constraints for the coordination level are
formed.
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Corrective rescheduling is essential in this approach, and
suitable corrective rescheduling must be defined for all
contingencies. In the present approach, automatic selection is
implemented. The selection is based on a candidate list and a
given maximum number of rescheduling units which are
permitted to take part in the rescheduling for each contingency.
The candidate list contains all the units which are permitted to
take part in the rescheduling. This list is the same for all the
contingencies. The maximum number is used to prevent too
large MW changes, and to reduce the number of actions to be
taken by the operator. In the post-contingency state, also the
short-term thermal rating are monitored in order to avoid
cascading. The constraints in the post-contingency state are
determined either by the short-term ratings or by insufficient
rescheduling capacity for removing the problem.

It is important to note that also buying and selling options could
be targets for corrective rescheduling if the exchange contracts
provides for this option.

4 EXAMPLE CALCULATIONS

The described algorithm is applied to a test system as given i
Figure 2.

Figure 2 Test system

The test system consists of 8 hydro-power plants located in three
water courses. The power plants arc connected to a local
network of 12 buses. Bus 12 belongs to the main grid.

The maximum power production capacity is about 1030 MW,
but depends on the actual reservoir levels. The storage capacity
of the reservoir of Plant 6 is only 2 mill. m \ Combined with
small flow capacity, this plant will become a bottleneck in the
water course.

The reservoir of Plant 7 is also small. This plant can be operated
both in pumping an power production mode.

The remaining plants are high-head plants with significant
storage capacity.

The coupling to the mid-term planning for the reservoirs of
Plant 6 and 7 are given in terms of desired endpoint levels, while

the remaining reservoirs are given an incremental cost of storage
description.

The transmission network comprises 12 buses and 16
transformers and transmission lines. Plant 3 and 4 has a common
transformer between bus 4 and 5 with insufficient capacity to
simultaneously carry the maximum power production of these
plants. Between bus 3 and 11 there are 3 identical transmission
lines with a long-term thermal rating of 310 MW each. The local
firm load of this network adds up to 80 MW in all time intervals.

Power production from these plants can be sold in a spot market.
The spot market is here defined as options for buying and selling
at bus 12. The price within each time interval is fixed.

The time horizon of this study is 1 week with time resolution of
1 hour.

The study will be conducted for these cases:

Transmission network ignored
Transmission network included. Long-term thermal rating
of equipment included, but contingencies excluded
Transmission network included. Account for long-term
thermal rating, keeping consequences after outages within
acceptable limit.

Transmission network ignored

In this case, only the hydraulic constraints in the courses and the
boundary conditions of reservoirs will constrain the utilization of
the available market options.

The operation of Plant 7 is illustrated in Figure 3

Plant 7 (MW)

60

40

20

0

•20

-40
10 12 14 16
Time Intervals

18 20 22 24

Figure 3 Operation of Plant 7.

The plant will be run as a pump in the first time intervals when
the price is low in order to get resources for the next day
operation. The first day, the amount of water pumped is smaller
than the resources used in the production mode. The reason is
that the initial reservoir volume was not the optimal one due to
the specified boundary conditions and the typical cyclic operation
of such reservoirs.

The maximum power production in this case occurred in time
interval 7 when the price was at its maximum. The power
produced was 1015.7 MW which is only 14 MW from the
maximum capacity of the system.
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Including long-term thermal rating

The transformer between bus 4 and bus 5 did not have sufficient
capacity to sustain the simultaneous maximum power production
of Plant 3 and Plant 4. The assumed long-term rating of this
transformer was 290 MW.

The total transfer over this transformer is given in Figure 4.

Power transfer

350

(1-6) (7) (8-12) (13-16) (17-20) (21-23) (24)
Equal Price Intervals

Figure 4 Load flow through transformer 4-7.

The maximum transfer was reduced from 315.5 MW to 290
MW.

where the price was at the maximum when the contingency
constraints were included. This decrease in exchange caused the
operation of Plant 7 to become unprofitable so this plant was
shut-down for the entire study period.

5 CONCLUSION

A method for security constrained short-term production
scheduling in a hydro power system is presented. The method is
based on successive linear programming and applies a detailed
modelling of both the hydraulic and electric system. In the
electric analysis a DC-optimal power flow is used. The power
flow is security-constrained and the rescheduling capabilities
are modelled explicidy.

The algorithm is demonstrated on a test system consisting of 8
hydro power plants and 12 network buses. The practical system
size the algorithm can be used on depends on time horizon and
time resolution. The algorithm has been used on a 29 reservoir
system with a time horizon of 5 days and time resolution 1 hour.
The computation time (CPU) on a DEC Alpha 200 was then 4
min. and 30 sec.

The number of ramping constraints on reservoir levels and
downstream releases in water courses will have strong influence
on the computation time.

Contingency constrained case

The three transmission lines between bus 3 and 11 had a thermal
rating of 310 MW each. In the normal state, this is sufficient to
sustain maximum power production. However, in case of an
outage the post-contingency flow must be constrained to a level
giving some time for rescheduling, but without causing tripping
of new lines. In this case, this maximum permitted overload was
defined to be approximately 16%.

Introducing the contingency constraints in die optimization
reduced the maximum exchange (from 784 MW) to 720 MW.

The exchange profile distinct exchange price levels in die tliree
described cases are given in Figure 5.

Power Exchange

1.200 i

1.000

800

600

400

200

(1-6) (7) (8-12) (13-16) (17-20) (21-23) (24)
Equal Price Intervals

Figure 5 System exchange profile.

The total exchange was significantly reduced in the intervals
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Hydro power scheduling in Norway, before and
after deregulation

G. L. Doorman, A. Gjelsvik, A. Haugstad
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N-7034 Trondheim, Norway

Abstract—Deregulation of the Norwegian power system has
changed the setting for scheduling the utilization of hydro
power, in that spot pricus play a much larger role. The
methods traditionally used for long-term scheduling in Nor-
way are reviewed, and their adaptation to the new environ-
ment is discussed.

Keywords— Power system operation, hydro scheduling, spot
pricing, operations research

I. INTRODUCTION

The Norwegian power system is almost entirely based on
hydro power. Even though connections with neighboring
countries have existed for several decades, the traditional
philosophy has for various reasons been mainly one of self-
sufficiency. Together with a variation in annual inflow of
roughly ±25%, this puts special demands on long term
planning tools.

Therefore, work on methods for long-term scheduling
has been going on for a long time, examples of which are
[I, 2, 3]. The main focus on the work has been on schedul-
ing by the list- of incremental water values. In particu-
lar, a model called the Multi-area Power .Scheduling model
(EMPS-niodel) has been developed.

The Energy Act uf .June 1990, effective from 1991, in-
troduced deregulation and competition in the Norwegian
pnwor market. This changed the character and impact of
the existing spot market. Until then this was only open for
the about 70 power generating utilities (in the following
referred to as 'generators'), of whom 30 stand for 95% of
annual energy generation. The spot market is now in prin-
ciple open to all participants in the power market (gener-
ators, distribution companies and end-users) regardless of
size. As a consequence of this the spot market price has a
strong influence on the pricing of all other power exchange,
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both bilateral and through various organized markets [4].
Interest in tools able to forecast spot market price devel-
opment has therefore grown.

In the present paper, we briefly review the EM PS-model
and its basic building block, the incremental water value
method. The EM PS-model is used for planning purposes
(operation and expansion) on a multi-regional basis. Re-
sults from this model, in the form of simulated price sce-
narios, may be used as one of the main premises for hydro
scheduling by local power companies, as described in [5].

We first describe the situation before deregulation, for
which the models in question were originally developed,
and then we discuss (heir use after deregulation.

II. SCHEDULING PREMISES BEFORE DEREGULATION

Before the deregulation of 1991 important system charac-
teristics were:

• generators had an obligation of supply within their
own area

• in practice generators also had a monopoly within this
area

• a policy of self-sufliciency of ok-rlric energy, both na-
tionally and to some extent for each utility (when in-
cluding firm contracts for purchase of power).

• a price policy for long-term contracts based on cost
recovery

• the existence of a spot market for the exchange of sur-
plus power between generators and consumers with
the possibility of using alternative fuel

In this situation the spot market primarily played a role
in the scheduling of hydro resources. Given the organi-
zational and technical structure of the generation sector,
with a large number of small units, central scheduling was
extremely difficult. A spot market for exchange of en-
ergy at marginal cost solved this problem by combining
local experience and independency with central coordina-
tion. Generators with surplus energy offered this on the
market, where generators with a deficit bought it. Surplus
and deficit could vary from year to year between areas,
because of hydrological differences. Exchange with neigh-
boring countries was based on equal profit-sharing, the ac-
counting price for exchange being the average of the two
countries' System Marginal Price.

These characteristics had some major implications for
use of scheduling models.
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A. Use of marginal costs

Pricing in the spot market was directly based on marginal
rosts, both in reality (at least to a large extent), and in
mathematical models. Marginal costs for electric boilers
were given by the cost of the alternative fuel. The other
cost factors were primarily the cost of thermal power in
neighboring countries and of course of hydro power. The
cost of hydro power was estimated from the expected value
of future utilization of stored water.

B. The firm power concept
The major part of the demand was modeled as so-called

firm power. Firm power demand was independent of the
price on the spot market, and the generators were obliged
to deliver. The main objective for the generators there-
fore was to deliver this power at minimum operational
cost. Spot market activities had a more marginal char-
acter. Compliance between models and the real world was
good on this issue.

C. Curtailment function
Self-sufficiency and the obligation to supply made it nec-

essary to use a curtailment function, a penalty for not being
able to deliver. The curtailment function in principle was
supposed to reflect the societal costs of an energy deficit in
extremely dry years. The costs to be used in calculations
were determined by the pool coordinator. The last year
they were in effect (1990) they varied from 0.80 NOK/k\Vh
for minor to 5.00 NOK/kWh for major quantities. The cur-
tailment function had a strong impact on the incremental
values of stored water, especially in the lower part of the
reservoirs.

III. PRINCIPLES FOR LONG TERM HYDRO SCHEDULING

A. Problem overview

In a hydro-dominated power system, the balance equa-
tions for the reservoirs couple the problem in time. Roughly
speaking, it is a question of deciding whether to store wa-
ter for future use or to use it for immediate generation and
sales revenues.

Mathematically, the scheduling problem can be formu-
lated as a stochastic optimal control problem. A formal
solution can then be obtained by stochastic dynamic pro-
gramming (SDP). For a one-reservoir system, this approach
was suggested more than 30 years ago [6, 7]. It has been
in use in Norway for many years [8].

Due to the well-known dimensional problem of dynamic
programming, one can only deal with one or two reservoirs.
This may not be accurate enough for a multi-reservoir sys-
tem, and other approximate methods have been reported
in the literature. Frequently, they make some kind of de-
composition, so that SDP can be used on the individual
subsystems. This is the case in the EM PS-model; other
examples are [9, JO]. Stochastic dual dynamic program-
ming [11] is another approach to the multireservoir case.

Below, we give an account of the one-reservoir model,
as it was developed and used before deregulation, with a

few comments on changes due to the new situation after
deregulation. The one-reservoir model is also a basic block
in the EM PS-model.

B. The one-reservoir model

There is one reservoir and one power station. We di-
vide the planning period in T time steps; usually each step
corresponds to one week. Since the model is actually an
aggregated representation of several reservoirs, the inflow
water storage and release are represented in energy units.
We define:

xt - energy content of the reservoir at the beginning of
the <-th time step.

<7< - release from the reservoir during time step (.
s( - spillage during time step /
vt - controlled inflow to the reservoir during time step /.
wt - uncontrolled inflow to the power station, step t.

The uncontrolled inflow w goes directly to the power sta-
tion and cannot be stored. The inflows r and w are stochas-
tic variables. The energy balance for the reservoir is:

v,

with reservoir limits

The power generated, Pt, 's modeled as

'
f qt + w,

~ \ qmal
if ij, + u; < q
otherwise

(1)

(2)

(a)

Here it is assumed that the power station has a constant
efficiency, and that the energy units are chosen so that,
the energy conversion factor is equal to one. </'"" is the
maximum release through the power station.

1) Power balance: We assume that there is a certain firm
power demand £>< for each t = 1, . . . , T. We further assume
that in each time step there are M options for buying and
selling power, each with a given price r1( and a maximum
quantity yit for i = 1, . . . , M. We define:

yu - the amount traded in the i-th option in time step I,
positive for a buying option and negative for selling.

yt - vector of transaction quantities, yt — [j/n,..., J/A/I]T-

The cost of buying and selling in time step t is then

M

The power balance equation is

M

and the quantities are limited by

0<\Vit\<Vi,

(5)

(6)
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It is assumed that the c,t's are known. Most of the en's
will have well-defined values, either from contract options
or from substitution costs. When the one-reservoir model
is to represent a single power company, however, the power
balance may also involve transactions in the spot market,
and in this case c,( must a be forecast. Before deregulation,
this needed not concern a large fraction of the options. Af-
ter the deregulation, however, some cost components may
have to be treated as stochastic variables (see section V.E.).

Also, some yu reflect costs of load curtailment. This ap-
plies mainly to the situation before deregulation; see how-
ever section V.D. below.

2) Objective function: Due to the stochastic inputs, the
operating cost of the system is a stochastic variable (in
the traditional one-reservoir model, only the inflow is con-
sidered stochastic). The traditional objective has been to
minimize the expected cost, that is to find release policies
to minimize

(7)
(=1

where E{-} denotes expectation over all possible future in-
flow sequences and S(XT) represents the value of stored
water at the planning horizon t — T. It must be included
since the horizon is not set at infinity.

3) The incremental water value method: The minimiza-
tion of J in (7) while satisfying all appropriate constraints is
a stochastic control problem. The incremental water value
method can be derived by applying SDP to this problem.

For each time step, one extracts from the historical ob-
servations of inflow a small number 1 (e.g. 7) which are
used to represent the inflow distribution in each interval
in question. Let the discrete values {vt\ w^} appear with
probability p (

; for j = 1 , . . . , / in interval t.
We assume that the inflows during various time intervals

are independent of each other. (This is an approximation;
a weighting procedure is used to alleviate the effects of
not considering serial dependence in the inflow.) We can
then apply dynamic programming to the problem, with x
as the state variable. We further assume that at a given
time step, the release can be adjusted according to the
inflow observed. Then we can write the recursive Bellman
equation [12] as:

(8)

the minimization subject to equations (1), (2), (5) and (6)
and with P< and L(yt,t) given by (3) and (4) respectively.

a((:r(), t = T, T - 1 , . . . , 1, is the expected cost in going
from state zt at the beginning of time interval t to a final
state in an optimal manner; the cosi-to-go function. The
minimization in (8) decomposes in / separate minimiza-
tions, with vt = V(; and wt = u)(

; for case j .
In the standard SDP approach one starts with nr+i(z) =

— S(x) at t = T and constructs a table of o r using (8) with

t = T. Then ctT-\ is constructed from ay in the same man-
ner and so on recursively. In the incremental water value
method one proceeds similarly, but instead of the a func-
tions their derivatives da/dx are stored. ~dat(xt)/dxt is
the incremental water value (the sign has been chosen to
obtain a positive quantity).

Only dat+i{zt+i)/dxt+\ is needed to solve the sub-
problems in (8). Given this quantity, we try to obtain
dat{xt)/dxt by recursion: In the optimization for a given
; in (8), xt enters only through the right-hand side of of
equation (1). Using sensitivity theory for constrained op-
timization (for instance [13]) we can show that (8) leads
to

dc\,{xt)/dxt =

where fit
j is the Lagrange multiplier for the constraint (1)

in the j-th subproblem.
This shows how we can construct decision tables of in-

cremental water values recursively. In application of the
tables in operation, one has to find the optimal decision
given x( and (vt,wt). This simply corresponds to solving
one transition of the same kind as the subproblems in (8).

In practice, each single minimization subproblern is
solved by a search in the release 7(,and the sensitivities
/<(J are found afterwards.

IV. THE EMPS-MODEL

The EM PS-model is a stochastic multireservoir model
for optimization and simulation of hydro or mixed hydro-
thermal system operation. Time resolution is 1 week; op-
tionally the week may be split into a number of periods
with varying demand. The planning horizon is up to 3
years ahead.

As noted in section III, the straightforward use of SDP
for a many-reservoir system is not feasible. The EMP.S-
model represents an approximate methodology that has
been developed for practical solution of this problem [2].
The EMPS-model consists of two parts:

• A strategy evaluation part computes regional decision
tables in the form of expected incremental water costs
for each of a number of aggregated regional subsys-
tems.

• A simulation part evaluates optimal operational deci-
sions for a sequence of IrHrological years.

A. The model's strategy part

To limit the computational burden in the strategy part
of the EMPS-model, the system is divided into regional
subsystems, each subsystem being represented by an ag-
gregate one-reservoir model.

The system state is now given by the reservoir content
in each subsystem, and one must cake into account the
exchanges of power between the subsystems.

The incremental water value method outlined in section
III is used as the nucleus for solving each regional subprob-
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lem, and an overlaying hierarchical logic is applied itera-
tively to treat the multi-reservoir aspect as follows:

1) A regional decision table in terms of incremental water
values is calculated for each subsystem independently
from the others. Regional premises (supply and de-
mand) have already been adjusted to fit each subsys-
tem's hydro system.

2) Simulation of total system behavior is next performed,
using the computed decision tables to determine (hy-
dro) energy production in each subsystem, energy ex-
change between subsystems and spot market prices.

3) If a stable and satisfactory solution is found, the pro-
cess is finished. If not, the result from the simulation
is used to adjust regional premises according to a set
of feedback rules, and decision tables are computed
once more, starting from 1).

This process does not actually provide an active search
for the global optimum; the model is based on operator
assistance. The operator may alter amplification in the
rule-based feedback, thus changing the regional premises
for water value calculations. Simulated economy and ag-
gregate regional reservoir operation are the main signals
available to the operator for evaluating operation strategy
and deciding how to modify the available feedback param-
eters. In many cases operator involvement will be limited
to checking results and possibly making minor adjustments
to feedback parameters.

1) Defining pools: For the purpose of setting subsystem
premises for water value calculations the modeled subsys-
tems are grouped in individual pools. Each pool consists
of one or more subsystems which are operated in a coordi-
nated manner, e.g. through use of a pool or a spot mar-
ket, or central dispatch. When modeling e.g. the Nordic
power system, each country will be defined as a pool. For
water value calculation purposes, transmission constraints
are not assumed to be a major problem within a defined
pool.

2) Modeling the effects of neighboring pools: Spot ex-
change options between pools is modeled by construct-
ing supply and demand functions for (in principle) each
week, based on results from the last simulation. For a
given week, each simulated scenario (e.g. 60 inflow scenar-
ios) is analyzed with respect to which energy volumes may
be bought or sold from neighboring pools as a function of
price. Transmission capacities, losses and costs are taken
into account.

The resulting (e.g. 60) supply/demand functions from
each neighboring pool are multiplied by the probability of
each scenario, and accumulated in an expected supply and
demand function for each neighboring pool. These sup-
ply/demand functions are added to a pool's local supply
and demand for calculation of incremental water values.

3) Assigning each subsystem a share of the market:
Within a defined pool all supply (exclusive of hydro) and
demand are, for the purpose of water value calculations,
distributed among the subsystems making up the pool.

This is done using a rule-based logic, where the basic idea
is to assign each hydro system a 'reasonable share' of the
pool's total market, taking into account average annual
generation, reservoir storage capacity and inflow variabil-
ity. The reason for this is that water value calculations
are done independently for each subsystem. The modeled
premises for each subsystem have to reflect the effects of
the subsystems being a part of the same pool.

The assignment of a market share to each hydro subsys-
tem is operator controlled. Feedback parameters available
for operator modification are amplifier factors for:

• the size of firm or contractual demand in relation to
annual hydro generation.

• the price elasticity of demand and non-hydro supply.
• the seasonal variation in demand and non-hydro sup-

ply-
The model supplies default feedback parameters which

in most cases only need minor modifications.

B. Simulation

In the simulation part of the EM PS-model system per-
formance is simulated for a choi>?n sequence of typically 60
years of inflow statistics. Based on the incremental water
value tables calculated for each aggregate regional hydro
system, weekly operational decisions on power generation
(hydro, thermal) and consumption are made in a market
clearance process. A detailed rule-based reservoir depletion
model affords the disaggregation of each regional subsys-
tem's aggregate hydro generation for each time step. For
a more detailed description we refer to [2].

C. Use of the EM PS-model before deregulation

The EM PS-model has for several years been used for
both long term generation scheduling and for expansion
planning, in the latter case being used for system analysis.
The model has been used both on a national [2] and a com-
pany level. The central pool coordinator used the EM PS-
model for price forecasting, making these price forecasts
available to all members of the pool for local scheduling
purposes.

V. SCHEDULING IN A DEREGULATED ENVIRONMENT

With deregulation focus changed from obligation of supply
and cost minimization to competition and profit maximiza-
tion. All restrictions on participation in the spot market
were removed, as were restrictions on wholesale contracts,
and general third party access to transmission and distribu-
tion grids was introduced. Although still only a minor part
of the total generated energy is traded in the spot market,
the price on this market soon gained a major influence on
all other markets.

Surplus of supply resulted in very low prices in 1992 and
the first part of 1993, and resulted in a serious deteriora-
tion of profits for generators. Others, especially retailers
and brokers, did good business. During the second half
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Figure 1: Spot price variation

of 1993 and 1994 this situation changed radically. A com-
bination of fast growth in demand (because of low tem-
peratures and economic growth) and low inflow resulted
in a relative shortage of supply, and high prices. There
have been speculations about major generators trying to
influence the spot market price, as described in [14], but
no conclusive evidence of this has been given. One lesson
learnt so far by most participants is that the spot market
price is highly volatile, as seen from Fig. 1, and that risk
management lias become an important issue.

A. Market pricing vs marginal cost

In a market based regime generators will no longer of-
fer energy based on marginal cost, unless competition pro-
hibits higher prices, as will be the case in an ideal free
market. Provided the market is an efficient one, the spot
market price (the marginal value of one kWh in the mar-
ket) at a given instant of time should reflect the true value
to society of one extra kWh at that time.

Of course, there is reason to question whether that al-
ways will be the case in a real-life free market. The spot
market's strong influence on the price of all other contracts
for power gives generators a strong incentive to avoid low
spot prices. Given that there are some fairly large genera-
tors in the Norwegian/Nordic market, it would seem naive
to think that they would not attempt to influence market
prices in their favor whenever they have a chance to do so.
According to the market operator in Norway, about 4 to 5
generators are large enough to be able to influence market
prices. In addition, continued monopolies in neighboring
countries give these at times a very strong market position.

Such behavior, if predictable, could be modeled in e.g.
the EM PS-model, thus improving model accuracy. We
have modeled such 'price manipulating' behavior by large
market agents for certain case studies, but in practice such
behavior is often difficult to predict.

B. Firm power vs demand function

As all consumers in principle have access to the spot mar-
ket, all demand should be modeled with a non-zero price
elasticity. Theoretically the firm power concept should be
meaningless in this situation. However, in practice the
major part of the household, service and small industry
consumers still use the same local retailer, and are hardly
motivated to take the step of changing to another one.
There is also the question of how flexible these consumers
are within the time horizon of the EMPS-model. Gradu-
ally, however, we must expect a greater sensitivity for price
variations in the market as a whole. The EM PS-model has
been prepared for price elasticity for all demand, but this
feature has not yet been taken into widespread use.

C. Curtailment vs risk aversion

As the generators no longer have an obligation to supply,
the use of a curtailment function in operational planning
is no longer relevant. The cost of being unable to deliver is
either simply a loss of income, or any penalty which may be
specified in the terms of a contract. This cost has rather
tentatively been set to a level slightly above the cost of
the most expensive thermal units. Implicitly this defines a
level of risk aversion for the system as a whole.

Another matter is the use of the model in future expan-
sion planning. Depending on the prerequisites and the goal
of the analysis it may still be correct to use a curtailment
function with a high cost for energy not delivered.

D. The EMPS-model applied to a deregulated electricity
market

The EMPS-model seeks in principle an optimal global
system operation. This would be the goal in the case of a
centrally dispatched system. In a deregulated free marked
situation, however, the goal of each market agent is to max-
imize profits. It is therefore legitimate to ask whether a
model like the EMPS-model is relevant to the decentralized
free market regime we have in Norway, and which soon will
be introduced in Sweden.

Our view is that this type of model is still relevant for
the case of an efficiently functioning free market, but focus
has changed somewhat from hydro scheduling to market
simulation. Because of the importance of the spot market
price, great interest has been shown for the model's ability
to forecast future prices.

Fig. 2 shows an example of a price forecast by the EMPS-
model. This forecast consists of as many price scenarios as
there are available inflow scenarios, but only percentiles are
shown. Price forecasts of this type are commonly used for
local planning purposes, or for risk assessment as described
in [5].

Experience with the EMPS-model is on the whole quite
good, also after deregulation, provided the model is sup-
plied with reasonably accurate estimates of power demand,
initial reservoir storage (including water stored as snow)
and the situation in neighboring countries. In some cases,
however, large deviations have occurred in the course of
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Figure 2: Example of a spot price forecast, with percentiles
shown.

a short time, partly due to market oriented factors not
represented in the model, and partly due to inaccurate es-
timates of scheduling premises such as demand. At times,
the behavior of trading partners in neighboring countries
has been difficult to predict. This has made accurate mod-
eling of exchange with these countries far more complicated
than before deregulation. Additional charges on interna-
tional exchange are commonly used to take their observed
behavior into account.

E. Operations planning for a single company

'Local' long-term scheduling for a single company may be
carried out either by a one-reservoir model or the EM PS-
model, according to system complexity. The spot market
price will then be an external input to the model, and it
may be necessary to take into account its stochastic varia-
tions. In this respect, existing models should be improved,
especially the one-reservoir model. Such work is going on
in our institute.

Another way to solve this problem is to use the EMPS-
model in a nation-wide (or wider as necessary) context,
with the company's system modeled as a subsystem. Spot
market prices would then be internal to the model. How-
ever, this gives the burden of maintaining the complete
model and collecting the necessary information.

VI. CONCLUSION

Deregulation has shifted focus from obligation of supply,
and cost minimization, to competition and profit maxi-
mization. Our experience so far indicates that process-
oriented models such as the EM PS-model still are relevant
in a free market regime, but that unpredictable agent be-
havior at times may reduce model accuracy. The need for
models able to forecast spot market price development has
increased with deregulation.

For scheduling for a single company, existing models
should be improved, in that the stochasticity of the spot
price should be modeled.
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Abstract — This paper addresses an aspect of the solution of the resource
.scheduling problem by Lagrangian relaxation: the updating of the
multipliers. The paper proposes an E_subgradicnt algorithm modified to
incorporate some techniques of bundle-type algorithms. A comparison
with a conventional subgradicnt algorithm is made for a real-world
power system: the proposed algorithm computes the step sizes and leads
In .solution points closer to optimum and closer to feasibility.

Keywords: Hydrothermal scheduling, bundle-type algorithm.
i_suhgrndicni algorithm.

INTRODUCTION

The crisis in scarce energy sources and the everincreasing
complexity laced for planning hydrotherma! power systems have
forced decision makers to examine their options more carefully.
The rapid progress in communications and in computers coupled
»ith developmcni.s and refinements in mathematical
programming theory have extended the range of problems with
computable solution. These in combination with the need for
surviving in a very aggressive and competitive world have
enforced a change from decision making based only on past
esperience to decision making based on decision support
systems.

Optimal short-term resource scheduling in large-scale
hydroihermal power systems is a decision support systems that
satisfies the targets imposed by the medium/long term plans. It
concerns the design of a feasible operations plan on a period
ivpicilly of one hour, or half-hour, to ensure among the
generation units of the hydroihermal power system the adequate
.md reliable supply of future demand throughout a horizon
typically of one day to one week, while seeking a minimal cost
plan.

Paper SPT PS 03- 05- 0427 accepted
for presentation at the IEEE/KTH
Stockholm Power Tech Conference,
Stockholm, Sweden, June 18-22,1995

A large-scale hydrothermal power system is a large
agglomeration of interconnected subsystems, where some of
them are dynamic or stochastic. But. for the period and horizon
taken up in short-term resource scheduling, the system is viewed
as deterministic: where stochastic quantities such as loads,
inflows to reservoirs, interchange prices or unit avnilability are
involved the corresponding forecasts are used.

Short-term resource scheduling decisions have to be envisaged
together, because one must balance urge for low present cost with
the possibility of high future cost being inevitable. A
mathematical programming formulation of the overall maner
yields a combinatorial complex problem, that has not been
industrially solved with success due to lime requirements. Thus.
for a virtual concept of this matter, hierarchical structures of
minor problems have been used as a technical approach.

Lagrangian relaxation has been widely recognized as a good
technical approach for scheduling large-scale power generation
systems since it was first proposed in [I]. This approach
provides for handling resource-specific constraints, for
calculating an estimate of optimality of the solution, and for
displaying a linear relationship between the increase in the
number of resources and the computing time required |2]-|ft|.

Lagrangian relaxation decomposes an optimization problem in
minor problems and coordinates them by duality theory. b\
solving the dual problem. Usually, in the field of optimal short-
term resource scheduling, the dual problem is solved by a
subgradient optimization technique. In this paper, using the
modelling and notation of |3 | . our purpose is to develop a new
approach to dual optimization techniques based on a modified
E.subgradient algorithm.

The selection of a rule lor the step size for a subgradienl
algorithm is a crucial problem in subgradienl optimization.
Usually, for subgradient optimization algorithms, a series defined
by two parameters (7) is the step size rule. If the values of these
parameters are different from zero, then the subgradicm algorithm
is guaranteed lo converge in a number of iterations not
necessarily finite.

Subgradient algorithms are widely used in mathematical
programming. However, from a practical implementation point
of view, the optimization performance depends heavily on the
choice of the step size parameters: for parameters leading IO too-
small steps, the area where the optimal point is is not reached: for
parameters leading to too-large steps, the algorithm jumps around
without homing in in the neighborhood of the optimal point.
Thus, for this algorithm to yield acceptable results, the
parameters need to be tuned by a trial-and-error process.

Bundle-type algorithms arc known as good dual optimizers [8].
Thus, for dual optimization, a bundle-type algorithm appears as a
desirable alternative to a subgradient algorithm. However, from
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ihe primal point of view, the optimization point computed by
ihis algorithm is usually less desirable than the one computed by
;i Mibcradient algorithm: for the operations plan, the feasibility
consiraim is less violated. Because dual opiimality and plan
feasibility are important aspects for the Lagrangian relaxation
approach to optimal short-term resource scheduling, we inquired
into .in t.subgradiem algorithm that benefits from the good-for-
opiimality of bundle-type algorithms and of close-to-feasibility
of subgradient algorithms [6],
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Power production variable of resource i in a stage k.

Array of all power production variables of resources over a horizon.

System generation requirement in a stage k.

Contribution function of resource i to a group requirement j .

Lower bound of a group requirement j in stage k.

Resource i contribution function to a group requirement n in stage k.

Lower bound of a specific group requirement n.

Resource i slate function in stage k.

Set of admissible controls for resource i in stage k.

Set of admissible p | k for resource i in stage k.

Set of admissible initial stales XJQ for source i.

Set ol admissible final slates x, f for resource i.

PRIMAL PROBLEM

For the purpose of our sludy the hydrothermal power system is
regarded as a production system consisting of a hydro subsystem,
a thermal subsysicm and a lone! demand. We adopt the formulation
with the hypotheses expressed in [3] where the opiimizaiion
decision problem is staled in compact version as follows

P: min C (x. u. p)
x, u, p

s. t.

X p,k = Dk
iel

F,,<\k-
req

( I )

keK (2)

jeJ : keK (3)

I SHnik(x ik.u lk.p lk)aHr neN (4)
ie'A, ke K

= A , k < X i k - u i k > u i k 6

p i ke ^ , k (u l k i e l : ke K (6)

x i fe X i '

where C(x.u.p)= Z £ Cik'xik-
UK IE I

U , k -P ,k» (S)

is the tolal cost over i he scheduling horizon. The electric grid is
considered by using penally factors in this problem. The primal
problem 'P' in the Lagrangian relaxation approach is a non-
convex large-scale, dynamic, mixed-integer mathematical
programming problem. Constraints include: global s\stcm
requirements (2). requirements associated with a specific group of
units in each period (3). requirements associated wiih a specific-
group of units over ihe horizon (4). local requirements (5) and (6)
for each resource, requirements of initial and of final stale lor each
resource (7). If constraints (5) to (7) arc satisfied then we have
local feasibility. These constraints define the local feasible set

!F= {(x. u. p ) : constraints (5). (6) and (7) are satisfied)

If constraints (2) to (7) are satisfied then we have primal
feasibility. These constraints define the primal feasible set

J= {(x. u. p ) : constraints (2). (3). . . (7) are satisfied)

Local feasibility is never more coercive than primal feasibility.
That is

The solution of primal problem would be an optimal plan lor
individual resources: start-up time, productions and shut-down
time. However, computing primal problem solution is too much
time and memory absorbing for practical use in a realistic
hydrothermal power systems. That is mainly due to constraints
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nf ivpe |2). (3) and (4), because the severity of these constraints
undoes decomposition.

DECOMPOSITION AND COORDINATION

The b.isic iJca behind dccornposilion is to make constraints less
severe, and clearly (2). (3) and (4) should be relaxed. Relaxation
enlarges the primal feasible set. Thus, for the relaxed problem,
the best value of the objective function is a lower bound of the
primal problem. The optimal point surely is not necessarily
primal feasible. A new problem called the feasibility problem
results from decomposition and coordination. Given a plan
solution of the relaxed problem, we can define a mismatch vecior

The dual subproblem (DS) is defined as the problem

4=4(" . u. P) with (x, u, p)ejF

with components defined as Ihe

(9)

T-

D t-IP i r
IE I

. -"••' rcq _

;, = F,I. - 1 . fy*!,.- pil;)

wi th j = 1.2 J a n d . = 1.2 K

for r = 1.2 K

for r=jK+k

= K(J+n+n
U K

w i t h 11= 1.2. . .N

This \ecior identifies the success of the given plan in being
primal feasible: for feasibility, the first K components should be
zero and the others less or equal to zero. Lagrangian relaxation
of the constraints (2). (3) and (4) is implemented by introducing a
vector of Lagrangian multipliers, dual variables, with the same
dimension as the mismatch vector and with components

Xr s'Ji if r= 1.2 K

/ i r e ^ + u ( 0 ) if r=K+t K<J+IRN

Symbolically written as the vector

The relaxation adjoins Ihe constraints (2). (3) and (4) onto the
objective function of the primal problem using the vector of
multipliers (10). that is written as the function

L (x. u. p: X) = C (x. u. p) + <X. \ (x. u. p)>

with (x, u. p) e^F

and XeQ. ( I I )

The new objective 1'unclion is called Lagrangian function and the
upiimal value of the relaxed programming problem defined as the

•M
mm £(x. u. p: A.)

x. u. p
S . I .

(x. u. p ) e j (12)

DS: given any

such that

Xe Q find

Let Op().) be the sel

( 1 3 )

(14)

This set suggests plans, primal variables, based on suggested dual
variables. The convex hull of the mismatch vector of these plans
is the subdiferential SQO.) of the dual function. Although of great
theoretical interest the set has little practical implication,
because in general is not possible to evaluate more than one
point per iteration.

Some advantages of this decomposition are: (13) will have an
easier solution by solving minor problems, different minor
problems can have a different solution approach. For instance:
dynamic forward programming accommodates properly thermal
subsystem dynamics, modelling state specifications, start-up
cost, minimum up and down time constraints: network
optimization techniques accommodates properly hydro
subsystem dynamics, having an inherent network structure.

The basic idea behind coordination is lo make adjustments in the
dual variables such that the dual subproblem solution plan is as
much as possible primal feasible. The dual function (12) is
always a lower bound on the primal problem, thus we are
interested in knowing the dual function highest value. This is
done by a problem called the dual problem written as the

D: max
Xefi

is called dual function.

However, the solution of this problem docs not necessarily iraicli
the one given by ihe primal problem: the primal problem does
not ensure enough convex properties to be dual equivalent.
Nevertheless, solving die dual problem gives the appropriate
choice for dual variables. The difference between the primal
problem solution and the dual problem solution is called dual gap.
Thus the dual gap is never less than zero and can be interpreted as
a measure of success in using ihe dual problem to gel the primal
problem solution.

Investigations showed thai Lagrangian relaxation could achieve
tight lower hounds lo the correspondent primal problem |S) and
some interesting properties are derived in [5]. If the number of
resources increase the relative dual gap decrease. Dual gaps less
than \% have been reported as easily attained in our type of
problem. This and the fact that for a given vector of dual
variables the dual subproblcm is decomposed into a set of smaller
problems, easier to solve, jusiifics Ihe acceptance of Lagrangian
relaxation as a good technical approach for scheduling large-scale
power generation systems.

UPDATING STRATEGY

We devoted the first pan of this paper to formulate the short-term
resource scheduling problem. In the second part, we deal with a
considerably unsatisfactory aspect, that of moving from a
nonoptimal plan to a better one. Algorithms for this task have
not progressed as far mainly because each iteration has limited
information.
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Our proposal is based in the theory of c.optimization of a
concave function <}<•). We start by reviewing some concepts. Let
r ho a non negative number. Define e_directional_derivative

QE(X;g) = sup
s>0

Q(X+sg) - Q(X) - e
:

with X. g e f t . seJJ. and X+sge£2

Define c_subdifercntial as the convex set

t ^ X')-Q(X) < <X'- X, E, >+ e)

\ is called c.subgradient and the inequality defining e.subgradient
is called c.subgradient inequality. In an nxa^space each (, defines
one hyperplane written as the set

HZ: e)=|(A.'.q) e Qxjf.: q = <X'- X. i >+Q(X)+ E)

passing through (X.Q<X)+oand never intersecting Q(). Define
(.optimal point as the point

XE<=n where Q0^) + z> max Q(X)
Xefi

An (..optimal point /.E satisfies the condition

In an a<« space, that means that through (XE. Q(? )̂ + o there is a
k'\el hyperplanc never intersecting Q(•>. If E-»0. then these
concepts turn to the concepts dircctional_deri.vative.
Mihdifereniial and optimal point respectively.

It is easily concluded using £_subgradient inequality that

V^sa.QfX). Q E ( X : g ) < < g . ^ >

Um considering the line Jl

J!=[(X\ q): X'=X+sg. q=Q(X)+£+sQc(X; g) with se 'Ji)eQ.x'Ji

nc\er intersecting Qi). thus implying

3 cs 3EQ(X) such that £ e 'M{%\ e) with Q'E(X: g) = <g . \ >

the following result holds

QÉ(X: g) = inf <g. l> (15)

£e<)EQ(>.)

Both (9) and (15) play an important role allowing directional
information for updating the dual variables in our approach.

Having recalled these concepts we go back to our purpose
concerning the dual problem. The dual function Q()is a concave
I unction. By (11) and (12) we can write

VX. X'. X"e Q with E = <X' - X, \ (x, u. p)> - [Q(X') - Q(X)]

and £(x. u. p)e OpiX)

Q(X") < C ( x . u. p) + <X". t (x, u. p)>

Q(X') = C (x. u. p) + <X'. I (x. u. p)> - E (16)

Adding the last inequality to the symmetric of the last equality we
can write

Q(X") - Q(X') < <X"- X'. I (x. u. p)> + E (17)

Suppose now that /.'= \ then E = 0 and (17) turns to a subgradient
inequality, sustaining that c. in (16). is never less than zero.

Thus by (17) at a current point?.'we have available no! only the
subgradient (9). but also a bundle of vectors, not ensured to be all
E.subdiferential. given by the convex hull of some past iteration
subgradients. And the following result holds

3EQ(X')3 3Q(X) = co|^(x. u. p)6 J: L(x. u . p; X) = Q(X)) 0 8 )

Using c.subgradient inequality and considering a current non
e.optimal point X we can write

ifX*e£2and Q(X")=max Q(X) X"- X. t

That means that at a current non c.optimal point any
e.subgradient defines a half-space enclosing all optimal points of
problem (D). In regard of that any e.subgradient are as good as a
subgradient. Nevertheless in subgradient optimization there is
only one subgradient per iteration available; where as in
E.subgradient optimization, after the first iteration, there can be
more than one. then we must seek the one more appropriated and
select a step size for updating. This is the subsequent treatment.

Consider a non E.optimal point /. and a bundle BO.) of vectors
given by c.subdiferential at the point ).. By (15) the best
updating vector is given as the vector

with llull=l such that:

Q c U;u) = sup inf <g . I > = inf ll;ll = IICII

the solution is u = C/IICII if C* O (20)

That means that the quickly c.ascending direction, as long as
there is one. is associated with the hyperplanc with smallest
slope. Although not ensured the availability of all
c.subdiferential is assumed that (20) still is the best choice
anyway. That type of assumption is made in bundle-type-
algorithms [9]. Consider, now. that the nonoptimal point is the
best current value, and we want to take a step to a point as close as
possible to the best dual function value in an c.subgradient
direction. By concavity of Q H we can write

XV + I) - Q(XV) < <X V + 1 - Xv. £ v > + e

butX v + I =X v +s v ^ ' / l l c v l l then

s v > |Q(X v + l ) -Q(X v ) -£ ] / l l c v H (21)

The best possible value in that direction is given as the solution
of the line search problem

Q v * = Q( Xv + sVii ^'/ll^'ll ) = max Q( Xv + s ;v/llcvll ) (221
s>0

By (21) and (22) there is number Qvo such that

sv., = | ,23)

Hence (22) and (23) leads us to the following result between the
three values previously mentioned

Q V 0 > (24)

Near the optimum one should conjecture that (24) is almost an
equality. We know that the dual function in our case, under
reasonable assumptions, has a small oscillation in a considerable
neighborhood of the optimal point. Let 'Me' be a small upper
bound on the best value of the primal objective function:

8 9



historical data can be called to give a rather good value for this
upper bound in a particular power system. Consequently is to be
presumed, that near the optimal the following relationship holds

Me > Qv 0 > Qav) (25)

Although condition (25) can fail we assume thai it constantly
plays a role in conducing to the optimal point.

Finally we address the selection of a step size for updating. This
involves Ihe selection of a function T such that

= f<n,(v),Mc,Q(Xv)) (26)

where r\it is an auxiliary function incorporating essential
knowledge of the past iterations. That is a heuristic function in
the sense that it helps solve the problem.

It is important before examining the various possible strategies
for (26) to make a brief comment about the behavior properties
expected for function T: for a remote point from the optimum, the
\;ilue should be near the second argument: for the optimum, the
\alue should be equal to the third argument; for a situation
between the last two mentioned above, the value should be
postulated, while satisfying (25). depending on the success of the
|\isi iterations. This is> done by the heuristic function.

There is an amazing range of functions that can be considered for
126). but as might be expected we found the following approach
\erv attractive

Q v 0 = Q(XV) + [Me - Q(XV)] n<v) + £ (27)

where is required that n(0) = i and n'v) should be smaller as the
Milutinn is gelling the optimal point.

Essentially, definition (27) is an assumption that states a
heuristic about the expected behavior. We use it in the first phase
of our procedure. In the second phase, we evaluate a step
parameter, evoking a function of the values of the last iteration Q
of the first phase, defined as the number

(28)

(29)

(30)

Wo consider for (26) Ihe following approach

Q v o = Q(XV) + rt ll^'ll n(v) + e

Furthermore we choose a parameter o and let nivi

>l(v)= I/I I + a ( v - < | ) ) ]

Our updating strategy is separated in a first phase. phase_l, and a
second phase. phase_2. In addition to the updating mentioned
ahovc. we also use for the procedure of phase_l a starting success
test. If success, thai is. if dual function value is bigger than the
hest current dual function value plus an increment, then the point
is stored as the best current point and the number 'ins' is reset to
/era. Else, the number of unsuccesses 'ins' is increased, adding
one. and if it amounts a predefined number 'nins', then the point
is reset to the last best current point: reset is intended to prevent
from losing the right attitude because to big steps have been
taken. On resetting the counter V is increased, adding one, and
the auxiliary function is decreased, dividing the last value of this
function by parameter 'd'. If the reset counter 'r', mention above,
amounts a predefined number 'nres'. then phase_2 starts. The
procedure is a normal t.subgradient algorithm for phase_2.

ALGORITHM

The principal statements of the modified c_subgradien( ulgontlmt
and of the procedure p!u\sc_l are as follow.

Data
lure: modified c_subgradicnt algorithm

parameters

give: nres. d. nins. AQ, a
Input

Q(X). a way of finding a % e 3Q(X). Me

and a starting point X°s Q .
begin

find a subgradient \°e DQ(X°)

v <- 0; r <r- 0

while v < niter do

if r < nrcs then

call plwse_l
else

call phase_2
endif

find Q(XV+I) ami a ^ v + 1 e dQ(Xv + 1)
v <— v+l

end
end

Procedure phase_l

begin

if Q(XV) > Q c + AQ liKn ! test for success

(Xc. Q c .4 c)<-av .
s ° " «- |Me - QlXv)

ins <— 0

else

ins <— ins + I
if ins > nins then

r «- r + I

(Xv.
n,(v)<-n(v)/d
ins <— 0

endif
endif

s v <- r\(v) s°!k

find £ v in B(XV) ! best updating vector (20)

X <_ \\'+ s v 5V / llO'll

L[Xe flthen

X v + 1 f- X
else

X v + ' <- proj (X. Q) ! nearest point of X in Q
endif

Slid
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The proof of convergence of the algorithm is mainly based upon
the fact: if there is a solution for the primal problem, with finite
COM. we have to leave the first phase, thus entering in the second
phase of the procedure, where we take steps to obey Polyak's
convergence theorem [7].

TEST

On the foundation of the approach a computing program was
developed and tested on the power system of the Electricidade de
Portugal (16 thermal units and 50 hydro units in 5 watersheds)
scheduled for one week, with an hourly resolution, over a case
study of a typical scenario. We kept only the last two iteration
subgradients in the bundle to ensure that the subproblem solution
is not too far from the primal feasible set at the ending. We made
a tuning of parameters without much effort, selecting the
algorithm parameters as follow:

nrcs

2
AQ
100

nins d

2
o

0.5

We selected an upper bound of the primal problem, using
historical data for this particular power system. The ending
criterion was the maximum number of iterations allowed, this was
niter = 80. The time of execution is about the same as the time of
execution with a normal subgradient algorithm. The following
figures represent the dual function (figure 1). average mismatch of
the absolute difference between the demand and actual scheduled
generation (figure 2) and the final schedule (figure 3).

Dual function

-to SO
Iteration

I — Wiluc (it tin* dual function versus iteration.

Average milmatch

•»o so
iteration

tipure 2 — Value of the average mismatch versus iteration.

PhaseJ ends at iteration sixteen and the dual value at this
iteration is 99.999!" of its best value. As a word of caution the
bridge between phase_l and phasc_2 should be made with a step
M/C small enough or else the progress is precluded prematurely.

For comparison, in figure 1 and figure 2, we show the computing
values of the normal subgradient algorithm (doited line). For
this normal subgradient algorithm, the tuning of parameters was
also made without much effort.

figure 3 — Final schedule.

In figure 3 from top to bottom, we show:

— system total generation, dashed line;

— demand for production, solid line;

— thermal capacity, dotted line:

— thermal production, solid line:

— hydro production, dashdot line.

Note that system total generation is almost upon demand lor
production until hour 119. after this hour we have a slight under
production at some hours.

CONCLUSION

Lagrangian relaxation is a good technical approach for designing
a plan for scheduling a l;irge-scalc power generation system.
Both dual optimality and plan feasibility are important aspects
for the Lagrangian relaxation approach. Both aspects are
connected with the updating of the Lagrangian multipliers.

Bundle-type algorithms improve dual optimization, while
subgradient algorithms are more rewarding for plan feasibility.
Because of that, we inquire into an updating strategy merging
concepts from both types of algorithms: we propose a modified
c.subgradient algorithm to improve dual optimality and plan
feasibility. The proposal has the following requirements:

— a small upper bound on the optimal value of the objective
primai function:

— a small oscillation of the dual function in a considerable
neighborhood of the optimal point.

Comparing with a normal subgradient updating the specific
advantages of using this algorithm are:

— good dual optimization, since it is based on a bundle-type
algorithm as opposed to normal subgradient algorithms:

— good adaptation of step sizes as opposed to trial an error
tuning of the parameters in normal subgradient algorithms.

Of course we are not saying that all tuning is indeed unnecessary.
We consider the proposed algorithm as a successful research
implementation. Although, an important topic, the development
of an optimizing approach to decide which past subgradicms
should be into the bundle at each iteration is left for further
research.
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A mixed rule based - linear programming method applied to daily operation planning
of a hydro power system

Lennart Söder
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Department of Electric Power Engineering
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S-100 44 Stockholm, Sweden

Abstract - In the daily planning of an intercon-
nected hydro power system it is necessary to take into
account the hydrological constraints of the rivers, hy-
dro power station characteristics, required total pro-
duction and constraints on discharge modifications of
the units etc. This problem has been treated in sev-
eral papers and solved with different methods. How-
ever, with hydro station water discharges only allowed
at discrete levels with local good efficiencies, integer
constraints are introduced in the problem formulation.

This paper shows a new methodology of how to in-
clude these integer constraints. The method uses a
combination of linear programming and rule based
methods to obtain a schedule of how to use the hy-
dro stations in a river.

Keywords: - hydro power, rule based methods, linear
programming

I. INTRODUCTION

Methods concerning operation planning of hydro power
systems have been presented by several authors e.g. [l]-[5].
In these reports all discharge levels between a minimum
and a maximum level are accepted for the hydro stations.
However, in Sweden the efficiency of a hydro station can
decrease significantly between two points with local good
efficiency. As an example the efficiency (MWh/m3) in one
hydro station in the upper pait of Ume river is 2 % lower at
190 m3/s compared to the efficiency at 170 m3/s and 250

Paper SPT PS 03- 06- 0459 accepted
for presentation at the IEEE/KTH
Stockholm Power Tech Conference,
Stockholm, Sweden, June 18-22,1995

I hour k = I \

Relax integer constraints and schedule
all units according lo actual load
forecast concerning hour k to N.

Apply Linear Programming.

JL
Reschedule all unils during hour k.

lo fulfill integer constraints.
Apply rescheduling rules.

NO

Fig. 1: Solution method for the operation planning of an
N-hour period

m3/s. Therefore the control centers try to run all power
stations on discharge levels with local good efficiencies.
This is normally considered to be more important than to
exactly fulfill the planned total production.

To introduce these requirements in a mathematical pro-
gramming formulation, the discharges have to be treated
as integer variables. This has been discussed in [6], but
for a more general approach a new method has to be de-
veloped.

In this paper a linear operation planning model of a hy-
dro power system is combined with a rule based reschedul-
ing method to include the integer constraints concerning
the allowed discharge points of the hydro stations. In
Fig. 1 the used method to perform the operation planning
is shown. First a preliminary planning of all hours within
the planning period is performed. For the preliminary
planning the integer discharge constraints are relaxed, and
a piecewise linear model of hydro station characteristics is
applied. A linear programming method is then used to
solve this problem.

The next step is to reschedule the first hour of the plan-
ning period. In this rescheduling process the integer con-
straints are checked and if they are violated the discharges
are modified. This is performed using a heuristic rule
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based method. The result includes an updated and better
plan of the first hour of the planning period.

Now the linear method can be used again to schedule
the rest of the period preliminary with the approximative
method. This preliminary planning has to be performed
again since some discharges and reservoir levels might have
been changed in the rescheduling process. The new sched-
ule is normally rather close to the previous preliminary one
concerning these hours, so the old LP base solution can
be used to speed up the computation time.

This method can now be repeated until all hours are
rescheduled. The method can also be seen as a simulation
of the real operation during a day where the system is
replanned at each hour and the rescheduling is performed
since the preliminary LP-based planning is approximative.

In chapter II the approximative linear method used to
schedule the hydro stations will be presented and in chap-
ter III the rescheduling model is found. In an appendix
the suggested method is applied to a numerical example.

II. PRELIMINARY PLANNING OF POWER SYSTEM

The preliminary planning of the hydro power system is
here formulated as an LP-problem.

A. Hydrological constraints

The reservoir content, z,(fe), and local inflow, w,-(fc), can
be discharged, Ttj(fc), through the hydro power stations
to produce power, or (if necessary) be discharged through
special spillways, s,(fc).

For each station * and for each hour k of the planning
period, a balance equation can be written as

With a water delay time TJ,- between reservoir j and its
downstream neighbour i of Hj hours and Mj minutes,
the following expression concerning the discharge can be
derived :

60 60

Legal and environmental restrictions always confine the
discharge for each station i to lie between a lower «( and
an upper U{ level. Also the reservoirs have lower xt and
upper x,- limits :

< Ui{k) < it,-

< Xi(k) < Xi

(3)

Fig. 2: Linearized function of the hydro power production
as function of discharge at certain upstream and down-
stream reservoir levels.

B. Hydro station characteristics

Power production in a hydro power station, F/n(k)t is
a nonlinear function of upstream hi(k) and downstream
hid{k) reservoir levels and turbine discharge. For the A:th
hour and i:th station this can be written as

= fi[hi{k),hid{k),ui{k)] (4)

In chapter III this nonlinear function is evaluated more
thoroughly. For the preliminary planning program de-
scribed in this chapter the function is approximated with
a piecewise linear function. In Fig. 2 an example of this
linearized function at certain upstream and downstream
reservoir levels is shown. The points with lecal best effi-
ciencies (ui, U2) a n d maximal production (143) are marked
in the figure. For each linear segment of the piece-wise lin-
ear curve in Fig. 2 the power production has to lie below
the segment.

(5)

where

7i = maximal efficiency in [MWh/he] for »:th station,
where 1 [he] = 1 hour equivalent = 1 m3/s during
one hour.

6ij = slope of j : th segment of the linearized discharge-
power function of station *. [MWh/he]

?jij = relative efficiency at j:th point in the linearized
discharge-power function of station »', in %

«,j = water discharge at j:th point in the linearized
discharge-power function of station i, in [he]

It can be noted that since the produced power only has
an upper limit and not a lower, it is of course allowed to
produce in a point which is below the piecewise linear curve
in Fig. 2. //the production is lower than the piecewise lin-
ear curve this corresponds to a spilling or bad combination
of turbines. Since the spilling is introduced in this way it
is not necessary to model the spillage with specific vari-
ables as in (1). Therefore these variables are neglected.
The spillage can instead be calculated from the solution.
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Foi each houi k in the planning period the sum of the
power production in all (=M) hydro power stations has
to be equal to the load D(k) :

100

M

(6) .

C. Penalty on hydro station discharge modification

The discharge in a hydro power station should not variate
too much. Actually at the start-up and shut-down of a
hydro unit, a small amount of water is always lost. The
method used here is to slightly penalize all discharge vari-
ations of the hydro power stations. To stay within the
linear framework this can be formulated as follows [1].

First define two discharge variation variables for each
station and each period :

Sr(k) > 0
(7)

where

) = discharge increase in t:th station between hour
jb - 1 and hour k.

Sf (&) = discharge decrease in i:th station between hour
Jb - 1 and hour k.

Since there is a cost in the objective function on both
6*(k) and tf," (k), the sum of these variables are minimized,
i.e. at least one of them is = 0.

D. Objective function formulation

The objective in operation planning is to minimize ex-
pected operation cost. In this paper the thermal system
with direct operation costs is neglected, but water stored
at the end of the period can be used to reduce future ther-
mal operation costs. Minimizing operation costs is there-
for equivalent with maximizing the value of water stored
at the end of the planning period. Furthermore discharge
modifications is penalized.

The objective function to be minimized can now be writ-
ten as

M M N

where

Pi = discharge modification cost per [he] of modification
for »:th hydro station.

H = water value upside v.th station in SEK/he.

ISO :0O 250

Q|m3/ l |

350

Fig. 3: Relative efficiencies for different discharges and
different reservoir levels for one hydro power station

The preliminary planning is now performed by minimiz-
ing (8) with respect to (l)-(3) and (5)-(7). This is an
LP-formulation which can be solved with well known tech-
niques [7].

Ill RESCHEDULING OF ONE HOUR

The aim of the rescheduling program is to modify the
solution from the preliminary planning program concern-
ing the first hour to include integer and non-linear con-
straints. These constraints are described in section A and
the rescheduling procedure is described in section B.

A. Hydro power station production as a function of dis-
charge

In Fig. 3 the relative efficiencies for different reservoir lev-
els are plotted as functions of the discharge. Each line
in the figure refers to certain upstream and downstream
reservoir levels. The values are shown as relative efficien-
cies where 100 % is the maximal efficiency, i.e. optimal
combination of the turbines. The best efficiency points
for each combination of reservoir levels are marked in the
figure.

Here zero discharge and discharge on best efficiency
points are prefered as well as discharge on the last slope
from the best efficiency point with highest discharge to
maximal discharge. The head dependent efficiency as
shown in Fig. 3 is considered by interpolation between
tabulated data.

B. Method used to reschedule one hour

In this section the method used to reschedule the first
hour in the planning period is presented. In Fig. 4 the
flow chart of the rescheduling method is shown.
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Adjust the discharges
to closest allowed
discharge point with
local best efficiency

Calculate power
production

0.99<
- ^

'o'al prod-< 1,01
total load ~^-

No[
Update discharges
and power production

Stop

>—

Ves

Fig. 4. Flow chart of one hour rescheduling program

1. The method is started with the results from the
chapter II method. The discharges from the previous hour
also have to be considered i.e. the last hour before the
planning was performed. These data are needed since the
discharges should not be modified too often.

2. The discharges for all stations are now updated. The
following steps are checked for each station until all station
discharges are updated.

2a. First check which discharges that already are on best
efficiency points (including discharge = zero) accord-
ing to Fig. 2. These discharges are not changed.

The resulting preliminary discharges are often very
close to best efficiency points. This is normal for lin-
ear programming problems.

2b. The optimization as formulated in chapter II makes it
possible for the solution to include discharges between
zero and the lowest best efficiency point, cf. points 1,
3 and 5 in Fig. 3. In reality these discharge levels are
not used since the efficiencies aTe too low. Here these
discharges are rescheduled to the one of the two points
that is closest. To fulfill (1), the following constraints
are considered :

- The discharge is not increased to lowest best
efficiency point if there is not enough water in
the upstream reservoir.

- The discharge is not decreased to zero if there
is too much water in the upstream reservoir.

- The discharge is not increased to lowest best
efficiency point if the delay time to the down-
stream reservoir is less than one hour and there
is not room enough for more water in the down-
stream reservoir.

- The discharge is not decreased to zero if the
delay time to the downstream reservoir is less
than one hour and there is too little water in
the downstream reservoir.

If the discharge cannot be rescheduled to the closest
point depending on any of these constraints, then the
discharge is rescheduled to the other point.

2c. With the optimization as formulated in chapter II it
is also possible to obtain a discharge between higher
best efficiency points (concerning the last slope, see
below). As shown in Fig. 3 also these points have
lower efficiencies than the points with local best ef-
ficiency. Here the discharge is rescheduled to the
closest best efficiency point unless there is any ob-
jection from any of the four previous (under 2b) con-
straints. If there is an objection then the discharge is
not changed at all.

2d. The preliminary schedule might result in discharges
on the last slope, i.e. higher than the highest point
with a good efficiency, cf. Fig. 3, points 2, 4 and 6.
The efficiency normally decreases rather much at high
discharges. When this preliminary result is obtained,
the discharge is only lowered to the best efficiency
point if it is as close as 1 he. The reason for this is that
if the difference is small, then there is probably only
numerical reasons (depending on linear programming
slack variables) to why the discharge is not on the
point.

If the discharge is higher, then this is accepted since
the program normally tries to avoid these types of
discharges since also the linear formulation include
low efficiencies on these discharges and the amount
of saved water at the end of the period is maximized.
If this solution has been selected, then it is probably
needed, and therefore the discharge is not modified.
It is absolutely not better to select the highest allowed
discharge since maximal production has significantly
lower efficiency.

3. When all discharges are updated the power produc-
tion at each station can be calculated using (4), cf. Fig. 3.
In this equation the reservoir levels are approximated to
be the same as in the preliminary results.

4. The total produced power depending on updated
discharges can now be calculated. This power production
is rather exact since power production tables can be used
to calculate the power production. This calculated total
power is then compared with the real load of the same
hour. It is here assumed that it is not necessary to exact
fulfill the load balance (6) for this certain part of the sys-
tem as discussed in chapter I. As a first approach a 1 %
deviation is accepted, i.e. if the deviation is greater than
1 % then the station discharges have to be updated.
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5. When the total production differs more than 1 %
from the total load then the discharges are updated in
several successive steps.

5a, The first step is to select the combination between the
new discharges and the discharges during the previous
hour that gives the lowest difference between load and
total production. First the production for all stations
using the previous discharges are calculated with (4).
The discharges of the previous hour are good alter-
natives since the production should not change too
much between two hours. If the discharges of the
previous hour would lead to reservoir levels outside
the permitted region (for the actual station and/or
the downstream station), then the same discharges
as the previous hour is not permitted, see above un-
der 2b.

When the allowed discharges and corresponding
power production levels are determined, there are
one or two allowed production levels for each sta-
tion. Now all combinations of the different states can
be checked to estimate which combination that gives
the smallest difference between load and production.
For large systems this calculation may be time con-
suming but in the system in the appendix there are
only 7 stations corresponding to maximal 27 = 128
combinations, i.e. it is easy to check all possible com-
binations.

5b. If the difference is still greater than 1 %, and the
production is higher than the load, then it might be
possible to lower the discharge in units where the ac-
tual discharge is higher than the highest discharge
point with a good efficiency, i.e. the discharge is on
the last slope.

First the power production in each station is cal-
culated with (4) using the discharge at the highest
point with a good efficiency and actual reservoir lev-
els. These calculations are only made for units with
discharges higher than this level. If limits according
to 2b are violated then this discharge is not allowed.

There are now one or two allowed discharge alterna-
tives for all stations, and it is possible to check which
combination that gives the lowest difference between
total power production and load.

5c. If the difference is still greater than 1 %, and the
production is lower than the load, then it might be
possible to increase the discharge in units where the
actual discharge is lower than the highest discharge
point with a good efficiency, i.e. the discharge is not
on the last slope.

First the power production is calculated (4) using
the discharge at closest higher point with a good effi-
ciency and actual reservoir levels. These calculations

are only made for units with discharges lower than
this level. If these lower discharges violates the limits
under 2b, then the discharge is not allowed.

In the same way as above there are now one or two
allowed discharge alternatives for all stations, and it
is possible to check which combination that gives the
lowest difference between total power production and
load.

5d. If the difference is still greater than 1 %, and the
production is higher than the load, then it might be
possible to lower the discharge in units where the ac-
tual discharge is greater than zero.

As above the production in each station is calcu-
lated using the discharge of the closest lower discharge
point with a good efficiency. The limits according
to 2b are also checked. It is then possible to select
the best combination between the different discharge
alternatives to minimize the difference between load
and total production.

6. Now the final discharges of the actual hour are de-
termined. The reservoir levels at the end of the period
can now be determined using (1). These levels are now
the start levels for the next planning period.

It has to be noted that the rescheduling process is non-
iterative which implies that there is a possibility that the
load-production mismatch is still greater than 1 % after
the rescheduling. However, this has not been a common
problem in applied test cases.

IV. CONCLUSIONS

This paper describes a method that can be used for the
daily planning of a hydro power system. The method com-
bines the fast linear programming method with a more
flexible rule based method to include integer constraints
on hydro station discharges and the non-linear head de-
pendent power-discharge function. The result includes a
detailed scheme of how to run each hydro power plant
during the planning period.
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APPENDIX. CASE STUDY

The presented method will here be applied to a numer-
ical example. The used hydro system consists of seven
interconnected hydro power stations in the Ume river in
the northern part of Sweden, and the load to be met with
these stations corresponds to a real 24-hour period. This
implies that there are 168 integer discharge variables (2-4
possible levels per variable) producing 1062 possible com-
binations.

The first step is to make a preliminary plan of the sched-
ule for all stations during all 24 hours, according to the
method presented in chapter II.

For this certain example the linear programming will
include 847 variables and 744 constraints. The solution
time with the MINOS program [7] is 18 CPU seconds for
a VAX-station 6000-60 with an approximative start solu-
tion.

In Table 1 some preliminary results concerning the first
hour are shown.

The next step in the method is to reschedule the first
hour according to the rules described in chapter III. The
first approach is to start from the results shown in Table 1.
In this table the discharges of stations SI, S2, S3, S5 and
S6 are on maximum allowed discharge and S4 and S5 aie
on levels between highest point with good local efficiency
and maximal discharge. According to point 2d station S7
is lowered to 190.00 [he], but the other discharges are not
modified. The power production can now be calculated

Station

Si
S2
S3
S4
S5
S6
S7

Reservoir level
before (m]

644.00
440.20
389.43
349.81
318.47
299.48
264.65

after [m]
643.99
440.19
389.42
349.81
318.45
299.44
264.65

Discharge
[he]

27.00
150.00
160.00
257.74
300.00
300.00
190.04

Power prod
MWh/h

62.65
66.12
51.09
68.16
45.91
87.88
19.20

Table 1. Preliminary results concerning the first hour.

Station

Si
S2
S3
S4
S5
S6
S7

Reservoir level
before [m]

644.00
440.20
389.43
349.81
318.47
299.48
264.65

after [m]
643.99
440.19
389.42
349.81
318.45
299.44
264.65

Discharge
[hel

27.00
150.00
160.00
257.74
300.00
300.00
190.00

Power prod
MWh/h

62.65
66.60
51.09
68.87
45.91
68.01
19.20

Table 2. Final results concerning the first hour.

from tabulated data, and the results are shown in Table
2.

The total production for the first hour should be 401.00
MW and this is fulfilled in the preliminary schedule in Ta-
ble 1 but not exactly in Table 2, where the total produc-
tion becomes 402.32 MW which is 0.33 % too high. This
deviation is though accepted according to the method.
Since the discharges are only slightly modified the reser-
voir levels are not affected at all within two decimals as
shown in Tables 1 and 2.

The resulting reservoir levels at the end of the first hour
can now be used as start levels for the second preliminary
optimization concerning hour 2-24. This linear optimiza-
tion problem has 812 variables and 714 constraints. The
previous preliminary solution can be used as start solution
of this second optimization and the solution time with the
MINOS program [7] becomes 17 CPU seconds.

In this way it is possible to continue until all the 24
hours are rescheduled according to the method presented
in chapter III. The total solution time for the here pre-
sented example is 225 CPU seconds.
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Abstract- In this paper a mixed-integer hydro electric power
model for daily planning is presented. The model only allows
operation on points with good efficiency. This means that the
model overcomes problems with operation on points with low effi-
ciency which often occurs if the model used is continuous. In order
to get smooth schedules, this means avoiding to many start-ups
and shut-downs, the model includes a start-up cost of units. The
main mathematical methods used in this work are Lagrange
relaxation, dynamic programming and network programming.
The model is illustrated by a numerical example from a part of the
Swedish power system.

I. INTRODUCTION

A vital area in power systems research is the development of
operation planning methods. However, the requirements for the
power system models are different depending on the planning
period. Methods for short term planning, for example, require
high model accuracy. In the planning of hydro dominated sys-
tems it is very important to represent the hydro part of problem
appropriately.

During the 198O's attempts were made to solve these hydro
problems using a very efficient technique: network program-
ming. Models were tested where the relationship between
energy generated and amount of water discharged was
expressed as a piece wise linear and polynomial approximation
[1], [2]. One disadvantage with these models, however, is that
these approximations may be too rough. To avoid this [8] intro-
duced a method where discharges are only permitted at the
most efficient levels. However, this model is not suitable in our
case since it does not include start-up cost/restrictions. To sat-
isfy the requirement of accurate models, including start-up
costs, for the hydro part of the power system, a mixed integer
representation of the hydro plants is introduced in this paper.

Paper SPT PS 03- 07- 0460 accepted
for presentation at the IEEE/KTH
Stockholm Power Tech Conference,
Stockholm, Sweden, June 18-22,1995

n. BACKGROUND

A. Power system

In a hydro system with many reservoirs and large flows we
will have the following characteristics:
• a complex system where the contents of many reservoirs are

dependent on the operation of other stations.
• because of the large flows, several stations have two or more

units. If a plant has several units the degree of efficiency will
have a local maximum for each combination of units, known
as local best efficiency points. This means that the power as a
function of the flow becomes non-linear and non-convex,
which is problematic when we are using methods of mathe-
matical programming.

The purpose of the work reported here, is to develop a
method which for a given load produces a good schedule of the
power stations in the system. The meaning of good in this case
is explained below. The length of the planning period is 24
hours. We assume that we have a power system where about
50% is generated by hydro power and 50% by nuclear power.
The hydro power is dispatched to follow the load. The nuclear
plants are used as base load units, and they are only dispatched
in case of periods with low load. In the following we have
assumed that nuclear plants are operating at their maximum
capacity, which means that we just have to subtract their gener-
ation from the load. For hours with peak load, fossil fuel power
plants are used. The fossil power plants can be modelled in the
same way as purchasing of energy.

B. Requirements on the planning method

• The method should result in a practical useful solution. This
means that the given schedule should as far as possible use
the "local best efficiency points" and avoid "unnecessary"
start-ups and shut-downs, since they shorten the lifetime of
the units.

• The method should minimize the operation costs.
• The computation time should be short, because planning and

replanning are done several times during the day.

III. PROBLEM FORMULATION

A. Model for generation, loads and energy exchanges

In a power system the sum of generated and purchased
energy must be the same as the sum of the load (including
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losses) and sold energy. This can be formulated as the load bal-
ance equation:

«(*) = PpW+pe(k)-d{k) = 0

k = 1 T (D

where g (k) is the load balance equation during hour k,
p (k) is the energy generated during hour k, pe (k) is the
energy exchanged during hour k (positive if energy is pur-
chased and negative otherwise), d (k) is the load (including
losses) during hour k and T is the last hour in the planning
period.

The prices for energy exchanges will give us a cost function

C(.pe(k)) (2)

If energy is purchased C(pe (k)) will be positive, otherwise
it will be negative. In the test example C (pe (k)) is piecewise
linear.

B. Hydro system model

Reservoir dynamics: In order to store water in hydro plants
there are reservoirs. The contents of the reservoirs have to be
between certain specified levels.

The dynamic behaviour of a reservoir can be described by
the following difference equation [1], [2] and [7]:

h (;, k) = x(j, k + 1 )-x(j, k) + u{j, k) + s{j, k)

m m
j = 1 J k = 1 T (3)

where h (j, k) is the hydrologic equation for reservoir j and
hour k, x(j, k+l) is the contents of reservoir j at the begin-
ning of hour k + 1, x(j, k) is the contents of reservoir j at the
beginning of hour k, u(J, k) is the discharge from plant j dur-
ing hour k, £ u(m, k - 1 . ) is the sum of discharges from
upstream plants which reach plant; during hour k, x • is the
delay time between plant m and plant j , s(j, k) the spillage
from plant j during hour k, ]£ s(m, k - x •) is the sum of
spillage from upstream plants that reach plant j during hour k,
w(j, k) is natural inflow to plant j during hour k and J is the
number of plants.

The limits of the reservoir contents can be formulated math-
ematically as:

(4)

The water which is stored in the reservoirs after the planning
period has a value determined by the seasonal planning, called
the water storage value, v (j) for reservoir j . There are also
limits on the amount of stored water:

u{m /s)
— •

Fig. I generated power as a function of discbarge for
a plant with three units

(5)

C. Generation characteristic

The power generated in a hydro plant is a function of the
flow. For a plant with more than one unit we want to share the
flow between them in such a way that the degree of efficiency
is optimal. This is called optimization of a single plant. The
output of the single plant optimization is data tables where the
power is listed as a function of the flow for different reservoir
levels with the optimal combinations of units. The power gen-
eration is a non-linear function of the flow (Fig. 1).

To fulfil the specified adjustments mentioned above, the fol-
lowing model is proposed: Discharges are only allowed at zero
flow, the local best efficiency points and from the last local
best efficiency point to maximum flow.

The part between last local best efficiency points and maxi-
mum flow is modelled as a linear function. The model also
includes a start-up cost when a unit is started. The model is
shown in Fig. 2.

For the mathematical formulation the following terms are
defined for each plant:
• / is the number of local best efficiency points plus one,

Zj(j,k) = 1 if all units up to unit/are on-line, otherwise 0
• Pj is the difference between the generation at the local best

efficiency point for aggregate combination i and / - 1. This
means that £ ! _ j pi is the generation at the local best effi-
ciency point for aggregate combination /*.

P(MW)

u(m /s)

— •
Fig. 2 The model of power as a function of

discharge.
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u- is the difference between the discharge at the local best
efficiency point for aggregate combination / and i - 1. This
means that £!*_ t",- ' s the discharge at the local best effi-
ciency point for aggregate combination i*.
Tj is the slope of the last part of the model and itj is the part
of discharge from point /-I to /.
The power from plant./ during hour k can be written as

/ - l

P(A*) = X Pi • z,U.k)+rr «,(;,*)
1 = 1

and the discharge can be written as:

/ - I
«(;>*) = Jénl'zlu,k)+u,u.k)

/ = i

and eventually this must be fulfilled:

z,(; ,*)>z / + ,( ; ,*)

0 < u , ( j , k ) < u , ( ; ) • z , _ , < ; , * )

z,(j.k)e {0,1}

(7)

(8)

(9)

(10)

Introduce a variable for indicating start-up of unit.
)'; 0'. k) = 1 when unit i has been started at hour k, otherwise
0- y- (j> k) will be multiplied by a start-up cost, cy {j, i) , and
added to the objective function. The relation between variables
representing start-ups and states will be

i,O\fc>-2,U.ft-l)-y,U.ft)£0 (11)

and y. (j, k) is a binary variable

y((j,k)e {0,1} (12)

The total generation during hour k can be written as:

Pplk) = 5>U*) (13)

where p (j, k) is achieved from (6).

D. Objective function

Now to the formulation of the objective function. First we
have the cost of the power exchange. From this we have to sub-
tract the value of the stored water because it is a resource that
we have not used. Finally we have to add the start-up costs.
This gives us the function to minimize:

(14)

£. Constraints

The constraints are defined above. These are: (1), (3)-(5),
(8)-(12), where we in (1) and (3) have substituted p (k) and

(6) u{j,k) with(13)and (7) respectively.

IV. SOLUTION TECHNIQUES

A. The dual problem

The problem is large-scale and mixed-integer. To solve the
problem with an exact method would be to time consuming. By
relaxing [6] some coupling constraints we can decompose the
problem in to subproblems, which are easier to solve then the
original problem. This means that we formulated the dual prob-
lem.

If the primal function is convex, maximizing of the dual will
lead us to the optimum of the primal function. If the primal
function is non-convex there is no guarantee of finding the glo-
bal optimum. Then there will be a difference between the pri-
mal and the dual. This difference is the duality gap. The goal
will now be to find a duality gap that is satisfactorily small.

We construct the dual problem by relaxing the load balance
equation (1), with multiplier X(A') and the hydrologic equa-
tion (3) with 7i (;, k) . This gives us:

u,, x, s, z, y , pe

j k

= <p0 (X, n) + tp, (X) + q>2 (n) + cp3 (X, n)

where we have

the constant part, <p0 (X, K) =

the part handling purchase and sale according to a given mar-
ginal price \{k), (p, (\) =

= min (17)
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This is solved by differentiating (17) and set the derivative
equal to zero. This gives C(pe(k)) = \(k) . From this
equation we can calculate pe(k) .

• the part dealing with optimal reservoir contents for given
water value, n {j, k) (/(/) means downstream station for sta-
tion j), cp2(rc) =

min

j *

U) +*U,T) ) -xU,T+\) } = (18)

-n{j,k-\)]~-x(j,k)= XX*

the last part can be written as the sum of several minor prob-
lems

(19)

The minor problems deal with minimizing <p3;- (X, K) for
given marginal prices X and water value it for every plant,
which means cp3. (X, n) =

(20)

with respect to (8)-(12), where

c, = -X(*) • r , ( ; ) - K ( ; , * ) + 7C(t(j),k) (21)

Solving (f>3. (A., Jt) is the same as optimizing plant j for
given X (k) and n (j, k) . This can easily be solved by
dynamic programming [3] and [5] (see Fig. 3). The cost on an
arc is c. when the arc goes to state /. If the arc goes from a
lower state to a higher we will add the start-up cost/costs to c(..

B. Finding a feasible solution

The dual solutions are not going to be feasible primarily, but
with heuristic rules we can find a feasible solution. From this
feasible solution we can calculate its dual variables and call
them V. Now we can calculate new dual variables from

Now we have to find a feasible primal solution from the
dual solution with some simple heuristic rules. First we want to
fulfil h (j, k) - 0 . The dual solution will give us a set of inte-

0
Fig. 3 Dynamic programming model for a plant with

3 units. Notice that the arcs from state 1 and 2
are excluded.

ger variables, I (X, n) . This means that we have determined
the operating point (or operation on the continuous part) (Fig.
2) for each plant and hour. It is now possible to find a feasible
solution by changing the continuous variables: pb, ps, u{, x
and s. This can be done by first solving this problem:

mm
x, s, pe

subject to (3)-(5) and

(22)

(23)

This is a problem with network structure and it can be solve
by network programming [4]. If 2,_ ( {j,k) = 1 (the integer
solution gives the discharge on the last slope) we have two arcs
from the upper node to the lower node, one representing the
discharge on the last slope and the other the spillage. Otherwise
there will be only one arc representing the spillage. The
inflows to the nodes will be adjusted depending on the dis-
charges in the integer solution (see Fig. 4). When we have
solved this problem, the constraint h (j, k) = 0 is fulfilled.
The solution gives new water values n', which can be used to
calculate new search directions for n.

The next step is to fulfil g {k) = 0 . This can be done by
calculating total generated power for every hour in the network
problem solution. If the generated power is bigger than the
load, we make ps (k) equal to the difference between genera-
tion and load. If it is vice versa we make pb {k) equal to the
difference between load and generation. The price of purchas-

Fig. 4 The network structure of the problem above.
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Initial dual solution: [X, n]0

n = 0

n = n+ 1

Solve dual problem
This gives [z]

Primal solution: Fulfil h (;, k) = O

Calculate [u, X , J ] , this gives [7t']

Primal solution: Fulfil g {k) = 0
Calculate [pb,ps] , this gives [X1]

Calculate dual seach direction by
using (24)

Update dual variables by using (25)

1
/ Yes

Stop

Fig. 5 The algorithm.

ing or selling will be the marginal price X', which is used to
calculate new search directions for X. The search directions
will be calculated as

[AX,An]n = [X;rt]n-[X,n]n

and the dual variables will be updated as

[AX,An]n

n

(24)

(25)

where
• AXn = X'n — Xn is the search direction
• 6 = Z,n • (\fr - (p ) /\AX II is the Polyak rule II step length

[5]
• <pn is the dual objective function in iteration n
• ^n = p • %n _! if cp has not increased in the n latest itera-

tions, otherwise £n = ^>n_i

• 0 < p < 1
• v is, until iteration n, the best primal objective function

found.
The algorithm is shown by Fig. 5.
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V. RESULTS

The test system consists of parts of the Ume, Skellefte and
Lule rivers (Fig. 6).

Prices: Purchase: 110 SEK/MWh for 0-100 MWh and 125
SEK/MWh for >100 MWh. Sale: 90 SEK/MWh for 0-100
MWh and 80 SEK/MWh for > 100 MWh.

The value of stored water is 100 SEK/MWh. If we multiply
this value by forecasted generation equivalent (MWh/HE) we
will get the water storage value in (SEK/HE). The start- up cost
is set to 200 SEK/unit.

In this system there are 61 units. For each unit and hour
there will be two integer variables, one indicating the status of

1200

1000

800

'0 5 10 15 20 25

Fig. 7 The discharges for all plants in the system.
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Fig. 8 The dashed line is the system generation, the
other is the load.

25

the unit and one telling us if the unit is started during this hour.
So this will give us 2x61 x 24 = 2928 integer variables. For
each plant and hour there will be continuous variables for the
discharge on the last slope, spillage and reservoir contents.
There will also be one variable for each selling and purchasing
price for each hour. Then the number of continuous variables
will be 3 x 32 x 24 + 4 x 24 = 2400.

To simplify the model we have neglected the delay times.
The Polyak parameters have been chosen as follows:
Jj0 = 0 ,1 , p = 0,9 and «Q = 4 . The algorithm was run for
200 iterations.

The duality gap was 22980 SEK (0,29%). The computation
time in the example is 10 minutes on a Power Macintosh.

VI. CONCLUSIONS

How do the results fulfil the criteria specified at the begin-
ning?

-1.9
xlO'

•2.1

50 100 150 200 250 300 350 400 450 500

Fig. 9 The primal and dual objective functions.

Avoiding unnecessary start-ups and shut-downs: The
schedule in Fig. 7 does not include any unnecessary start-ups
and shut-downs. Some units arc started twice during the plan-
ning period. However, this can not be avoided since we have
two peaks in the load (Fig. 8).

Minimizing the operation costs: The duality gap (Fig. 7) is
satisfactory small, this means that we are near the optimal solu-
tion.

Computation time: The computation time is acceptable.

ACKNOWLEDGEMNTS

Financial support by Vattenfall AB and the Royal Institute
of Technology is gratefully acknowledged.

REFERENCES

[1] H. Brännlund, J.A. Bubenko, D. Sjelvgren and N.
Andersson, "Optimal Short Term Operation Planning of
a Large Hydrothermal Power System Based on a Nonlin-
ear Network Flow Concepts", IEEE Trans, on Power
App. Syst., vol. PWRS-1 no. 4, 1986, pp. 1154-1161

[2] H. Habibollahzadeh and J.A. Bubenko, "Applications of
Decomposition Technique to Short-Term Scheduling of
Hydrothermal Systems", IEEE Trans, on Power System,
vol. PWRS-1, 1986, pp. 41-47

[3] F. Hiller and G. Liebermann, Introductions to Operations
Research, McGraw-Hill international editions, 1990

[4] J Kennington and R Helgason, Algorithms for Network
Programming, John Wiley & Sons, 1980

[5] T. Magnusson, The Unit Commitment Problem A Dual
Approach, Dept. of Mathematics, TRITA-MAT-1991-44,
Royal Inst. of Tech. Stockholm, Sweden

[6] R. T. Rockafeller, Lagrangian Optimization, Optimimiza-
tion in Planning and Operating of Electric Power Sys-
tems, Lecture notes, 1992

[7] D. Sjclvgren, Methods for Analysis of Electric Power
Systems (in Swedish), Dept. of Electric Power System
Engineering, Royal Inst.of Tech. Stockholm, Sweden,
1982

[8] H. Tomeoka, H. Nakajima, Y. Kawachi, S. Nakamura and
N. Watanabe, "New Daily Hydro Scheduling System for
Multi-Chain Hydro Power System", Engineering Intelli-
gent Systems, no 1,1994, pp. 23-29

BIOGRAPHIES

Olof Nilsson received his M.Sc.E.E. degree from the Royal Institute of Tech-
nology in 1992 and is currently a graduate student.

Denis Sjelvgren received his M.Sc.E.E. degree from Chalmers Institute of
Technology and his Ph.D. from the Royal Institute of Technology in 1972 and
1976 respectively. He is currently working at Vattenfall AB and is also adjunct
professor at the Royal Institute of Technology.

1 0 4



Decision Convergence in Stochastic Multireservoir Hydroelectric System
Optimization
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1096 Lisbon, Portugal

Abstract — This paper addresses the problem of medium-
term hydro-thermal scheduling in power systems. The
focus is on the convergence of the decision process when the
uncertainty about hydro inflows and load demand is
represented as a set of scenarios. Convergence is sought for
the decisions corresponding to the first period of the
optimization horizon by successive adjustments of the
decision policy. The study is carried out for a simplified
hydro-thermal system in order to lead to convex problems.
Numerical results arc presented to illustrate the theoretical
developments and the robustness of the algorithm.

I. INTRODUCTION

The objective of the optimal operation of a hydro-
Uicnnal generation system is to determine a generation
schedule for each plant that minimizes the expected
operation cost along the considered horizon.

A. Problem Characteristics

The optimal operation problem is complex because it
is: (1) dynamic — there is a link between the operation
decision in a given stage and the future admissible
decisions; (2) large scale — there are multiple
interconnected reservoirs and it is necessary to have
multipcriod optimization; (3) stochastic — it is not
possible to have perfect forecasts of the future inflows as
well as future load demand; (4) nonlinear — the operation
cost comprises fuel costs for the thermal units, which are
nonlinear; (5) nonseparable — the worth of energy
generated in hydro plants cannot be evaluated as a

Paper SPT PS 04- 02- 0400 accepted
for presentation at the IEEE/KTH
Stockholm Power Tech Conference,
Stockholm, Sweden, June 18-22,1995

function of the plant state itself, but rather in tenns of
avoided thermal generation.

B. Uncertainty Approach

Hydro-thermal scheduling problems involve uncertain
parameters like inflows and load demand. In the short-
term hydro-thermal scheduling problems the solution is
not impaired by simply assigning forecast values to the
unknown parameters. This is not the case in medium-
term hydro-thermal scheduling problems. The several
month planning horizon preclude the forecast approach.
In fact, for such a planning horizon it is not possible to
replace unknown parameters by forecasts without running
a considerable risk of invalidating all the implications that
arc supposed to be drawn from the analysis.

Many approaches have been found in the literature.
When dealing with an interconnected multirescrvoir
system, the 'curse of dimcntionality' related to the
dynamic programming approach suites the unfcasibilily of
die required state space discretization. The two main
approaches found for the problem solution consist on
ignoring the stochastic character of inflows ;md demand
— detenninistic equivalent methods — or reducing the
number of state variables retaining the stochastic structure
— aggregation disaggrcgation methods. Alternative
solution approaches based on Benders decomposition
principle can be found in the work of Pereira [4], [5]

The proposed approach rely on scenario analysis: the
stochastic characteristics of inflows and load demand arc
represented by a set of scenarios. For the present purpose
it seems reasonable to suppose that, for the first period,
one could have good forecasts of the unknown system
parameters. In dial case, we rely on a particular scenarios
information structure like the one represented in Fig. 1 for
the inflows of just one reservoir.

For such scenario information structure it will be
shown that it is possible to find the optimal decision for
the first period. This way, and period after period, the
problem is solved for the whole horizon as forecasts about
next period parameters are available.
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First Period
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* 1 ~~

Scenario 1 Scenario 2 Scenario K

Figure 1. Information structure representation for the inflows of one
reservoir supposing that it is possible to have good foiccasts about this
particular parameter for the first period.

II. PROBLEM FORMULATION

The optimal operation problem is decomposed into a
sequence of K subproblems — one for each scenario. The
K subproblems related with the set of all scenarios are
deterministic and easy to solve when compared with the
global optimization problem. The subproblems arc
mathematically formulated as:

(Ps) minimize (1)

(la)

(lb)

subject to .v,., =/(.r,,«,,/,)

g(u,,D,) = 0

where
u, : decision vector for period /;

C(u,): operating cost for decision u,;
x,: system siatc vector at tlic beginning

of periodt;
/, : inflow vector during period /;

/(.<:,,«,,/,): system transition equation;
Dt : load demand during period /:

g(u,,D,): load demand constraints;
V : operational constraints;

The idea is that by studying the different subproblems
(Ps) and their optimal decisions u one may be able to
come up with a decision ii[ which we expect to perform
rather well under all scenarios. Suppose we are dealing
with K scenarios.? 6 S; let the policy U denote a mapping
that assigns to each j e S a vector
U{s) = (U{(s),...,UT(s)) where U,(s) denotes the decision
to be made at time / if the scenario happens to be s. The
policy we are really looking for should (1) minimize the
expected operational cost; (2) lead to an admissible
decision, i.e. satisfies all the subproblem constraints (la,
lb and lc); (3) lead to an implementable decision, i.e.

U,(s) = U,(s') for every different s,s' e S . The policies
that meet this 'new' constraint are called implementable
policies. An optimal policy U' would indeed be
admissible and implementable. Then the underlying
optimization problem can be stated as:

(P) minimize £]£p,-C(£/((s)) overall f/eCnN
ttS I--]

where
C : space of implementable policies;
N : space of admissible policies;
p,: relative weight of scenario s;

The optimal solution U' to this problem is what we
take to be the best we can offer to the uncertain
environment, relative to a given weighting of the
scenarios. The trouble is that the stated optimization
problem may be very large and hard to solve. The
proposed approach is theoretically based on the
Progressive Hedging Algorithm which as been stated by
Rockafellar and Wets [1], [2]. In theoretical tenns, the
implementability constraint can be relaxed and the
problem (P) can be decomposed in to K subproblems (Ps)
as it stated by the following algorithmic scheme.

III. SOLUTION APPROACH

A. Definitions

Consider that the sums with the weight /;, can be
written as expectations in the traditional notation:

(2)
i e S

then, we can define the operator J:U -» U as the
conditional expectation relative to die first period and lo a
given weighting of the scenarios. Thus, the policy 0 is
the one that satisfies:

(3)

such policies are indeed implementable.

Consider at last the operator K-.UsU-U and
remark that implementable policies satisfy the linear
constraint equation KLJ = 0 .

B. Algorithm

For the first iteration (v = 0), find U° e C solving
each of the K subproblems (take U°(s) to be the optimal
decision for the s deterministic scenario subproblem).
Take the price system W° = 0. A fixed positive scalar
parameter r is considered throughout this section. In
practice, it seems convenient to set this parameter a
'small' value (see application example).
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Step 1. Calculate the implementable but not necessarily

admissible policy U.

Step 2. Calculate IT*1 as an approximately optimal
solution to the following modified problem

(/»") min Xip,-C(C/,W) + (U,WV) + ±ÅU-O
IES 1-1

over all U e C
this decomposes into solving the K modified subproblems

(ftv) min £ C(H,) + u • Wv(s) + ± i\u - Uv(stf

S / I O X,.{ =

g(u,,D,)=0
(.*„«,) 6 V

The policy l/v+l will be admissible but not necessarily
implementable.

Step 3. Update de price system by the rule
Wv*' = Wv + rKUvtl. Return to Step 1 with v replaced
by v+1.

C. Theoretical Developments

In this section we try to answer some important
questions about the convergence process, like (1) when to
stop the process and (2) how far the achieved solution is
from the optimal one. For the present application each of
the deterministic subproblems turn out to be a quadratic
programming (QP) one. The subproblcms usually are of
reasonable dimension and therefore it seems unreasonable
to try solving them 'exactly'. However we suppose that
the QP algorithm is implemented with such an
approximate minimization criterion that we can guarantee
U" —> U', [2], In that case the following results might
be useful:

RESULT 1. The optimal decision can be given by the
expected subproblems decisions at iteration v
—Öl' (s) = t/,"(s) —if the following two conditions are

satisfied:

U" e C (admissible policy) (4)
Vj, U"(s) is an interior point of T \ (5)

where Tt is the finite convex polyhedron defined by the
system of linear constraints (la, lb e lc) related to the s
subproblem.

Take C'{U,) as the optimal operation cost for a fixed

first period decision. This value can be achieved solving
the problem (Q)-

(Q) minimize overall t /eC

RESULT 2. An approximation to the optimal operation

cost can be given by C'{U\) if the following two

conditions are satisfied:

Uy e C (admissible policy) (4)
Vs, L/,v (s) is an interior point of A, (6)

where A, is the projection of T, on the first period

decisions subspace.

IV. APPLICATION EXAMPLE

The proposed algorithmic approach will be illustrated
for: (1) a two interconnected reservoirs system; (2) a
quadratic operation cost function; (3) both/and g linear
functions; (4) a four week horizon (four periods).

Load demand vector D comprises two different kind of
components, D, = (d,,d,) which represent the peak and
off-peak load during week /.

Inflow vector / comprises two independent inflow
sequences — one for each reservoir—with four
components each.

'R« I 1 Res 2

'Res I ~

2
1
2
0

'2

1

0
0.

' R O S ; ~

O -
'Res; ~

1
1
1
1

T
1

0
1

«=Sr=2

'Res I ~

Figure 2. Representation of a tw'o interconnected reservoirs system where

ALs I rcpresents the inflow vector for reservoir 1 and scenario s. The pre-

especified initial and final states are set to x, = 0 and .r5 = 2

respectively. The represented values are already converted to electrical

energy quantities for simplicity.

For the present example load demand is not considered

as uncertain. The load demand vector D, =(d,,d.) is set

to:

rf = [3 4 5 4 ] , d = [2 2 3 3]

Numerical results are presented in Fig. 3 - 5 to
illustrate a decision convergence process for the three
equal weighting scenarios uncertainty representation
(p( = p1 = p 3 ) . The quadratic operation cost function is
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C(H,) = 2 0 M,2 +50 H, +250 and the algorithmic
parameter r is set to r = 10.

0 g Hvdro Unit I (peak) Hydro Unit 1 (off-peak)

5 10

Iteration

5 10

Iteration

Hydro Unit 2 (peak) Hydro Unit 2 (off-peak)

5 10

Iteration

I
'•?.
E
5
z

•i
j

2.5

2

1.5

i

Thermal Unit (peak)

'

Thermal Unit (off-peak)

5 10

Iteration

15

Figure 3 . Decision convergence process for a three scenarios uncertainty

representation. The represented peak decisions corresponds to the fust week

of the optimization horizon. Solid, dashed and point lines represent decision

evolution for scenarios 1,2 and 3 respectively.

Remark that the scenario 3 off-peak decision start to be
in the face of polyhedron A3; thus condition (5) and (6)
are not satisfied and we get a nonstacionary evolution of
the expected decisions (see Fig. 5).
For v > 12 the scenario 3 off-peak decision is already at
the interior of polyhedron A, (both hydro units start
generating); there for condition (6) is satisfied and we get

Figure 4 . Decision convergence process for a three scenarios uncertainty

representation. The represented off-peak decisions corresponds to the first

week of the optimization horizon. Solid, dashed and point lines represent

decision evolution for scenarios 1,2 and 3 respectively.

a quasistacionary evolution of CiU"). We have not

represented in Fig. 3 the decision evolution for week 2,3

and 4, thus we don't know about the optimality of

£ / ' 2 e C . Although, and if it is already admissible, we

can take U\2 as a good approximation of £/,' in the sense

that C(U?)-C{U[).
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V. CONCLUSIONS

i

a

Expected Thermal Decision

5 10
Iteration

Expected Hydro 1 Decision

The described methodology is able to determine the
optimal decision under uncertainty. Decision
convergence is sought for the decisions corresponding to
the first period of the optimization horizon: period after
period, the problem is solved for the whole horizon as
forecasts about next period parameters get available. The
convergence process is robust and the robustness was
tested for some particular sets S of scenarios. The
proposed approach presents the following advantages: (1)
do not require a substantial statistical base; (2) in each
iteration, the K subproblems can be solved by parallel
processing techniques; (3) the scenarios weighting (/?,)
provide a possibility for the improvement of ihe
uncertainty representation.
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Figure 5. Expected decision evolution. Solid and dashed lines represent
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Can be interesting to remark that the achieved
optimal decision represent an hidro 'peak shave' solution
for the first period.

Generally, the optimality of the achieved decision is
not an easy demonstration fact. Fortunately, it is possible
to previously identify some particular sets S for which the
underlying optimization problem have a predictable
solution [3]; those cases are usually related to difficult
convergence process and there for they represent a good
set of robustness tests.

Luis A. F. M. Ferrcira received the electrical engineering degree from
the Institute Superior Técnico (1ST). Lisbon, Portugal in 1977 and the
MSEE and Ph.D. degrees from the Georgia Institute of Technology. Atlanta
in 1983 an 1986, respectively. From 1986 to 1989 he was with the Pacific
Gas and Electric Company, San Francisco. Since 1989 he has been with
1ST, Department of Electrical Engineering and Computers.

VII. REFERENCES

[1] R. T. Rockafellar. "Monotone Operators and ihe Proximal Point
Algorithm". SIAM J. Control Optim. 14(1976).

[Z] R. T. Rockafellar and Roger J.-B. Wets/Scenarios and Policy
Aggregation in Optimization Under Uncertainly", Math. Operations
Research. 16(1991)

13] P. M. S. Carvalho, "Convergence de Decisäo na Gestäo de Sistemas
Estocdsticos de Energia Hidro-Eléctrica". Master's Thesis. 1ST, UTL.
(1994).

(4) M. V. F. Pereira and L. M. V. G. Pinto, "Application of
Decomposition Techniques to the Mid-and Short- Term Scheduling
of Hydrothermal Systems", IEEE Trans. Power Appnr. Syst., PAS
102, 11 (1983).

(5] M. V. F. Pereira and L. M. V. G. Pinto, "Stochastic Optimization of a
Mullireservoir Hydroelectric System: A Decomposition Approach",
Water Resources Research, Vol. 21, 6 (1985V

[6] L. A. F. M. Ferreira, T. Andersson, C. F. Imparaio, T. E. Miller, C.
K. Pang, A. Svoboda and A. F. Vojdani, "Short-term Resource
Scheduling in Multi-area Hydrothermal Power Systems". Int.
Journal of Electrical Power and Energy Systems, EPES-H (1989).

1 09



A Medium Term Bulk Production Cost Model Based on Decomposition Techniques

Andres Ramos Lucia Muiioz
Instituto de Investigaciön Tecnolögica UNIVERSIDAD PONTIFICIA COMILLAS

Fernando el Catölico 63 dup., 28015 Madrid, SPAIN
Francisco Martinez-Corcoles Victor Martin-Corrochano

Direcciån de Generaciön IBERDROLA
Hermosilla 3, 28001 Madrid, SPAIN

Abstract- This model provides the minimum variable cost
subject to operating constraints (generation, transmission
and fuel constraints). Generation constraints include power
reserve margin with respect to the system peak load, first
KirchhofTs law at each node, hydro energy scheduling, main-
tenance scheduling, and generation limitations. Transmission
constraints cover the second KirchhofT's law and transmis-
sion limitations. The generation and transmission economic
dispatch is approximated by the linearized (also called DC)
load flow. Network losses are included as a non linear ap-
proximation. Fuel constraints include minimum consumption
quotas and fuel scheduling for domestic coal thermal plants.

This production costing problem is formulated as a large-
scale non linear optimization problem solved by generalized
Benders decomposition method. Master problem determines
the intcrperiod decisions, i.e., maintenance, fuel and hydro
scheduling, and each subproblem solves the iutraperiod deci-
sions, i.e., generation and transmission economic dispatch for
one period.

The model has been implemented in GAMS, a mathemati-
cal programming language. An application to the large-scale
Spanish electric power system is presented.

1 Introduction
F jno/nic planning is a major concern of medium term opera-
tions planning studies devoted to predict the future operation
of an electric utility. The remuneration of the Spanish electric
utilities is determined, according to the Stable Legal Frame-
work (SLF), as a function of some standard parameters and
the results obtained from the operation of the system. The
SLF establishes the methodology to determine the electric
tariff by a combination of cost of service plus yardstick com-
petition method and calculates the economic compensations
among utilities.

Paper SPT PS 04- 03- 0478 accepted
for presentation at the IEEE/KTH
Stockholm Power Tech Conference,
Stockholm, Sweden, June 18-22,1995

This production cost model addresses all the operating de-
cisions in an integrated framework and establishes a com-
promise and balance among different modeling decisions. Its
prime purpose is to predict the future system operation and
determine their parameters (costs, fuel consumption, produc-
tions, etc.) for the large-scale Spanish electric power system.

This model provides the minimum variable cost subject
to operating constraints (generation, transmission and fuel
constraints). Generation constraints include power reserve
margin with respect to the system peak load, first Kirch-
hoff's law at each node, hydro energy scheduling;, mainte-
nance scheduling, and generation limitations. Transmission
constraints cover the second Kirchhoff's law and transmis-
sion limitations. The generation and transmission economic
dispatch is approximated by the linearized (also called DC)
load flow equations. Network losses are included ILS a non
linear approximation of the voltage angles at the nodes and
resistance and reactance of the circuit. Fuel constraints in-
clude minimum consumption quotas and fuel .scheduling for
domestic coal thermal plants. The relevant decision variables
and the real operation of the j)ower system are adequately
represented, two types of decisions are addressed:

• Inlcrperiotl decisions are those regarding resources plan-
ning for multiple periods. In particular, mainte-
nance scheduling for thermal units, yearly hydro energy
scheduling, seasonal operation of pumped-hydio1 units,
and fuel scheduling are represented. The model deter-
mines the optimal hydrothermal coordination (i.e., the
use of hydro against thermal generation resources).

• Intrtiperiod decisions correspond to a generation and
transmission economic dispatch. In particular, those re-
lated to weekly/dairy operation of pumped-storage units
and commitment decisions of thermal units.

This production costing problem is formulated as a large-
scale non linear optimization problem solved by generalized
Benders decomposition method. Master problem determines
the interperiod decisions and each subproblem solves the in-
traperiod decisions, i.e., generation and transmission eco-
nomic dispatch for one period.

The model has been implemented in GAMS [1], a mathe-
matical specification language specially suited for the solution

1 In the paper the following convention is used. A pumped-hydro
unit is a pump-turbine having a large upper reservoir with seasonal
storage capability that receives water from pumping and also from
natural hydro inflows. By the contrary, a pumped-stomge unit has
a small upper reservoir filled only from pumped water allowing just
a weekly or dairy cycle.
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of optimization problems, and solved by using OSL and MI-
NOS, a well-known solvers. The model is being used as a
medium term tool for economic planning by IBERDROLA
Generation Area by representing the Spanish electric power
system.

The medium term planning problem is stochastic by na-
ture. Uncertainties arise in load, hydro inflows, generation
and transmission availability, etc. However, the model de-
scribed is deterministic. Stochasticity in units and lines avail-
ability and load can be naturally implemented within this
methodology via scenarios. Uncertainty in hydro inflows is
modeled deterministically because medium term economic
planning is performed under the assumption of average hy-
drology. However, the model allows the automatic run of
several sensitivities, for example, to different hydro inflows,
demand increments or major overhaul of thermal units.

No model with this whole set of characteristics (i.e., fuel,
maintenance and hydro scheduling on one hand and gener-
ation and transmission economic dispatch and commitment
decisions on the other hand) has been found in the litera-
ture. On one hand, models deciding seasonal hydro schedul-
ing, usually based on stochastic dynamic programming or
decomposition methods [5], represent in detail the spatial
hydro dependencies but usually ignore the fuel and mainte-
nance scheduling problems. Medium term fuel scheduling is
decided using a large-scale linear programming approach in
[7, 10]. Maintenance scheduling has been solved by many
different techniques [6], decomposition techniques [11] and
integer programming [4] among others. Combined seasonal
and weekly/dairy operation of pumped units has not been
addressed so far. On the other hand, bulk production cost
models usually ignore the interperiod decisions, such as hydro
and maintenance scheduling, and treat each period indepen-
dently [2, 3, 8, 9], .

The paper is organized as follows. Firstly, the notation used
for the mathematical expressions is presented. In section 3 it
is shown the system description and modeling of each type
of generation and network. Then, the mathematical formu-
lation of the model is stated. The solution procedure based
on decomposition method is explained afterwards. The im-
plementation of the model and some basic characteristics arc
discussed in section 6. Finally, it is described the application
of the model to the Spanish electric power system where the
convergence properties of the method are shown.

2 Notation
In this section all the symbols used along the paper are identi-
fied and classified according to their use into auxiliary, input
and output variables.

A. Indexes and Auxiliary Variables

B number of pumped-storage units.
C number of thermal plants with fuel quotas.
C number of thermal plants.
D number of nodes.
H number of hydro and/or pumped-hydro units.
K number of circuits per line.
L number of lines.
N number of load levels.
P number of periods.

S number of subperiods.
T number of thermal units.
Op recourse function of period p.

B. Input Variables

Ahp hydro inflows expressed in energy for hydro unit h in
period p.

bb,k), maximum and minimum capacity of pumpcJ-storage
unit 6 when pumping.

Ccp minimum quota of fuel consumption in thermal plant
c at the beginning of period p.

cc fuel storage cost in thermal plant c per unit of time.
ddnsp, ddmp customer and interruptible power demand in

node d in load level n of subperiod s of period p.
Dn,p duration of load level n of subperiod s of period p.
eh,eh maximum and minimum capacity of pumped-hydro

unit h when pumping.
P'khE.ki maximum flow in one and the other way by circuit

k in line /.
g maximum number of thermal units simultaneously in

maintenance on the same plant.
hhp,hhp maximum and minimum capacity of hydro unit li

in period />.
kt auxiliary services coefficient of thermal unit /.
m coefficient of the thermal installed capacity simultane-

ously on maintenance in any period
Mt number of periods on scheduled maintenance for the

thermal unit t.
oi,o\ heat rate (independent and linear terms) of thermal

unit t.
pt,p maximum and minimum rated capacity of thermal

unit t.
qt EFOR of thermal unit t.
R power reserve margin.
Rh,Rh maximum and minimum hydro energy reserve of hy-

dro unit h.
rki,xki resistance and reactance of circuit k of line /.
7'i startup cost of thermal unit (.
s security coefficient for circuit flows.
SB power base.
ScS^. maximum and minimum fuel storage capacity of

thermal plant c.
tb,^ maximum and minimum capacity of pumped-storage

unit b when generating.
Ut O&M variable cost of thermal unit t.
Vb upper reservoir limit of pumped-storage unit b.
vt fuel cost of thermal unit t.
W penalty cost by power reserve defect.
w, w' unserved and interruptible energy cost.
Vb performance of pumped-storage unit b,
r)h performance of pumped-hydro unit h.

C. Output Variables

at,p commitment decision of thermal unit t in subperiod s
of period p [0/1].

1 1 1



itv

Ri,p

Scp

0,i,mp

~/m.«;i

()}
l>p

hn.-p consumption and generation by pumped-
storage unit b in load level n of subperiod s of period
P-
power consumption by pumped-hydro unit h in load
level 71 of subperiod s of period p.
flow through the circuit A; of line / in load level n of

subperiod s of period p.
defect of power reserve in subperiod s of period p.
generation of hydro unit h in load level n of subperiod

s of period p.
unavailability by scheduled maintenance for thermal
unit t during period p [0/1].

, n'dnsp non served and interruptible power in node d
in load level n of subperiod s of period p.
generation of thermal unit t in load level n of subpe-
riod s of period p.
hydro energy reserve of hydro unit h at the beginning
of period p.
fuel storage capacity of thermal plant c at the begin-
ning of period p.
voltage angle in node d in load level n of subperiod s
of period ;).
dual variable of the first Kirchhoff's law constraint

at iteration j .
dual variable of the constraint commitment decision
lower than the availability at iteration j .
dual variable of the constraint associated to heat con-
sumption of thermal plant at iteration j .
auxiliary variable in the equation of contiguity among
maintenance periods.

3 System Description
A production cost model determines the variables defining
(lie system operation at minimum variable cost for the scope
of (ho model. Let us define horizon as the point in time for
which the system operation is to be modeled and scope as the
duration of the time interval to be studied. In this medium
term model, the horizon is two or three years ahead and the
scope is usually one year. The scope is divided into periods,
suhperiods and load levels. Typically, periods will correspond
to months, subperiods to weekdays and weekends of a month,
and load levels to peak, plateau and off-peak hours.

The load for each period is modeled as a staircase load
duration curve, where an step is a load level. Hence, genera-
tion will be constant for each load level. Load is individually
specified for each node.

Each thermal unit is divided into two blocks, being the
minimum load block the first. Heat rate is specified by a
straight line with independent and linear terms. Random
outages are deterministically modeled by derating the unit's
full capacity by its equivalent forced outage rate. A thermal
plant consists of units in a physical plant. Fuel constraints
affect the fuel consumption of domestic coal thermal plants.

Very small hydro units are aggregated. Spatial depen-
dencies among hydro plants are considered irrelevant to the
medium term thermal generation scheduling problem and ig-
nored. Therefore, the variation in the hydro energy reserve
of a reservoir due to the generation in a hydroelectric plant
located upstream is not taken into account.

Only the economic utilization of pumped units is consid-
ered. This economic function includes both the transference
of energy from off-peak hours to peak hours and the allevia-
tion of minimum load conditions in off-peak hours or maxi-
mum load conditions in peak hours. Additionally, these units
may be operated for reliability purposes keeping their upper
reservoirs full at the beginning of each week but this operation
is not represented in the model.

Each line of the high voltage transmission network is mod-
eled individually by its resistance and reactance and a thermal
capacity limit.

4 Model Formulation
As mentioned previously this medium term production cost
model performs hydro, maintenance and fuel scheduling, sea-
sonal operation of pumped-hydro units, weekly/dairy oper-
ation of pumped-storage units, generation/transmission eco-
nomic dispatch and thermal unit commitment for a genera-
tion system. The model is formulated as a large-scale non
linear global optimization problem. The objective function to
be minimized is (he total variable cost for the scope of the
model subject to operating constraints. These can be clas-
sified into inter and intraperiod, according to the spanning
periods, as previously defined.

It follows the mathematical formulation of the objective
function, the constraints and (he variables involved in the
problem.

A. Objective Function
The objective function represents the fuel costs (including

independent and linear terms of the heat rate and O&M vari-
able costs) plus startup costs plus storage costs of fuel stocks
plus some penalties (due to non served power, interruptibility,
and reserve margin defect) for all the load levels, subperiods
and periods of the time scope.
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In order to allow separability among periods the startup
costs from weekend to workdays have been assumed to be
equal to the shutdown costs from workdays to weekend and
these are the costs considered into the equation.

B. Jnterperiod Constraints
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These constraints span all the periods considered in the
model and correspond to maintenance, fuel and hydro
scheduling.

1. Maintenance Scheduling
The units will be shutdown an integer number of peri-
ods for scheduled maintenance according to the specified
requirement.

(2)
p = i

Also limits on the maximum number of thermal units si-
multaneously on maintenance on the same plant and on
the maximum thermal capacity simultaneously on main-
tenance in any period with respect to the total installed
thermal capacity are imposed.

(3)

(4)

T

t

Contiguity among the maintenance periods is required
too, if more than one is specified.

UP < (5)

being the sum of the variables £lp equal to 1.

Fuel Scheduling
For each thermal plant, the stock level at the beginning
of each period is a function of the previous stock and the
purchase and consumption done during the period. The
initial and final storage levels are specified by the user.
It represents the must-buy fuel purchase mandated by
sociooconomic and political considerations for domestic
coal plants, although their cost can be more expensive
than other available fuels.

Hydro Scheduling
For each hydro unit, the hydro reserve level at the be-
ginning of each period is a function of the previous level,
the hydro inflow, pumping and generation on that pe-
riod. The initial and final hydro reserves are specified
by the user.

s N
/ / Dn3p

C. Intraperiod Constraints
These constraints are internal to each period and repre-

sent the security constraint based on the reserve margin, first
and second Kirchhoff's laws and the weekly/dairy operation
of pumped-storage units, and the thermal generation con-
straints.

Reserve Margin
A power reserve margin for the peak load level of each
subperiod must be met. This constraint represents the
condition imposed to provide some amount of power
available to account for increments in demand or fail-
ures of committed generation units.

t = l h = l i i = l

First Kirchhoff's Law
Balance between generation and demand at any node for
any load level including non served power and interrupt-
ibility. Thermal losses of each circuit are modeled as
fictitious loads at each end node of the line. Each load
represents half of the total losses of the line that are
calculated as a non linear approximation of the voltage
angles at their extreme nodes and resistance and reac-
tance of the circuit. It is the only non linear equation of
the model.

(9)

> (tdn,p

^"2 [1 - cos(0,,,,,, - 0dn.P)) : *£„„

3. Second Kirchhoff's Law
Relation between the flow through a circuit of a line and
the voltage angles in the extreme nodes.

Jklnnp — (10)

4. Pumped-Storage Units
Balance between pumped and generated energy by
pumped-storage units in a period and a reservoir limit
imposed to the pumped energy.

= 0

1 n = l

n,pbtn.,p< Vb

(11)

(12)

Thermal Generation Constraints
For each thermal unit the maximum generation is less
than the maximum available capacity and the minimum
generation is greater than the minimum load. Thermal
unit commitment related constraints state that the unit's
output during higher load levels must be larger than its
generation in lower load levels and that the commitment
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decision in a higher load subperiod (weekdays) must be
greater than those in a lower load subperiod (weekends).

P^'iO ~ <lt)at,p <

Pn.sp S P,kt{l -

Pltl + l j p 5l PlTl jp

at,P < 1 - Up

flI.i+lp 5: Qlsp

•• Pt,p

(13)

(14)

(15)

(16)

(17)

The above constraints enforce a minimum generation for
each thermal unit committed at peak load level. Note
that since the heat rate curves are represented as linear
curves, during any load level all the committed units will
be at their maximum output except one marginal unit if
the network does not introduce further constraints.

D. Variables
All the variables involved in the previous formulation are

subject to the following bounds:

• maintenance decisions for thermal units, itP = {0,1},
0 < (,„, < 1

• fuel stock levels, S_c < Scp < ~SC

• hydro productions and consumption of seasonal pumpetl-
hydro units, hhp < hhn,p < khp and ch < ehn,p < cit

• hydro energy reserves, Rh < RHP < Rh

• commitment decisions of thermal units, atfp = {0,1}

• thermal generation bound explicitly considers the deter-
ministic criterion, pi,,.,p < ptkt(l — It)

• generation and consumption of weekly/dairy pumped-
storagc units, t_h < (|,n,p < tb and bb < b<,nsp < ij,

• non served power and interruptible power at each node,
n<M..p < dd,,,p and n'dnap < d'dn,p

• reserve margin defect, f,p < di,p(l + R)

• load flows bounds consider a coefficient s that takes into
account in a simple way preventive dispatch considera-
tions, -s£k, < fkln.ip < sFkl

• voltage angle in nodes bounds included from an algorith-
mic point of view, —0.75 < Odnsp 5 0.75

The variables regarding operation of the pumped-hydro
and pumped-storage units are defined only for the periods,
subperiods and load levels where they are meaningful accord-
ing to the system operation.

The previous formulation has been presented in a general
framework of a bulk production cost model. Then the com-
mitment and maintenance decisions for thermal units cause
the problem to be mixed integer with the associated diffi-
culty to be solved. However, the following operating criterion
has been used that simplifies this bulk production cost model.
The discrete maintenance decisions are previously determined
with the transmission network reduced to a single node with
a much smaller optimization problem. These values are taken
as input for the bulk production cost model. Unit commit-
ment variables are relaxed to be in the interval [0,1].

5 Solution Procedure

This optimization problem has an special staircase structure
that can be exploited. Decomposition techniques are use-
ful in solving this problem by two reasons. First, the global
problem is divided into smaller and easier to solve problems.
Second, it allows the use of different solution algorithms for
master and subproblem. In particular, Benders method is
applied when some variables 'complicate" the solution of the
problem. In this model the complicating variables are those
regarding maintenance, fuel and hydro scheduling. Benders
method is specially indicated in this context of hydrothermal
coordination, where hydro generation is decided in the master
problem and thermal operation is determined in the subprob-
lem. Generalized Benders procedure is required due to the
non linearity appearing in balance constraints.

Besides these considerations, the size of the non linear op-
timization problem resulting for the Spanish power system
prevents the direct use of a non linear code.

Before the formulation of the master and subproblem the
constraints associated to fuel scheduling are restated for the
problem to be modeled using the Benders method.

S N

S = l 1 1 = 1 IG.C

(IS)

o
>=1 11 = 1 i€c

Pep = Ccp + Srp - Srp+i (19)

A. Master Problem
The master problem has the following objective function:

p p s N c
M i»Eö" + £ Z H E c v 0 " ' ' A " (20)

,,= 1 ;,= 1 , = 1 n = l c=l

and all the intraperiod constraints excepting the fuel schedul-
ing equation (fi) replaced by (19) and the bounds of the cor-
responding variables.

Moreover, for each iteration j a Benders cuts, one per pe-
riod, are added

(21)
» = 1 1 = 1

S N II

» = 1 n = l h = l

- e i l

where the superscript indicates the value of the variable for
that iteration.

B. Subproblem
The subproblem is separable in as many as periods. Each

subproblem represents the operation of the system for each
period and has the same objective function than the global
problem excepting the storage costs term now included into
the master problem and the remaining constraints (18) and
(8) to (17) and the limits of the corresponding variables.

C. Benders Decomposition Method
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Benders decomposition method achieves the solution of the
global problem by iteratively solving master and subproblem
and establishing an information link between both problems.
For each iteration j the master problem determines a trial
maintenance, fuel and hydro scheduling defined by the vari-
ables i\p, h

}
hnap, C/,,lspi and P}p that are passed to the sub-

problem. Given these proposals, the subproblems are solved
and return the sensitivity information pf,p, uijnsp and <s{v

to the master. The master problem is then modified, adding
new Benders cuts based on the solution from the subproblems
and solved again. This iterative procedure is solved until no
further improvement can be achieved. Convergence is guar-
anteed if problems are convex.

A careful study of the number of constraints and variables
involved in each formulation -global, master and subproblem-
has been conducted and the sizes of the different problems
are presented in the table 1.

6 Implementation

The model has been implemented in GAMS version 2.25 [1].
It allows the creation of large and complex problems in a con-
cise and reliable manner. This language lets the user to con-
centrate on the modeling problem by eliminating the writing
details of special code in the preliminary stages of algorithmic
development. GAMS is flexible and powerful. This flexibil-
ity is crucial in the development and lest of new algorithms.
Several LP and NLP solvers can be used in conjunction with
the GAMS language, for example, CPLEX and OSL as lin-
ear and MINOS as non linear solvers. The implementation of
this model and its resolution using this compact and elegant
algebraic language takes only 1400 lines of code. The model
can be used in any hardware platform where GAMS and the
solvers were available. Currently, a workstation is being used.

Careful attention when solving a large-scale optimization
problem .should be paid to the scalation of constraints and
variables. So GW is taken as the natural unit for power,
TWh for energy, Tpta for monetary unit and kTcal for heat
consumption.

For solving this large-scale non linear problem (due to
losses) it is provided as initial point the optimal solution of the
global linear problem (with no losses). Its size for the Span-
ish electric power system is about 38000 rows, 52000 variables
and 153000 non zero elements in the constraints matrix. In
particular, recent developments in interior point methods are
specially suited for the solution of these large problems. In
this model it is solved using an interior point method of OSL.
The non linear problem is solved by Benders decomposition,
using MINOS for master and subproblem.

The model is a very powerful and flexible tool that can eas-
ily be adapted to any electric power system. Several options
have been provided to customize their use to different needs,
such as the following:

• production cost model with a single node with aggre-
gation or deaggregation of the hydro units, genera-
tion/transmission production cost model with or without
losses

• specification of the periods, subperiods and load levels
when the pumped-hydro and pumped-storage units can
be used for pumping or generation

• maintenance based exclusively on input data, discrete
optimization with some prespecified maintenance and
discrete optimization with no prespecified data

• demand increment with respect to a base case whose
data are provided

• multiyear use for concatenated evaluation of an scope
composed by several years

• sensitivities to a demand increment, different hydrolo-
gies, release of the minimum consumption quotas, and
major overhaul of thermal units

The main results obtained from the model are: net and
gross energy production for each generation unit; utilization,
commitment and shutdown hours for each unit; fuel consump-
tion for thermal plant separated in guaranteed and spot mar-
ket; fuel, startup, storage costs; maintenance schedule; flows
and spot prices at the nodes. These results can be presented
for load level, for each period or grouped by electric utility.

7 Case Study

The model has been designed to represent yearly operation of
the Spanish electric power system. The scope of the model
has been split into 12 periods (months) with 2 snbpcriods
each (weekdays and weekends) and 3 and 2 load levels per
each subperiod.

According to data extracted from 1991 statistical records,
the Spanish power system met n maximum peak load of 25330
M\V and a yearly energy demand of 1-15670 GWh. The in-
stalled generation capacity is 42096 MW (16110 M\V are hy-
dro, 10675 MW coal, 7910 MW oil/gas and 7401 MW nu-
clear). The share among energy produced by different utili-
ties corresponds to IBERDROLA in a 40 %, ENDESA 40 %,
UEFSA 15 % and other the remaining.

There are about 71 thermal generators (8 nuclear, 36 coal
and the remaining oil/gas) grouped in 16 thermal plants.
Their production is about 80 % of the total generation.

There are 70 hydro units with capacity greater than 5 MW
and annual energy production greater than 100 GWh, that
can be grouped into about 10 basins. Other 52 smaller hydro
units have been considered. The maximum capacity at the
same location is 915 MW. They produce as an average about
20 % of the total generation, ranging in between 13 % and 28
%, depending on the hydrology.

There are 8 pumped storage units, but their impact on
annual energy production is minimum (about 1 %).

The high voltage transmission network has been simplified
to 138 nodes and 263 lines.

For this case study, size (defined by rows, variables and
elements), time and number of iterations required for solving
the different problems are presented in the following table.

Time is expressed in seconds for a workstation Axil
311 Model 5.1 with performance of 83 SPECfp92 and 65
SPECint92.

Taking the optimal solution of the linear problem as initial
point for the decomposition algorithm it takes 13 iterations
to achieve converge under a tolerance of le-3 with one cut per
period added in the master problem for each iteration. The
difference in variable costs due to losses are about 0.2 %.
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Global Problem
Master Problem
Subproblems

Global Problem
Master Problem
Subproblems

CONSTRAINTS
IT + P(2B + C + C' + H + 1) + SP(3T + 1) + NSP(D + KL + T)

2T + P{2C + C + H + T+ 1) + J- 1
(2B + C -T) + S{3T + 1) + NS(D + KL + T)

VARIABLES
- C - H + P(C + H + 2T) + SP(T + 1) + tVSP(2B + 3D + 2H + KL + T - 1)

-C - H + P{2C + H + 2T + 1) + 2NSPH
J + S(T + 1) + J V S ( 2 0 + 3D + KL + T - 1)

Solver
time

Number of
iterations

GLOBAL problem 36625 r, 51335 v, 149217 e
OSL Interior3 1185
MASTER 1477+ 12J r, 8675 v, as
MINOS Primal simplex 35

SUBPROBLEM 2932 r, 3487
MINOS Primal simplex 19

39

13917+300J e
2000

v, 10887 e
450
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Abstract - This work describes the application of a new
methodology, named pseudo-sequential simulation, for calculating
the total system interruption costs, or reliability worth, in power
system planning. Some important aspects of interruption costs are
discussed: chronological load curves, customer damage functions
for each consumer class, scheduling maintenance, relative
contribution of generation, transmission and composite failures and
non-exponential repair times. The Brazilian Southeastern system is
used to illustrate all previous applications.

Keywords - Reliability worth, Monte Carlo simulation, composite
systems, expansion planning

INTRODUCTION

The traditional, and still nowadays prevailing challenge in the
electricity industry is the offer of a product with a balanced mix
of quality and cost-effectiveness. In power engineering, it is
recognized that perhaps the best translation of electricity quality
is given by the attribute of the system reliability level.
Unfortunately, cost-effectiveness and reliability are two highly
conflicting objectives which require a careful combination of
both.

In order to tentatively solve this difficult problem, a set of
simplifying hypotheses is usually recalled. For instance, one way to
determine a feasible, and acceptable solution relies on an "a priori"
selection of the minimum reliability level that should be observed
in the system [1]. Although this approach yields reasonable results,
optimal ity can not be guaranteed from the economical point-of-
vicw.

As a matter of fact, the optimal expansion plan or operational
strategy may be obtained based on the analysis of a multifarious
objective function comprising such diverse factors as the
investment costs, fuel and water costs, restricted emission costs,
interruption costs and several others [2]. Among them, the
interruption cost is deemed as one of the most important influences
to be taken care. This latter value may be directly associated with
the reliability worth, and plays a fundamental role in the
establishment of the right balance between cost-effectiveness and
reliability [3].

Paper SPT PS 04- 04- 0576 accepted
for presentation at the IEEE/KTH
Stockholm Power Tech Conference,
Stockholm, Sweden, June 18-22,1995

An accurate measure can be expressed by a new index referred to
LOLC {loss of load cost). Unfortunately, a precise assessment of
reliability worth requires exact knowledge about the system
chronological behaviour, represented by the availability of the
duration and time of occurrence of interruptions, as well as the
composition of load affected by the events.

Therefore, the practical computational evaluation of LOLC
becomes more efficient after the development of a recent
simulation technique referred to pseudo-sequential [4]. This
procedure is easily implemented and allows the due consideration
of all key parameters (i.e., chronology, time of occurrence and
length) required for the unit interruption costs estimation, for each
consumer class, such as residential, commercial, industrial, etc. It
is further noted that these values are available in several countries
[5] as well as in Brazil [6] through direct surveys.

In this paper a set of key factors that arc thought to have deep
influence on the LOLC estimate will be investigated such as the
following: detailed chronological load curve representation, load
uncertainties, relative contribution from failures related with
generation, transmission and composite systems, maintenance
scheduling influence, non-exponential failure models and the
relationship between reliability worth and differing chronological
instants associated with interruption occurrences.

All results presented in this paper arc supported by evidences
based on investigations performed on the Brazilian Southeastern
System (BSS).

PSEUDO-SEQUENTIAL SIMULATION

Pseudo-sequential simulation is a new method [4], in which non-
sequential simulation is used to select failure states, and sequential
simulation [7] is only applied to the sub-sequence of neighboring
states that define the complete interruption. The procedure is
implemented in the following steps:

(i) generate yearly synthetic sequences of system states by
applying sequentially stochastic models of equipments and
the chronological load model;

(ii) randomly sample a yearly sequence among all sequences
generated in (i)

(iii) randomly sample a time t in the sequence selected in step (ii);
(iv) evaluate the system state x associated with the time t chosen

in step (iii). If it is a success state, return to step (i); if it is a
failure state, go to the next step (v)

(v) obtain a failure sub-sequence and the total duration D as
follows: (1) carry out a forward chronological simulation
starting from the selected state; (2) carry out a backward
chronological simulation starting from the selected state; (3)
duration D is given by the combined durations of the forward
and backward simulations;
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(vi) calculate the system interruption cost and update the
estimates;

(vii) if the confidence interval for the estimate is adequate, stop.
Otherwise, return to step (ii)

Reliability indices can be estimated as the mean over JV sampled
values of test function F(x) obtained from steps (ii) to (vii):

E[F] (1)
i= 1

All reliability indices can be represented by expression (1), by
using the same definitions of test functions F in the non-sequential
Monte Carlo simulation [4,8]. However, for LOLC and LOLF
indices, there are suitable definitions of test functions F, which
taking into account the total duration D obtained by the forward
and backward simulations [4]. Besides the outage duration, the
pseudo-sequential simulation can easily model other chronological
aspects [5].

The computational efficiency of the pseudo-sequential approach
comes from the fact that the sequential simulations (forward and
backward in step (v)) arc only carried out when a failure state is
found. The ratio of failure states to the total number of sampled
states is the system LOLP. Considering, for example, a mean
duration of one hour for each system state, the mean number of
simulations around each failure state is the system LOLD + 1
(including the analysis of boundary success states). Therefore, the
number of additional simulations is proportional to the product
LOLP x (LOLD + 1), which is usually small. This can be interpreted
as the extra computational effort that is required by the pseudo-
sequential simulation in relation to the non-scqucntial model. In
practical systems, this effort is compensated by the gain in accuracy
provided by the pseudo-sequential simulation [4].

SYSTEM INTERRUPTION COST

The system interruption cost, associated with a given
interruption / (a set of successive failed states), considering the
dependence of the unit interruption cost C with chronological
aspects [5], such as the outage duration D and time of occurrence T,
can be defined for a particular consumer class as:

(2)
i e l i e l

where:

K system interruption cost ($)
C(D, T) unit interruption cost (S/kWh), which depends on

interruption duration and time of occurrence
D interruption duration in hours; equal to sum of the duration

of each individual state D1

T time of occurrence (hour of day, day of week and month of
year)

ENS energy not supplied along the interruption (kWh); equal to
sum of the energy not supplied ENS{ of each state.

The mean value of the summation of K, considering all
interruptions / over a certain period (e.g. year, month, etc.) can be
named as loss of load cost, or simply, LOLC. The calculation of
LOLC index is illustrated with a Brazilian case study.

Brazilian Southeastern System - Basic Results

The reduced Brazilian Southeastern System (BSS) is a 4!5-bus
meshed network with 225 generating units and 708 circuits, having
an installed capacity of 43 GW and a peak load of 39 GW. The unit
interruption cost functions C(D) for this system, without
considering the dependence of time of occurrence, arc based on a
recent Brazilian survey [6], and is shown in Figure 1. The system
has 28 control areas and a specific load composition was
represented for each one. The global system load composition is
21% residential, 30% commercial and 49% for industrial. A DC
power flow model and an LP-based remedial actions scheme were
used in the adequacy analysis of each state [9].

4

3

2
1
0

$/kWh

.

r.
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commercial ~~"~

industrial

hours

Figure 1 - Unit Interruption Cost Functions for the BSS

The weekly load curves were assumed to be the same along the
year and equal to the yearly peak week. The hourly load curve for
each week is presented in Figure 2.

100
load level (%)

144 168

Figure 2 - Hourly Load Curve for the BSS

The estimated reliability indices using the pseudo-sequential
simulation arc shown in Table 1. The total number of state
evaluations required to converge the LOLC estimate to a relative
uncertainty of 3.5% was 152,500. The backward/forward
simulation schemes required 32,600 additional state evaluations,
about 20% of the total. This case study was carried out on PC
microcomputer (486DX processor, 33MHz) and the execution tim
was about 224 minutes.

Table 1 - BSS Basic Results

Index
LOLP
EENS
LOLF
LOLD
LOLC

Estimate
2.7 %

16.2GWh/year
114.3 occ./year

2.05 hours
$ 26.6 million/vear
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YEARLY CHRONOLOGICAL LOAD CURVE LOAD UNCERTAINTIES REPRESENTATION

The hourly load curve for each week, shown in Figure 2, was
combined with the seasonal factors for each month, and an yearly
clironological load curve was produced and used in the simulation
process. Figure 3 shows the seasonal factors applied to the BSS.

0.9

o a

Figure 3 - Seasonal Factors in BSS

The estimated indices obtained with the pseudo-sequential
method are shown in Table 2. As could be expected, all reliability
indices were reduced using this more realistic load model as
compared with the annualizcd results obtained from a weekly load
curve. For example, the system LOLC index was reduced to only
48% of the weekly value. Note that, the LOLD index remains
basically the same, since the hourly load curve for each week
(Figure 2) is also kept the same. In general, the duration of each
interruption is strongly influenced by the shape of chronological
load curves. Moreover, in this case, the daily peak load is probably
the most important factor in the LOLD evaluation.

Table 2 • Yearly Chronological Load Curve

Index
LOLP
[•ENS
LOLF
LOLD
LOLC

Week of Peak
2.7 %

16.2GWh/ycar
114.3 occ./year

2.1 hours
$26.6 million/vear

Annual
1.6%

8.0 GWh/year
67.8 occ./year

2.0 hours
$ 12.7million/vcar

Another interesting result provided by the pseudo-sequential
simulation is the monthly LOLC levels along the year, as shown in
Figure 4. From this result relevant operational and planning
decisions can be taken, such as: improvement of generation
capacity margin; better management of intcrruptible loads and
scheduling maintenance.

1.5

1

0.5

n

$ million

• %

J F M A M J J A S O N D

Months

Figure 4 - Monthly LOLC Levels

The load curve is a critical variable in reliability worth
evaluation. Bearing in mind this relative importance of system
load, it was performed a sensitivity analysis to estimate the effect
of load uncertainties around the mean chronological load curve in
LOLC evaluation. Figure 5 illustrates the adopted representation of
normal uncertainties and the mean chronological load curve. This
effect is easily incorporated in the basic algorithm, as described in
a previous section, including an additional sampling in step (iii) to
characterize the load variability, based on its probability
distribution (e.g. Normal). Further relations can be also included,
as the correlation among load buses.

load (%)

load variations around the mean

\

12

hours

24

Figure 5 - Load Uncertainty Representation

The sensitivity analysis was carried out through the successive
application of pseudo-sequential simulation to BSS modifying the
relative uncertainty of a Normal distribution, which represent load
deviations, from 0 to 10%. As can be seen in Figure 6, the LOLC
variation due to load uncertainties is huge. The obtained results
reinforce the importance of a careful load representation in
reliability worth evaluation.

LOLC ($ million/year)

4 6

uncertainty (%)

Figure 6 - LOLC Variation and Load Uncertainty in BSS

RELATIVE CONTRIBUTION OF FAILURES

An important information to power system planners is the
relative contribution of generation, transmission and composite
failures in the estimation of reliability indices. Based on this
information is possible to identify component failures which are
increasing reliability indices, and hence to take corrective measures
to solve the problem.
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The calculation of relative contribution of composite failures is
found by the difference between the overall system indices,
obtained when all failures are simulated, and the generation and
transmission system indices, that is, the term that is not explained
by "pure" generation and "pure" transmission reliability models [8].
Generation and transmission reliability indices are separately
calculated pseudo-sequential simulation.

The relative contributions of generation (G), transmission (T)
and composite (C) events in reliability indices of BSS are
presented in Table 3. Figure 7 illustrates these relative
contributions for the LOLC index.

Table 3 - Relative Contribution in BSS

Index
LOLP (%)

EENS (GWh/year)
LOLF (occ/year)

LOLD (hours)
LOLC (S million/year)

G
0.1
3.2
6.8
1.0
4.4

T
1.6
9.4
61.5
2.2
14.4

C
1.0
3.6
46.0
1.9
7.8

Total
2.7
16.2

114.3
2.1

26.6

29%

54%

D Generation D Transmission Q Composite I

Figure 7 - Relative Contribution for LOLC in BSS

For the analyzed configuration of the BSS, the generation
deficiency was so not relevant. This was mainly due to not
considering critical hydrological conditions. The most important
contribution was represented by transmission failures, in part
associated with islanding problems due to the representation of
radial subtransmission network. Another significant result is the
influence of composite failures in overall system reliability indices.
This means that to calculate a set of reliability indices in BSS, it is
necessary to apply reliability models able to evaluate composite
failures [8],

SCHEDULED MAINTENANCE

The most adequate and natural way of incorporating scheduled
maintenance in composite reliability evaluation programs is via
chronological modeling. Therefore, the pseudo-sequential
algorithm is particularly advantageous for this type of application.

An accurate representation of scheduled maintenance of
generation units is extremely important to produce some
adjustments on the basic maintenance scheduling. This basic
scheduling is usually obtained by specific evaluations carried out
by each power generating station, bearing in mind its own
necessities and restrictions. An interesting application is to
evaluate the performance of the joint scheduled maintenance, from
the system point of view, using LOLC index as the performance
measure.

Two different generating unit maintenance schedules were
compared using the same yearly chronological load curve. The first
schedule was produced without considering any capacity reserve
margin constraint. The main objective was to level the number of
units on maintenance for each utility of the system. This
decentralized objective function is very often used by the utilities
in their O^TI maintenance scheduling. A second schedule was
produce in order to level the system capacity reserve margin. This
maintenance policy is more interesting for the system as a whole.

Schedule 1 tries to equalize the amount of generating capacity
which is unavailable due to maintenance, disregarding seasonal
load factors. Conversely, schedule 2 allocates less maintenance
capacity during the peak season. Figure 8 shows the power
generating unavailable due to maintenance in both schedules. The
set of generating units in these preventive maintenance schedules
was the same. The total number of generating units on
maintenance, for both schedules, is equivalent to 40% of installed
units in the system.

12000
MW maintenance

8000 -

4000 -

D Schedule 1
• Schedule 2

J F M A M J J A

months

S O N D

Figure 8 - Generating Unit Maintenance Schedules

Table 4 shows that the impact due to maintenance on the
reliability indices is quite significant, for this particular system.
Considering schedule I, index LOLC is almost three times greater
than the same index when maintenance is deemed. Moreover, a
more suitable maintenance policy, represented by schedule 2, can
considerably reduce risks and costs.

Table 4 - Generating Unit Maintenance Schedules

Index
LOLP
EENS
LOLF
LOLD
LOLC

Without Maint.
1.6%

8.0 GWh/ycar
67.8 occ./ycar

2.0 hours
S 12.7 million/yr.

Schedule 1
2.2 %

20.2 GWh/ycar
111.0 occ./ycar

1.75 hours
S 34.6 million/yr.

Schedule 2
2.4 %

13.7 GWh/vcar
105.1 occ./ycar

1.95 hours
S23.1 million/yr.

NON-EXPONENTIAL DISTRIBUTIONS

hi general, the only information available from generating and
transmission data bases are the mean time to failure (Ml I t ) and
the mean time to repair (MTTR). The probability distributions
associated with times to failure and repair are usually unknown.
Most reliability evaluation programs assume that these
distributions follow an exponential law, and therefore, the
reliability indices are evaluated under this assumption. This can
lead to critical errors particularly related to the repair time [10].

The pseudo-sequential algorithm can easily incorporate non-
exponential probability distributions. For example, the repair time
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can be represented by a Weibull distribution, whose probability
density function and mean value are given by:

(3)

(4)

where a is the scale factor, p is the shape parameter and F is the
gamma function.

Table 5 shows the estimated indices using the Weibull
distribution to represent equipment repair times. The associated
mean for each i component is made equal to MTTR (|ij=M'lTKj).
Two alternative shape parameters pj = 2 and pj = 3 are simulated.

Table 5 - Weibull Distribution

Table 6 - Time of Occurrence

Index

LOLP
EENS
LOLF
LOLD
LOLC

Exponential

2.7 %
16.2GWh/yr.
114.3occ./yr.

2.1 hours
S 26.6 million/vr

Weibull
(Pi = 2)
2.7 %

16.1 GWh/yr.
112.8occ./yr.

2.0 hours
S 26.5 million/yr.

Weibull
(PJ = 3)

2.6 %
14.2 GWh/yr.
107.1 occ./vr.

2.2 hours
S 23.4 million/vr.

Due to the characteristics of this particular system, the impact of
the assumed repair time distributions on the reliability indices is
relatively small. These indices are basically averages and, therefore
less sensitive to such analysis. However, if the distributions
associated with those indices are being considered, the differences
could become more relevant.

TIME OF OCCURRENCE

One of the most important factors related to interruption costs
encountered in the customer surveys is the time of occurrence
[5,6]. These surveys usually indicate the relative variation of unit
interruption costs according to the initial time of interruption (e.g.,
month, day of week and hour of day) in contrast to mean global
values. Figure 9 illustrates these adjustments for two customer
groups (industrial and commercial) obtained from operational
reports and the Brazilian survey [6]. These aspects can be taken
into account by the pseudo-sequential algorithm when the initial
time of interruption is determined in the backward scheme.

%o

commercial

industrial y~^J

—

commercial

industrial

Jan Apr. Jul Oct Dec.

(a) monthly

Mon Wed Fn Sun

(b) weekly
0 12

(c) hourly

Figure 9 - Interruption Cost and Time of Occurrence

In order to quantify the influence of time of occurrence on LOLC
index, adjustment factors in Figure 9 were applied to BSS. Table 6
summarizes the results comparing with those previously obtained
with mean values applied to the whole period of analysis. The load
curves (week of peak and annual) were also considered.

Load Curve

week of peak
annual

Mean Value
($ million/year)

26.6
12.7

Time of Occurrence
(S million/year)

29.8
16.3

It can be observed from Table 6, the consideration of time of
occurrence produces reasonable changes in LOLC index, despite
the natural compensation included in the mean value unit
interruption costs, as in Figure 9. These changes can be understood
as follows: electric energy is more valuable during its intensive
utilization when at the same time the system is more vulnerable.
Another interesting set of results is the distribution of LOLC index
among months, days of week and hours of day considering the
effect of time of occurrence, as presented in Figure 10.
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Figure 10 - Distribution of LOLC - Months, Days of Week and
Hours of Day
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CONCLUSIONS

This work discussed the impact of some relevant factors on
composite reliability indices, with special emphasis given to the
loss of load cost {LOLC). The following factors were considered:
yearly chronological load curves, load uncertainties; relative
contribution of generation; transmission and composite failures;
scheduled maintenance policies; non-exponential distributions,
time of occurrence. All these factors were accurately considered by
the pseudo-sequential method, due to its ability to deal with
chronological aspects associated with power system operation.

Considering the relevant factors, Table 7 summarizes the results
obtained with a 415-bus system derived from the Brazilian
Southeastern region. As can be seen from Table 7, some of the
analyzed factors are definitely more relevant than others. Clearly,
this a system dependent conclusion which can only be assessed
through an adequate tool such as the pseudo-sequential algorithm.
Moreover, based on these results, it is possible to focus the studies
on those more relevant factors, and therefore, to improve
significantly the quality of the decision making process.

Table 7 - Summary of Results

Simulation

reference (G/T/C)
load uncertainty 10 %
load uncertainty 6 %
load uncertainty 2 %
time of occurrence

Wcibull (p=2)

Wcibull (p=3)
only transmission
only generation

yearly chronological
decentralized maintenance

centralized maintenance
lime of occurrence

Load
Curve

week of peak
week of peak
week of peak
week of peak
week of peak
week of peak
week of peak

week of peak
week of peak

annual
annual
annual
annual

LOLC
(S million/year')

26.6
83.8
41.9
30.1
29.8
26.5
23.4
14.4
4.4
12.7
34.6
23.1
16.3

Pcrc.
(%)
100.0
315.0
157.5
113.2
112.0
99.6
88.0
54.1
16.5
47.7
130.1
86.8
61.2
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MAINTENANCE SCHEDULING OF GENERATING UNITS WITH RELIABILITY
CONSTRAINTS: A MATHEMATICAL PROGRAMMING APPROACH

Edson Luiz da Silva Marciano Morozowski
UFSC - Federal University of Santa Catarina

Florianöpolis, Brazil

Abstract - This paper presents a new methodology for
maintenance scheduling that takes into account inter-area
transfer limitations and stochastic reliability constraints.
The optimization model is based on the Benders
decomposition technique. The objective of this model is
to determine a maintenance schedule that minimizes the
Expected Power Not Suplied (EPNS), subject to
technological and system reliability constraints. The
model may be used also to assess the adequacy of existing
transmission limits under a given set of planned outages
of generating units. Case studies with a realistic five-area
power system are presented and discussed.

Keywords - power system operation, maintenance
scheduling, optimization models, mulliarea reliability

INTRODUCTION

Preventive maintenance is an important activity in the
operation planning of power systems. The objective of
preventive maintenance is both to maintain the generating
units operating with economy and to avoid future failures.
The overall preventive maintenance problem may be
approached from two points of view:

(i) the component level;
(ii) the system level.

At the component level the focus is on the technological
aspects of maintenance, under several forms: most
adequate maintenance period for each generating unit, in
order to attain (or keep) a satisfactory equipament
availability level: at this level, the constraints arc
associated to crew and repair shop availability;
technological aspects, ageing, and so on.
At the system level, the objective is to maximize the
system reliability subject to same constraints, plus
additional constraints related to area load supply,
interchange contracts, interchange capability limits, load
diversity and seasonality, and so on.
In this paper a methodology is proposed to solve the
multiarea scheduling problem, taking into account
transmission constraints. The problem solution aims at
maximizing the global system reliability on given period,
in this case one year.

The following sections presents the solution approaches
and the mathematical formulation of the problem, giving
a description of the most important constraints. To
illustrate the performance of the proposed method, an
application of the method to a real system is also given.

Paper SPT PS 05- 01- 0414 accepted
for presentation at the IEEE/KTH
Stockholm Power Tech Conference,
Stockholm, Sweden, June 18-22,1995

SOL VTIONAPPROA CHES

Several methods have been proposed in the literature to
solve the generating unit maintenance scheduling problem.
These methods arc based in both heuristic techniques and
mathematical programming techniques [1-5].
The foundations of reliability centered maintenance at the
plant level were established a long time ago and are well
described in most power system reliability textbooks. The
focus of maintenance programming at this level is to
optimize maintenance cycles, based on the "bathtub" curve
of each unit. The result of this activity is a desirable
schedule from the power plant (or station) point of view.
This desirable schedule is a basic input for the
maintenance programming at the area and pool levels.
At the area (or utility) level, the maintenance scheduling
methods are also well established. At this level, most
methods, mainly those based on heuristics, address only
the generation system and do not take into account
maintenance effects on generation and transmission
(composite) reliability. The most popular criteria for
maintenance programming is reserve or risk equalization.
There arc very few references to maintenance
programming at the multi-area level. Recently, an
algorithm proposed by Chen and Toyoda represented
transmission constraints, but did not recognize
interconnection failures [4]. Not representing
interconnection limits in the maintenance scheduling of
generating units may result in optimistic reliability indices,
as far as the effects of transmission outages are not
considered in the computation of these indices [6].
Actually, different space distributions of the generating
units under maintenance may lead to different composite
reliability levels, for the same amount of maintenance
capacity out in a certain period [6].
This shows the importance of representing interconnection
limits in setting up maintenance schedules for composite
reliability studies. In other words, it is recognized now that
multiarea maintenance scheduling is as required to
composite reliability analysis as the single area
maintenance scheduling used to be (and still is) in
generation system reliability evaluation. Reference [2]
presents a method that considers transmission system and
probabilistic reliability constraints.

PROBLEM DESCRIPTION

The multiarea maintenance scheduling problem may be
formulated under several degrees of complexity,
depending on the nature of the transmission limitations. In
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its simplest formulation, the interconnection limits are
ignored: it is the basic (single area) problem. In this case,
the maintenance scheduling problem may be solved via
generation reserve or risk equalization along the time.
The inclusion of transfer limits in the basic problem leads
to the multiarea maintenance scheduling problem. The
multiarea problem, in itself, comprises several degrees of
complexity, as follows:
• scheduled exchange power
• free exchange power with deterministic transfer limits
• free exchange power with probabilistic transfer limits
The scheduled power interchange problem occurs when
there are contracts that define the amount of power from/to
each system to/from its neighbours, for each load level. In
this case, an .V area problem resolves into into .V single
area problems, which may be easily solved with
specialized (heuristic) algorithms for the single area
problem
If only the transfer limits are knoun. we have the free
exchange power problem. The simplest version of this
problem arises when the interconnection limits are
deterministic. This problem may be solved by heuristic
methods, by optimization techniques or by a combination
thereof.
The free interchange power with stochastic transmission
constraints represents the highest degree of sophistication
in generation maintenance scheduling and its solution
requires a mathematical optimization approach. An
optimization model able to solve this difficult problem has
been recently developed [2]. This algorithm models
generator and interconnection failures as an explicit multi-
area stochastic problem and is based on the [lenders
decomposition method.
The objective of this model is to determine a maintenance
schedule that minimize the expected power not supplied
(ICI'XS) over a given period, subject to technological and
system constraints. In this model, technological constraints
are related to resource availability limits, unit maintenance
sequence, minimum and maximum time interval between
successive maintenance outages for a given unit, and so
on. System constraints are related to equipment limits,
energy production, power balance and so on.
In hydro dominated systems, the operation costs are
determined mainly by water availability, which is
generally subject to seasonal variations. Thus, under
favourable hydro conditions, most thermal plants are shut-
off or set at their minimum capacity limits. In this case,
there is enough hydro generation to supply the load and
thermal plants can be maintained without additional fuel
costs. Under low hydro conditions, the thermal plants arc
committed at their maximum capacity limits and any
preventive maintenance outages are postponed for wet
seasons. This "natural" decoupling between the production
costing and the maintenance scheduling subproblems in
hydrothcrmal systems makes fuel and fuel related costs
almost insensitive to maintenance schedules.
As a consequence, the maintenance scheduling problem
for hydro dominated generation systems, as is the case in
the Brazilian system, may be cast in terms of minimizing
the costs of manpower and resources necessary to maintain

each generating unit, within a one year long period. Due to
difficulties in obtaining "field proven" maintenance costs,
fictitious costs are often used lo penalize the deviations
from an "ideal" maintenance schedule, which would reflect
the preferred schedule from the power plant point of view
Another approach considers that costs do not depend on
time, as far as the maintenance is done within a prescribed
time interval (window). The latter approach has been
adopted in this work.
The problem constraints may be grouped into two sets: the
first related to production and maintenance policy, and the
other associated to overall system reliability performance.
The first group of constraints includes:

• Allowable maintenance intervals: specifies the
intervals in which maintenance may be performed for
each unit; this specification may be used to assure
adequate maintenance frequency, to avoid thermal unit
outage under low hydrological conditions, and so on;

• Maintenance duration: specifies for each unit the
number of maintenance periods necessary to complete
the desired maintenance activity;

• Maintenance completion: requires that each unit
maintenance is done at least once in the planning
period and once it has begun, it has to be completed
without interruption;

• Maintenance crew constraint: requires that there
should be no simultaneous planned outage of units to
be maintained by the same crew;

• Maintenance priority (or sequence) constraint:
requires that the maintenance of each unit be done
according to a prescribed priority (or sequence):

• Energs' production constraint: specifies the minimum
number of units necessary to produce a certain amount
of energy or to avoid spillage in a hydro plant:

The energy production constraint is the main link between
the production scheduling and the maintenance scheduling
problems. It intends to assure that the hydro plants have
enough capacity to maximize their production and/or to
avoid water spillage during high water seasons. The
determination of the minimum number of units at each
hydro plant requires the utilization of a production costing
program. The production costing programs normally used
in hydrothermal systems arc based on the chronological
(usually on a monthly or weekly interval) simulation of the
generation system. The simulation results are then used to
construct the energy production constraint of the
maintenance scheduling problem.
The second group of constraints relates to the electric
system and load supply reliability, as follows:

• Power balance constraint: requires that, in each area,
the available power must match the area load and
interchange contract requirements;

• Generator capability constraint: specifics that the
maximum power production in each unit docs not
exceed the unit available capacity; this constraint is
particularly important in hydro plants, since the hydro
turbine power is sensitive to the water storage level:
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Interchange capability constraint: specifies that the
maximum amount of flow shall not exceed the
transmission capability of the tie lines in a multi-area
system;
S\.\i<:m reliability COIMIMU. requires that the selected
maintenance schedule does not violate the reference
risk level, at system and area level; it may be specified
either directly, as a maximum risk value, or indirectly,
via a minimum reserve requirement.

MATHEMATICAL MODEL

The stochastic version of the operation subproblem may be
stated as follows:
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where:

/ generating unit index

l maintenance period (week or month)

.t,, = 1 if unit / maintenance starts in period /

.v,, = 0 otherwise

c,, cost of starting unit i maintenance in period I

L\ earliest period for maintenance of unit / to begin

/, latest period for maintenance of unit i to begin

d, unit i maintenance duration (number of periods)

p unit p identifier

q unit q identifier

/, time period in which maintenance of unit p starts

f2 time period in which maintenance of unit q starts

g,, unit / power generation in period / (MW)

fVM tie-line k inflow to area a in period / (MW)

fM tie-line w outflow from area a in period t (MW)

<J>a set of indices of areas (a = I M)

<t>u set of indices of units at plant u

Oc set of units for nonsimultaneous maintenance

g,,(£ ) generation capability of unit i in period ( as
function of state vector \

7,»iQ allowed maximum for^M(M\V)

gm plant i/ maintenance resources in period /

Ln peak load of area a during period /

SOLUTION METHODOLOGY

A decomposition technique is able to break this large-scale,
mixed-integer stochastic programming problem into two
subproblems: a deterministic, mixed integer decision
problem and a stochastic, linear operation sub-problem.
The problem breakdown is advantageous not only because
it transforms a very complex problem into two simpler,
lower dimension subproblems, but also because there are
efficient, specialized solution techniques to solve the
subproblems. The Benders decomposition scheme is shown
in Figure I
The interaction between the subproblems is as follows. The
master (decision) subproblem initially establish a trial
maintenance schedule that takes into account resource
limitations (crew, equipment), energy goals and other
constraints. This subproblem is solved by an efficient
branch-and-bound technique that gives also the lower
hound of the operation cost.

Decision Problem

(Mixed Integer, Deterministic)

Maintenance

Schedule

Benders

Cuts

Operation Sub-Problem

(Linear, Stochastic)

l:ig. I - Benders Decomposition Scheme

The trial schedule is then evaluated by the operation
subproblem, which determines a new operation cost. This
operation cost is the upper bound of the objective function.
If the difference between the lower and upper bounds arc
within a specified tolerance, the current solution is
optimum.
Else, the operation subproblem generates further constraints
(Benders cuts), that are added to the master problem. The
new master problem is rc-solved. a new trial schedule is
sent to the operation sub-problem, and so on, until
convergence occurs.
The operation subproblem is solved by a multi-area
reliability analysis algorithm, based on a network flow
model of the system [7].

APPLICATION OF THE METHODOLOGY
The proposed methodology has been applied to the
system illustrated in Figure 2, whose data is detailed in
Tables 1 and 2.
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Figure 3. The resulting maintenance schedule is presented
in Table 3.

Fig. 2 - Test System

Area

1
1
1
1
1

2
2
2
2
2
3
3
3
3
3
3
3
3
4
4

5
5
5
5
5

Plant

1
1
2
2
3
4
5
5
5
6

7
7
8
8
8
8
9
9
10
10

11
12
13
14
15

TABLE 1 -
Unit

1
2
3
4
5
6
7
8
9
10

11
12
13
14
15
16
17
18

19
20

21
22
23
24
25

MW

240
240
460
460
330

500
160
160
160
580
240
240
580
580
580
580
340
340

400
560

260
260
530
200
280

Generation Data

Duration

1
1
2
2
2
3
1
1
1
2
1
1
2
2
2
2
2
2
1
2
3
3
3
3
1

Period

4-10
8-12
1-7

9-12
1-7

1-5
3-9
8-12
6-11
2-10
5-10
1-7
1-4
3-7
5-9
8-12
9-12
5-9

7-12
3-12
1-8

3-11
2-12
2-11
1-5

Avail
ability

0,048
0,048
0,024
0,024
0,024
0.090
0.090
0,090
0,090
0,090
0,080
0,080
0,080
0,080
0,080
0,080
0,024
0.024
0.090
0,090
0,024
0,024
0,014
0,024
0,048

Fixed
Genera

tion
(MW)

530

400

1500

880

180

TOTAL CAPACITY: 12490 MW

TABLE 2 - Interconnection Data

lnteconnection

area 1 - area 2
area 2 - area 3
area 2 - area 4
area 3 - area 4
area 3 - area 5
area 4 - area 5

Capacity
(MW)

L 1500
1800
1000
1000
500
800

Unavailability

0.01
0.01
0.01
0.01
0.01
0,01

In this formulation, the objective function is to minimize
system EPS'S. The convergence process is illustrated in

• EPNS Upper Bound • EPNS Lower Bound

Fig. 3 - Convergence of EPS'S Minimization Process

Figure 4 shows that, in a transmission constrained system,
reserve leveling does not assure risk leveling neither risk
minimization, as would be expected in a single area
problem. The fact that diverse EPNS values may result
from identical reserve levels is confirmed by observation
of the same figure.

35

30 •

25*

20 •

15 • ;

1 0 • '

5 • /

0 •

\

\

Ä -

• - Reserve (%)

•

•— • - - • - -

• EPNS (MW)

•

• - - • - •
1 2 3 4 5 6 7 B 9 10 11 12

periods

Fig. 4 - Global EPNS for Reserve Leveling

The optimization approach give a better EPS'S
distribution along the maintenance periods, as can be seen
in Figure 5.

- x - EPNS minimization Reserve leveling

25 . EPNS (MW)

9 10 11 12

periods
Fig. 5 - Reserve Leveling x EPNS Minimization
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CONCLUSIONS

In this paper, a new methodology to solve the multi-area
maintenance scheduling problem was presented. The
methodology is based on the Benders decomposition
technique and takes into accouni transfer limitations and
stochastic reliability constraints.
The proposed algorithm was applied to derive the optimum
maintenance schedule for a practical system of five areas
and 25 units. The results showed that the approach is
promising and the algorithm is a very efficient and
powerful tool to solve the multi-area maintenance
scheduling problem.
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INCORPORATING REACTTVE POWER INTO POWER SYSTEM RELIABILITY
ANALYSIS

by
D J Coatcs

and
P T Manning

National Grid Company,
National Grid House,
Kirby Corner Road,

Coventry CV4 8JY, UK.

Abstract - To date there has been a
tendency to neglect reactive power issues in
reliability analysis. This paper is an initial attempt
to redress the balance by identifying the important
issues. It firstly considers the importance of
reactive power in assessing the reliability of a
modem power system, and then goes on to discuss
the reliability and other data which is required to
undertake reliability assessments. Finally the state
of the art of existing methods of reliability
assessment is discussed followed by some
suggestions for further work.

J. INTRODUCTION

To dale most of the published literature on the
reliability of Power Systems has concentrated on the
ability of systems to deliver active power, or MW [ 1,2].
Rather less attention has been paid to the requirements
of the sysU. *. i i provide reactive power to support the
active powci (k ws, although the provision of reactive
power in a modem power system can be as important
as that of active power. This paper attempts to remedy
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that defect; it discusses the sources and sinks of
reactive power, the reactive data requirements for
reliability analysis and the state of the art of the
incorporation of reactive issues in reliability
assessments.

To date this concentration on active power has not been
that important as far as utilities is concerned.
However, as Power Systems evolve the provision of
reactive power is becoming more and more important.
A major reason for this is that thermal limits arc being
continually increased as it is possible to get more and
more power down a right-of-way. Figure 1 shows, for
a typical UK transmission line, how the MVAr
generated/absorbed varies with the power flow. It also
shows how the thermal limit of the line has increased
over the last three decades. This increase has been
caused by four effects:

a) increasing the temperature at which the
conductors are allowed to run;

b) introducing new materials with lower
resistivity (in particular AAAC conductors);

c) improving the statistical correlation between
weather and temperature;

d) introduction of larger size conductors
resulting from improved modelling of
mechanical engineering stresses.

As can be seen in Figure 1, these developments have
allowed the thermal capability of the circuit to increase
by more than two-fold over the last two decades,
whereas the values of reactance and capacitance has
remained virtually unaltered. Accordingly for many
circuits within England and Wales the limitations on
power flows are given not by thermal considerations,
but by an inability to maintain the voltage at the
receiving end. It should be noted that the thermal limit
is well in excess of the "natural loading" i.e. the loading
at which the reactive losses equal the capacitive gains
to give uniform voltage down the transmission line.

Paper SPT PS 05- 02- 0439 accepted
for presentation at the IEEE/KTH
Stockholm Power Tech Conference,
Stockholm, Sweden, June 18-22,1995
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Figure 2 Capacitive
Compensation installed in England

and Wata*

Year

A second way in which this can be illustrated within
England and Wales is the requirements of providing
capacitive compensation on the Power System. Figure
2 indicates how the provision of capacitive
compensation has increased over the period 1988-
1995. A very large amount of capacitivc compensation
has been installed to support power transfers which
have increased substantially as the pattern of generation
has changed.

Previous International Experience

Voltage collapse caused by a shortage of reactive
power has occurred in a number of important system
incidents. In Tokyo in 1987, there was a voltage
collapse as the air-conditioning demand rose rapidly
after the lunch break, and capacitors could not be
switched in quickly enough. In France in 1988, a
voltage collapse caused by a combination of
transmission faults resulted in a shutdown of part of
Brittany, while in Sweden in 1987 a voltage collapse
occurred as a result of a transmission fault [3].

SOURCES AND SINKS OF REACTIVE POWER
AND THEIR RELIABILITY

The major sources and sinks of reactive power can be
summarised as follows:

sources:
a)
b)
c)

Sinks:

a)
b)
c)
d)

generators
capacitors
any capacitance inherit in the system

demands
generators
reactors
any reactance inherit in the system

CO

a)

b)
c)

It should be noted that generators can both generate
and/or absorb reactive power, as also can modern
control devices such as Static Var Compensators
(SVC's).

Generation

Generators are perhaps the most important sources
and/or sinks of reactive power. With modern AVR's
their control action is fast and, of course, they are an
inherent part of the system. In England and Wales the
provision of reactive Power is governed by the Grid
Code [4] which requires all generating units to be
capable of a 0.85 lag/0.95 lead power factor at rated
MW.

Although design values may be specified, generating
units can suffer breakdowns which limit their reactive
capability. Such events do not normally affect the
provision of Active Power, and hence repair to restore
the reactive capability usually awaits the next planned
outage of the Generating Unit. Shortfalls in reactive
power can therefore be quite protracted. National Grid
Company currently makes allowance for this in its
planning process by assuming a reactive availability of
90%, ie only 90% of lagging MVArs are available at
any time, a reasonable approximation to what is
currently achieved in practice. However, it should be
noted that reactive shortfalls tend to occur discretely on
particular machines, rather than being spread uniformly
across all units; they can also be prone to common-
mode failures if type-faults are identified.

The reactive power requirement of the demand is
inherent in its characteristic, and is not amenable to
control action. Accordingly, for reliability assessments
this should be considered a fixed requirement. It is
necessary, therefore to accurately predict the reactive
demand on the system. Whereas a significant amount
of work in predicting active power demand has been
undertaken, there has been little work done in
predicting the reactive demand. The difficulty of
predicting reactive demand is demonstrated by Figure
3. This shows the total demand (both active and
reactive) on the NGC system for the 48 half hours for
all Tuesday in 1993/4. Tuesdays were selected to
avoid weekend effects, but even so there is a
considerable scatter. In particular it should be noted:-

the maximum MVar demand can occur for a
wide range of MW demands (including peak)
the MVAr demand is not constant
the power factor is not constant
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Fiflurc 3 Scatter Diagram o( MW against MVar lof
NGC system on Tuesdays
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Svstcm Effects

The system itself, i.e. the overhead lines, cables and
transformers, generates and absorbs reactive power.
This may be readily calculated as an inherent part of
the ac load flow. The amount of system reactive gain
or loss is not generally amenable to control action, with
the exception of light loads when the capacitivc gain
can be reduced by switching out lightly loaded circuits
(especially cable circuits), and the reactive loss can be
increased by utilising transformer tap stagger.

Static Var Compensators

SVC's arc relatively new items of equipment on the
system. Like generators, they arc capable of providing
reactive power which is infinitely controllable within
the design limits. To date their reliability performance
is mixed; UK and Norwegian [5] experience is good
but that in South Africa [6] and Canada \i, 8] is not so
good.

SYSTEM MODELLING

In order to understand the requirement for reactive
power, and how reliable the system is with respect to
the provision of reactive power, a full scale AC load
flow needs to be undertaken. Of particular importance
is the response of the system to any outages which may
occur. The system must be secure to any credible
outage, as failure to be secure may result in a voltage
collapse and large scale system shutdown. As an
example the worst credible outage on the UK system
results in an increase in system MVAr demand, as
measured by 12X losses, of over 2500 MVAr..

With a purely thermal analysis it is generally only
necessary to examine the "before" and the "after"
conditions; the dynamic effects of the fault need not be
considered. With such large system I:X changes, a
fault can result in many changes on the system; these
include:-

AVR response of generators
SVC response
Demand response
Transformer tap changing
Capacitor switching.

All such changes need to modelled.

It should be noted that the prime conditions of interest
in assessing system reliability occur when the system is
heavily stressed. Under such conditions many of the
approximations inherent in approximate load flow
calculations arc no longer valid - for example the
assumption of unity volts is generally untenable.

Failure Criteria

With a thermal analysis, the criterion for failure is
normally well-defined. When reactive issues arc
considered, the result is often low voltages to the
customer, which can give rise to customer nuisance, or
tripping of some loads, but the extent of this is not
normally predictable.

A rudimentary test which has been used in some
reliability analyses is based on delivered voltage - a
voltage below 0.95 (say) being considered a failure.
This simplistic view cannot be applied to real
transmission systems; in England and Wales some
faults can result in stable voltages below 0.9, whereas
others can give a potential voltage collapse well within
the normal system operating voltage range.

REACTIVE RELIABILITY ASSESSMENT

A contingency enumeration approach is often
appropriate when there are only a few critical outages
which can give rise to problems. Such outages are
usually those which separate a demand centre from
local generation. An example of this is shown
schematically in Figure 4, where the only contingencies
of real interest are the loss of the double circuits
between substations B and C, and between C and D.
The first of these contingencies leaves the load at B
radially connected to the system and remote from local
generation; the second of these leaves B and C radially
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connected Furthermore problems usually only occur 3.
at high demand levels. Voltage problems can thus
often be readily analysed by examining a couple of
transmission contingencies at a few demand levels, 4.
factoring in the other relevant issues such as capacitive
compensation reliability as necessary.

5.
There are some cases, however, where a contingency
enumeration approach is not feasible. These tend to
occur with demand centres in the middle of complex
networks, where the critical contingencies can often not
be easily identified. Such cases are very difficult to 6.
analyse, and generally it is necessary to make some
simplifying assumptions to assess the system reliability.

Software capable of assessing system reliability on a
thermal basis has been developed by NGC
(ESCORT[9,10,11]) and Electricite dc France
(MEXICO/MERIDA[12,13]). These items of software 7.
analyse the entire system to ensure that it is secure, i.e.
that no credible outages will result in unacceptable
system conditions, but to date these software items only
consider thermal issues as they arc based on dc load
flows. The nearest such software gets to considering 8.
voltage issues is to examine the change in system VX
losses as a result of a transmission fault, to provide a
proxy for the change in MVAr requirements.

THE WAY AHEAD

This paper has reviewed the application of reliability 9.
analysis to the provision of reactive power. A number
of areas where further research is appropriate have
been identified.

These areas include: 10.

the variation of reactive demand (MVAr)
with active demand (MW)

the reliability of SVC's

the development of reliability software to
include an ac load flow within a security
constrained despatch algorithm
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Abstract: This paper describes the main features of a comprehensive
model, developed for the probabilistic evaluation of the adequacy of large
scale power systems. The system analysis is carried out through a full set
of indicators, including reliability indices and probability distributions of
selected variables, such as area interchanges, power flow in circuits ,
voltage in buses etc. These indicators are calculated in two stages: before
and after the introduction of remedial actions. Also, the model yields the
representation of system hourly load curve, with uncertainty around the
load levels. The flexibility and performance of the model arc illustrated in
case studies with a 1400-bus, configuration of the Brazilian system.

Keywords: Power systems; probabilistic analysis; composite reliability,
large scale systems

INTRODUCTION

The Brazilian power generation system is hydro-dominated in bolh
capacity and energy production. There is a very large economic hydro
potential to be exploited. Most of the new hydro sites arc located far from
the main load centers. The transportation of huge power blocks to these
load centers requires the development of a meshed extra or ultra high
voltage transmission system with rather long lines. In order to balance
economy and supply adequacy in the development of such a system,
probabilistic adequacy evaluation is strongly emphasized, posing a
complex task for planning and operation staffs.

The application of probabilistic methods to the adequacy assessment of
the bulk system transmission network is being investigated for some years
by the Brazilian Power Reliability Working Group (SGC), composed of
representatives of most major utilities [1]. The computational tools for
generation and transmission reliability evaluation have been widely used
in the Brazilian system [2,3]. Early studies conduced by the SGC had
shown that there is a significant interaction between generation and
transmission factors, thus making composite generation and transmission
reliability evaluation specially relevant for planning studies [4].

Therefore, it has been developed a comprehensive model to analyze the
adequacy of large systems (3,000 buses and 5,000 circuits), including
voltage sensitive network models, load scenarios, independent and
dependent outages, and frequency and duration (F&D) indices [5]. This
tool enables a complete diagnosis to be obtained of the system under
study, based on probabilistic techniques. This is possible, not only by
means of the reliability indices themselves, but also from the whole range
of additional information furnished. This includes information on most
severe cases, probability distribution for selected variables (areas
interchange, circuit power flows, bus voltages, etc.), violation statistics by
circuit and by bus, loss statistics by area, and sensitivity to system
reinforcements.

This paper describes the main features of the model. These features are
illustrated in case studies with a 1400-bus configuration of the Brazilian
Southeastern System (BSS)
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BASIC ALGORITHM OF THE PROPOSED MODEL

The basic algorithm of the proposed model is composed of the following
steps:

1. Set up the scenarios and associated base cases, i.e., system
configurations and load levels.

2. Select one scenario (and base case), by cilher successive enumeration
or stratified sampling.

3. Select a system state, i.e., define equipment availability. The selection
is carried out either by successive enumeration or by Monte Carlo
sampling of equipment availability from their respective probability
distributions.

4. Check the adequacy of the selected state, i.e., verify whether that
specific configuration of generators and circuits is able to supply that
specific demand without violating operating limits and, if necessary,
take corrective actions.

5. Update the estimates of scenario reliability indices. If the accuracy of
the estimates is acceptable or the prc-spccificd sample size is reached
(Monte Carlo option) or the prc-spccificd set of contingencies is
exhausted (enumeration option), go to the next step; otherwise, go to
step (3).

6. If the set of scenarios is not exhausted, go to step (2); otherwise, if the
enumeration approach was selected, stop; if the Monte Carlo approach
was selected, go to step (7).

7. Compute estimates and verify the accuracy of annual indices; if
acceptable, stop; otherwise, if allowed by the sampling budget, set up
additional samplings for the scenarios according to a sampling plan,
calculated by the model, and go to step (2).

SCENARIO AND STATE SELECTION

Scenario Selection

The concept of scenario is used to take into account different system
configurations and load levels (hydrological and weather conditions will
be also included). One scenario is characterized by the base system
configuration, including the following elements: system topology,
components and load level. Associated to each scenario, there is a set of
generation dispatches which, together with the voltage profile, define a set
of operating points. Note that, in contrast to thermal-dominated systems,
in which the operating point is associated to the economic fuel dispatch,
there may be several hourly dispatches in a hydro-dominated system. The
model sets up a system base case associated with each operating point.
The base case corresponds to an adjusted power flow solution, using
either a linearized model or a nonlinear AC model. There are also two
approaches: successive enumeration and stratified Monte Carlo sampling.
In the last case, using a stratification technique we can allocate a sample
size for each stratum in order to reduce the total sample size required to
estimate the annual indices [6-8],

State Selection

For each scenario there are two approaches for state selection: successive
enumeration and non-sequential Monte Carlo sampling.

Enumeration methods seem to be efficient when the state space is
relatively small. This situation is more typical of pure transmission
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reliability studies, in which the circuit outage probabilities are usually low
and, consequently, combinations of several circuit outages (excluding
common mode failures) are very unlikely [9],

In tum, \lonte Carlo methods seem to perform better when the number of
severe/likely system states is potentially greater [10]. This situation is
more often found in composite studies, in which higher-level outages arc
more likely due to the higher forced outage rates of the generating units.
Monte Carlo methods are also favored when complex features need to be
represented. The major limitation of Monte Carlo methods is the strong
dependence of computational effort on the desired accuracy.

ADEQUACY ANALYSIS

The adequacy assessment of each selected state is divided into Cve steps:
state configuration, prc-solution, solution, monitoring and remedial
actions.

A state configuration comprises the original contingency (forced outages)
plus associated changes. The associated changes correspond to the set of
automatic operating actions carried out after the contingency occurrence.
The set of contingencies represented in the model includes: transmission
outages, generating unit outages (two-state and derated) and common
mode failures. The associate changes represented in the program include,
for example, load transfer, load shedding, network reconfiguration
(switching), and generation dropping.

The pre-solulion carries out some preliminary adjustments in order to
improve computational performance during the solution step. The
following aspects arc taken into account: identification of electric
disconnection in the transmission network (islanding); adjustment for
islanding, i.e. definition of new slack buses, removal of isolated buses,
generation/demand balance per island; automatic generation control, i.e.
generation rcdispatch based on participation factors; and load shedding
due to insufficiency of generation.

The solution step corresponds to a power flow solution, where two
models may be used: linearized DC model, or a nonlinear AC power flow
model. For the AC model, two solution methods are available: Newton
and fast decoupled load flow. Fast sparse techniques arc used to represent
circuit contingencies. Divergent load flow cases, basically due to voltage
problems, arc carried out based on a customized algorithm which tries to
translate, if necessary, these problems in terms of load curtailment.

The monitoring step determines operating violations in the system based
on pre-specified criteria. The types of system problems detected in the
monitoring step comprise circuit overloads, bus voltage violations, load
shedding due to insufficiency of generation or isolated buses.

Remedial Actions

During the remedial actions step, transmission overloads and bus voltage
violations caused by contingencies arc eliminated by rescheduling of
system generators, adjustments in voltage profile and taps of LTC
transformers, and, if necessary, load curtailment. It is possible to assign
cost curves to load curtailment in each bus, and to establish priorities for
the control actions.

The minimization of total load curtailment in the system may be
represented by a nonlinear optimization problem, which is solved by a
successive linearization based algorithm [11], which is fast and flexible,
allowing local solutions. The algorithm has three major steps which are
repeated until all violations are eliminated:

* model linearization - consists of an increments] linear model
calculation obtained with a first-order approach (Jacobian matrix) of
the relations between system variables. This linearization is carried out
around an operation point obtained after load flow convergence
{solution step).

• solution of linear model - the solution algorithm is basically the Dual
Simplex, using reduced basis, multi-segment cost curves, bounded

variables, local solutions and other techniques to reduce memory and
computational requirements [12].

• monitoring - power flow solution and verification of violated operating
constraints.

RELIABILITY INDICES

System Problems Indices

The problem indices are related to violated operating limits for the base
case dispatch, i.e., before corrective measures take effect. For each
desired variable, probability of violating its limits are obtained. This
includes probability of islanding, overloads and voltage violations, which
compose the system problem probability (SPP) index.

Load Curtailment Indices

The load curtailment indices arc related to the load shedding necessary to
alleviate the violated constraints. This includes the loss of load probability
(LOLP) and expectation (LOLE), expected energy not supplied (EENS),
loss of load frequency (LOLF) and loss of load duration (LOLD),
calculated at system and bus level [5]. Both types of indices arc
disaggregated by failure modes, in according with the constraints initially
violated. The difference between the SPP and LOLP indices is a measure
of the effectiveness of the remedial actions.

Probabilistic Power Flow

Besides the mean values of the problem and load curtailment indices, the
described model also provides probability distributions of selected
variables, such as power flow in circuits, bus voltage, inter-area exchange,
system and area losses, etc. These distributions arc us"ally obtained with
probabilistic power flow algorithms [13].

Usually, the uncertainties considered in the traditional probabilistic power
flow algorithms arc related to generator outages, peak load fluctuations
and hydrological conditions. In the proposed model, besides these
uncertainties, the distributions may be obtained before and after corrective
measures take effect, for example allowing the computation of probability
distributions of bus load curtailments. Also, it can be taken into account
the impact of uncertainties in each load level as well as the effect of load
shape on these distributions.

Relative Contribution of Generation, Transmission and
Composite Failures

The difference between the overall system indices and the generation and
transmission system indices (which arc a by-product of the reliability
analysis) one can evaluate the contribution of the composite effects to the
indices, that is, the term that is not explained by the "pure" generation and
"pure" transmission reliability models [6].

Other Indicators

Besides the usual composite and probabilistic power flow measurements,
the program furnishes a whole range of additional information, such as
most severe cases, violation statistics by circuit and by bus and loss
statistics by area.

As a by-product of the optimization-base remedial actions model, the NH2
program produces sensitivity indices of system performance with respect
to reinforcements in generation and transmission capacities. This
sensitivity information is very useful for both planning and operational
studies, as it helps identify system "bottlenecks" and allows an estimate of
the benefit/cost ratio of candidate reinforcements, and they are related to
the marginal operating costs of the system.

Definition of Reliability Indices

The problem of calculating reliability indices is equivalent to calculating
the expected value of a given test function [10]:
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T.F[x)P(x)
X 6 A'

m

where:

.T system stale, defined by the state of system elements (e.g.
generators, circuits etc.);

X state space;

P(x) probability of state x,

F{x) test function; its objective is to verify whether that specific
configuration of generators and circuits is able to supply a specific
load.

Using suitable definitions of the test function F{x), E(F) can represent any
previously defined reliability index. In the enumeration scheme, lower
bounds for the reliability indices are provided, once the states arc usually
selected from a subset X'cX of all possible states. In Monte Carlo
simulation, states.v of the system are sampled from their joint probability
distributions. The expected value of F, E(F), is estimated as:

£ (F )= 1 IN Z Flx^) (2)
i = 1

Considering expression (2) is valid for any type of function F, it provides
unbiased estimates of the same reliability indices as the enumeration
approach, including the F&D indices [5]. Since x and F[x) are random
variables, this estimator, which is an average of N observations of F[x). is
also a random variable. The uncertainty around the estimate is given by
the variance of the estimator:

l'[E(F))=V(F)lb'S (3)

where I\F) is the variance of test function.

Expression (3) indicates that the uncertainty of the estimate depends on
the variance of the test function, V{F), and is inversely proportional to the
sample size. This confirms the intuitive notion that accuracy of a Monle
Carlo experiment increases with larger sample size N. This uncertainty is
often represented as a coefficient of variation:

(4)

The coefficient of variation is used as a measure of the accuracy of the
estimates. Moreover, as previously described, with Monte Carlo it is
possible to calculate the complete probability distribution of random
variables such as power flow in a given circuit, voltage in a given bus etc.

VARIANCE REDUCTION TECHNIQUES

In order to reduce the computational effort of large composite system
reliability analysis by Monte Carlo simulation, variance reduction
techniques (VRT), such as control variatcs and/or stratification, can be
used.

Control Varlates

For any scenario, one can combine enumeration with simulation by means
of control variatcs [8]. Consider any reliability index defined as the
expected value E{F) of a test function F. The naive estimate of E(F) is
obtained from (2). Now consider a simplified model where the test
function G(x) is correlated to F[x) and such that E(G) is obtained
analytically (e.g., using "pure" transmission reliability analysis by
enumerating a list of circuit contingencies). Then the new estimate of E(F)
is given by:

E (F) = E(G)+\IN 2
i= 1

That is, the simulation only deals with the residual, i.e., the difference
between the result of the complete and the simplified models. In other
words, the component of the reliability indices that can be explained by
the analytical model is factored out of Monte Carlo sampling scheme,
which then handles only the unexplained residuals.

It can be shown that if E(F) is the probability of failure, the variance

reduction ViElFiyiXE'lF)) is given by MiX-r2), where r is the
coefficient of correlation between F and G, so that choosing a simplified
model highly correlated to the complete model, a great sample size
reduction is expected.

Depending on the system being studied, one can choose which simplified
model is adequate. For example, the transmission reliability evaluation
would be based on a DC power flow or even a continuity analysis if
islanding is a major effect. Another common simplified model is
generation capacity reliability.

Stratification

Another VRT is the stratification of the scenarios, used in order to reduce
the total sample size needed to estimate annual indices. The basic idea is
divide the system states into S disjoint subsets called strata, where each
stratum corresponds to one scenario. Any annual index can be calculated
as the weighted sum of the conditional values, where the weights arc (he
scenario probabilities.(7,14]. Given a "budget" of ;V sampled stales, a
sampling plan is used, so as to optimally distribute the states among the
strata (i.e. which minimizes the variance of the stratified estimator). First,
a trial run with a small sample size, which is divided equally among the
slrala or proportionally according to stratum probabilities, is used to
estimate initial sampling plan. For this sampling plan, new states arc
drawn from each stratum and the accuracy of the annual index estimate is
verified. If not yet acceptable, the process is repeated until convergence.
This technique allows obtaining annual indices within the required
accuracy with a much smaller computational effort that would be needed
if the sampling scheme were applied sequentially for all scenarios.

CASE STUDY

The mean features of the proposed model will be illustrated with a
configuration of the Brazilian Southeastern System (BSS) planned for
1997. This system is a 1400-bus meshed network with 260 generators
and 2300 circuits, having an installed capacity of 44,764 MW and a
forecast peak load of 36,952 MW. This large bulk system is hydro
dominated, with small thermal units located near load centers. Circuit
stochastic data arc limited to 719 circuits as provided by the SGC group,
for which 176 associated changes were considered.

The adequacy evaluation of each selected slate was carried out through
AC power flow model coupled to a successive linearization based remedial
actions model. The effects due to hydrological and weather conditions
were not considered.

Peak Load Analysis

Initially, it was performed a reliability analysis of the peak load condition
using transmission enumeration, Monte Carlo sampling and the control
variatc technique.

Transmission enumeration

The impact of circuit outages was evaluated using the cnumcralion option
of the NH2 model to calculate the transmission reliability indices of the
BSS system. Table 1 shows the results. In this case, it was captured 94%
of the transmission state space. The CPU time associated was .-.bout 5
minutes on a DECstation 5000/133.

Monte Carlo simulation

The composite reliability indices, taking into account generation and/or
transmission outages, were estimated through standard non-sequential
Monte Carlo simulation using a sample size of 10,000 observations. Table
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1 also presents the annualizcd reliability indices for this system, as well as
their relative uncertainties. It should be pointed out that the F&D indices
are accuratcd, i.e., they arc not upper bounds. Comparing the SPP and
LOLP (2.71?!)) indices we can sec that the effectiveness of the remedial
actions was 72% in this case.

This run took 81 min. on a DEC 5000/200. The CPU time is dominated
by system solution (64%) and remedial actions (32%). Note that each
linearization in the remedial actions model corresponds to a large scale
optimization problem with about 1,000 control variables and 10,000
conrtraints. However, although the execution of remedial actions takes
longer per case than the execution of power flows, the total number of
remedial actions is smaller than that of power flows, which account for
the overall importance of power flows in solution time.

Table 1 - Annualized Indices for BSS

Indices

SPP (%)
LOLE(h/vear)

EENS(MWh/vear)
LOLF(occ./vcar)

LOLD(h)

Enumeration
Value

7.6
237

8 500
88.0
2.7

Monte Carlo
Value P (%)
16.3

399.0
13 055
182.9
1.85

2.3
5.0
7.5
10.0
8.6

Relative Contributions of Failure A fades

The relative contributions of the main failure modes to the system indices
are presented in Figure 1.

Major contributions for SPP arc islanding and voltage violations, followed
by overloads. With respect to load curtailment indices, islanding is the
major effect, mainly due to the representation of radial subtransmission
network. Note that a great part of overload problems was alleviated by the
remedial actions.

37%
52%

36% VU
10%

12%

17%

SPP

11%

62% 34%

11%

6% 15%

EENS

• Islanding
Q Overload
§ Voltage
CD Others

ES Island.+Volt.
D Overl.+Volt.
• Island.* Overl+Volt.

Figure 1 - Failure Modes Disagregation for BSS Indices

Relative Contribution of Composite Events

As discussed previously, the relative contribution of composite events to
overall reliability indices is measured as the difference between the overall
indices and the sum of indices produced by "pure" generation and
transmission reliability assessments. For the configuration analyzed of the
BSS system, the generation deficiency was not relevant. This was mainly

due to not considering hydrological conditions and stochastic data on the
availability of the Southern system units.

Comparing the results presented in Table 1, we can see that, although the
enumeration scheme captures 94% of the state space (not considering
generation outages), this values only contribute respectively to 47%, 59%,
48% and 65% of the corresponding overall indices. This indicates the
need of a composite generation and transmission reliability evaluation for
the BSS system and, due to the complexity of this system, it can only be
achieved through a Monte Carlo simulation scheme.

Control Variate VRT Technique

Once the Monte Carlo sampling is indicated for the BSS system, the study
was repeated to analyze the effects of employing variance reduction
technique, the control variatc technique. So, a transmission reliability
evaluation was used as a simplified model, where single contingencies
were analyzed with AC power flow. Double contingency outages were
implicitly taken into account by applying the superposition theorem for
those circuits more than 10 neighborhood apart. This simple scheme
greatly improved the effectiveness of the VRT without any significant
computational burden. In this case, the LOLE index was estimated with
the same relative accuracy as the standard Monte Carlo run, but now the
sample size was reduced to only 2294 observations. The speedup
obtained was 3.

Load Curve Analysis

To illustrate the impact of load curve on the reliability indices, a multi-
scenario analysis was performed. In this case, the system load was
represented by a 5-lcvcl load curve, obtained from hourly load data.
Figure 2 presents the load transition diagram, where the load level
probabilities and transition rates arc also shown. It was also considered an
uncertainty of 2% around the mean value of each load level.

0 273/h

0 050/h[

Figure 2 - Load Transition Diagram for BSS

Monte Carlo simulations were performed for each load scenario obtaining
conditioned reliability indices. The final indices were calculated as the
weighted sum of the conditional values, using the load level probabilities
as weights. The total sample size was 30,000 observations, optimally
allocated among the load levels through the described stratification
technique. The relative uncertainty around the EENS estimate was 4.8%.
Table 2 summarizes the results.

Although both analysis (conditioned and load curve) are very useful to
evaluate system performance in important operational situations, one can
sec from Tables 1 and 2 that the load model has a significant impact on
system indices.

Table 2 - Global Indices - Load Curve Results

Indices
SPP

LOLE
EENS
LOLF
LOLD

Monte Carlo Evaluation
15.6%

264 h/year
8.9 GWh/vear
111 occ/ycar

2.4 h

1 3 5



The load curve consideration also changes the relative contribution of the
system failure mode. Figure 3 shows the failure modes associated to the
EENS index. One can see a decrease of the participation of power Dow
and voltage problems in the load curve analysis, mainly due to the
consideration of low load levels. Hence, there is an increase of load
shedding due to islanding because this failure mode cause problems in
any load level.

islanding paver flew voltage

Figure 3 - Failure Mode Disagregation - Peek Load and Load Curve

Probabilistic Power Flow

Figures 4-5 present some examples of probability distributions obtained
from the previous studies with the proposed model.

The impact of load curve consideration is observed in Figures 4-5, which
presents respectively the probability distribution of the interchange
between Ccmig and Furnas areas, and the power flow in the 500 kV
transmission line Cachocira Paulista - Adrianopolis, In both cases it was
taken into account composite (generation and transmission) outages and
adopted an uncertainty of 2% around the mean values of each load level.
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Figure 4 - Furnas-Cemig Interchange
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Figure 5 - C.Paulista-Adrianopolis 500 kV Power Flow

Other Indicators

Besides the previous reliability and probabilistic power flow results, the
NH2 model provides other useful system performance indicators. Tables
3-5 illustrate some of these additional information, taking into account all
the previous uncertainties.

Table 3 - Most Severe Overloads

Circuit

H.Borden 230/88
Itumbiara 500/345
C.Dourada 230/138
S. J.Del Rei-Itutinga 138
A. Laydner 230/138

Probability of
Overload ('/,)

4.3
3.0
1.4
0.5
0.4

Mean Violation
(MW)
118.7
105.8
109.7
104.9
109.3

Table 4

Bus

A. Lage 34
Hapevi 138
A-Arapiaia 138
C.Magalhäcs 13
C. Bonito 138

- Most Severe Undervoltages

Probability of
Undervoltage(%L

1.893
0.080
0.057
0.057
0.044

Mean
Violation (pu)

0.894
0.878
0.860
0.860
0.893

Table 5 -

Area
FURNAS

CESP
ELETROPAULO

LIGHT
CEMIG

ELETRONORTE

Area Mean Losses

Mean Losses (MW)
553
297
35
37

225
57

CONCLUSIONS

This paper described the main features of the current composite reliability
evaluation model used by Brazilian utilities able to analyze large systems
(3,000 buses and 5,000 circuits), including voltage sensitive network
models (AC load flow), load scenarios, independent and dependent
outages, Monte Carlo techniques with variance reduction schemes, and
frequency and duration (F&D) indices. These features were illustrated in
case studies with a 1400-bus configuration of the Brazilian Southeastern
System (BSS).

The BSS case study showed the contribution of combined generation and
transmission outages on composite reliability indices. The model was able
to cope with significant islanding, voltage and overload problems, which
were efficiently treated by the remedial actions algorithm, allowing the
composite reliability evaluation of a large scale system with a reasonable
computational effort. This effort was further reduced by a VRT technique
that takes into account the results of an enumeration-based reliability
analysis.

Work is underway to incorporate hydrological conditions, weather effects,
reliability worth assessment [15] and sensitivities related to stochastic
data [16].
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Abstract:
Reliability assessment has a vital role in system modeling. Spares
of the components in electric power systems is an important
criterion in the reliability evaluation. The concept of modelling
and evaluating the effect of spares is important as well. This
paper develops a new technique consisting of three equations for
the availability of spares as applied to electric power systems.
This technique is more tractable than Simulation or Markov
based techniques especially for large systems. The main objective
of this paper is to calculate the availability of the system under
restricted conditions on the number of repairs due to the lack of
manpower or facilities (which is usually the case in
practice). Moreover a sensitivity study is added to show the effect
of variation of failure rate, mean time to repair and the number
of spares on the value of unavailability of the system. Results arc
obtained from a numerical example and compared with those
results obtained by the application of another technique
(Markov, based) and under no restriction , on the number of
repairs and installations that could be conducted simultaneously

1- INTRODUCTION

Electric power systems arc continuously operated and
repairable systems. The availability of spares is an important
criterion in the reliability assessment of such systems . It is
frequently necessary to evaluate the number of spares that arc
required for a given application. The concept of modeling and
evaluating the effect of spares is important. There arc mam-
problem areas related to this aspect as generating stations,
station transformer configuration , generating station
auxiliaries, the transmission and distribution networks,
substation configuration and high voltage direct current
systems (HVDC).

Paper SPT PS 05- 05- 0124 accepted
for presentation at the IEEE/KTH
Stockholm Power Tech Conference,
Stockholm, Sweden, June 18-22,1995

It is more useful to know the amount of time that the power
system is operational during its mission i.e. system
availability. System availability can be calculated by an
approach based on Markov theory by deriving the system
transition diagram [I] and then solving the associated
differential equations or simulating system operation to
determine the amount of time spent in each system state [2 , 3]

These techniques become intractable for large systems |4] and
arc not relevant for design when the system architecture is
changing.
In this paper a new technique which consists of three simple
equations is presented. These equations arc the same as in (5)
but with some additions added to the third equation included
in this technique . Moreover, the application of these

equations is different as it is applied in different areas of
electric power system modeling . The main core of this paper
is to use these equations for studying the sensitivity of the
unavailability of the system to different parameters and also
for optimal selection of spares for a certain system availability
requirement. The major benefit obtained from the application
of this new approach is that it calculates the availability of
certain units in electric power systems under the condition of
lack of manpower or facilities which is a usual and practical
situation than that in [1]. The application of this new approach
gives results which arc more accurate than those given in [Ij
in which no restrictions exist on the number of repairs and
installations that can be conducted simultaneously. Since the
availability of system always approaches one, it is better to
compare the unavailabilities as done in this paper.

Notation :
n
X
T
F
K

S
r
R

number of operating units.
unit failure rate.
mission time length
n X T (Poisson factor or parameter)
required number of operating units (the
system is good if and only if at least K of its

n elements are good)
number of Spare units
unit repair time
mean unit repair time
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A
U

system down time in [0 . T] (random
variable)
average availability in [0 , T]
avcracc unavailability in [0 . T] = 1 - A :
UT = E{U 0 J } .
number of unit failures required to cause
svstcm failure

-Ix\)-(y/F)±F*/x\
x=0

II- METHODOLOGY AND EQUATIONS

Consider n units in an electric power system (e.g.
transformers or circuit breakers) each of which hasa constant
failure rate /. and the number of unit failures in an interval of
length T is Poisson distributed with mean (n /. T) . The
following two assumptions arc taken into consideration :-

|1) Repair times of all units arc statistically independent and
identically distributed with a finite mean repair time R.

[2] If a unit fails during |0 , T| and a spare is available, the
repair time for that unit is subtracted from the system
uptime during |0 . T| even if the repair is completed after
time T.

Consider an electric power system consisting of n elements
and the system remains good as long K of its n elements arc
good with S spares available . The system can be repaired until
( y = n - K + S + l ) failures occur. Repair is the time required
to determine that a failure has occurred , to isolate fault at a
particular level or unit, to replace the unit. to verify that the
system is good and restart the system . The average
availability (A) for a time interval (T) should be calculated
under different situations concerning repair . This will be
illustrated by deriving the following simple equations .
Since the number of failures is Poisson distributed and the
system is available until y failures occur. then

UT=E{U0T} = £Pr(xfailure)£(£7or|x failure)

|x failure} {a)
x=y

To calculate the system down time given x ( x > y) failures,
the time of occurrence of failure x is required. The number of
failures for exponential distribution are uniformly spaced in an
interval , eg, given 4 failures in the time interval (0,100). the
mean time of the first failure is 20 , the mean time of the
second failure is 40 and so on . In general if x > y occurs in an
interval T , the mean time of failure y is (yT/x+1) and the
mean amount of the system down time is (T-yT/x+1) then
Equation (a) becomes :-

z lx\){T-yTlx +

= Te-F

x=0

= 7
x-U

(1)

Equation (1) is the first equation of the group of equations
given in [5] : this equation can be applied if the repair time is
negligible as well as no spare units arc available.
The second equation can be applied to units for which repair
starts as soon as the first unit fails and the system docs not
operate during repair even if redundant units arc operable.
This equation can be derived as follows: -
The time to perform repair immediately upon failure of any
unit is added to E {U0T|x failures }in equation (a) and using
the two assumptions previously mentioned in the
methodology, then additional term is :

^ / _ J = 7?min{.s,x}

Equation (a) becomes :

UT = e ' f £ ( / = " I x\)(J - yT I x + l)
x-y

a

+ e~r'Yd{F' I x\)Rm'm{s,x}

The first term in this equation is the term which leads to
equation (1). but the second term will lead to the following :

x-y ' ' x\)Rmin{S,x}
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f(F' /x')RS

S-]

5-1

x=O

'.r!;
j

(b)

By dividing this last equation (b) by time T and subtracting it
from equation (1) we get the availability as follows:

i = 0

r
SR s

1 = 0

...(2)
The third equation can be applied for non - redundant units
with no spares. i.e. R =0 ; S = 0 . S equation can be derived as
in |5| but with an approximztion and additional term as shown
here.
Assume that the times to failure of the device arc
exponentially distributed . and that the lime period between
consecutive tests is T . then the average unavailability of the
device is:

1 T 1
~e~'J) for n units and

n ). T « 1 ,
This equation can be written as :-

n2XT2

u=\-
nXT

ami A = 1 -

- \-nÅT

nÅT

III - SENSITIVITY ANALYSIS

nÅT

2

(3)

This analysis can be done for any condition mentioned
previously and represented by any equation . The sensitivity
study is vital in reliability evaluation , it indicates the need for
considering the values of failure rate , repair rate and
component rating in any quantitative evaluation of sparing
requirements. Many alternatives arc possible in addition to
increasing the number of spares , including investing in
improved quality of components and therefore reducing the
failure rate. investing in repair and installation resources and
therefore increasing the relevant rales using components of
greater capacity or increasing the number of components
operating in parallel.
The most appropriate solution for a given requirement can

only be established from a quantitative reliability assessment
which should be used in conjunction with an economic
appraisal of various alternatives [1], In this paper the
sensitivity analysis is carried out to show the rale of change of
unavailability (U) with respect to the failure rate (/.) and also
with respect to the mean time lo repair (R) given different
number of component spares (s). The work can be extended to
give the rate of change of unavailability with respect to the
number of components (n) but this is not included here due to
limited spare. Also, the condition considered here is that
represented by the second equation (2). The resulting
equations of the rate of change after the differentiation of the
equation arc tabulated in Table (1) and arc applied to a
numerical example in electric power system to show validity

TABLE (1 - a) RELATION BETWEEN dU'dR AND NUMBER OF SPARES

Kale of
change

N of spares
s= (I

s - 1

s* 2

S O

ill: / uR (rale of change of unavailability w.r.t. mean lime lo
repair)

I-'c ' *

1 - c • '

2 ( 1 - r " ' - f r " ' )

3( , - , - ' ) - ^ - ' ( 2 + f )

TABLE (I - b) RELATION BETWEEN dU/d/. AND NUMBER OF SPARES

Rale of
change

N' of spares
s = 0

s= 1

s--2

s = 3

dU / d). (rale of change of unavailability w.r.t. failure rate)

(R- x~ FR)nc-F + —

(fi - 2.,- - l ) , c - ' * — .

[R - 3 , . F(K - 0 . 5 ) - l . i ] » C ' • ~ -

[tt- Ax* F(li-0 66)- 2 + 0 . 1 6 F ' ( 3 H - l ) ]np- r * j ^

where x = J_ + J L
"F F :

IV - NUMERICAL EXAMPLE

Consider a generating transformer substation that consists of
two identical three phase transformer banks , each bank
consisting of three identical single phase transformers. Each of
these banks is considered to have failed totally and must be
removed from service if any one of the three single phase
transformers in the bank fails.
Consider now one bank only ; the following data is available :-
failure rale (?.) = 0.01 failures / year.
consider three repair rates 4 , 12 , 52 repairs / year (These
being equivalent to repair times of about 3 months. 1 month
and 1 week respectively). The results obtained arc tabulated in
Table (2) as follows :- (also shown in fig, (1)).
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TABLE (2) RESULTS FOR SINGLE TRANSFORMER BANK

X.
failure/

vear

NO
SPARES

0.01
0.01
0.01
ONE

SPARE
0.01
0.01
0.01

TWO
SPARES

0.01
0 0 1
0.01

r
repair/
vcar

4
12
52

4
12
52

4
12
52

Al

0.992394
0.997343
0.999260

0.999809
0.999833
0.999836

0.999836
0.999836
0.999836

A2

0.977803
0.982665
0.987497

0.992297
0.997232
0.999123

0.992297
0.997261
0.999179

L l

0.007606
0.002657
0.000740

0.000191
0.000167
0.000164

0.000164
0.000164
0.000164

L'2

0.022197
0.017335
0.01503

0.007703
0.002768
0.000877

0 007703
0.002739
0.000773

A l . U1 Results of availabilities and unavailabilities obtained
from [ 1 ] with no restrictions on number of repairs.
A2 , U2 Results of availabilities and unavailabilities obtained
by the application of equation (2) in the new technique.

„ / Kef. CiJ

N>

lo

ft'uii (, c >• of' •$•/•=>« ff>

Fig (1) Unavailability of single transformer bank.

From these results it can be concluded that - when there is a
restriction on the number of repairs the availability is less than
any value obtained by the application of Markov - based
technique as in [1]. This is mainly due to that there is no
restriction on the number of repairs that can be done;
consequently the down time per year of this transformer
substation will increase as its unavailability increases . The
sensitivity analysis can be applied in this example to show the
rate of change of the unavailability with respect to two major
parameters (i.e. fa;) . rate and mean time to repair) by
applying equations . oned in table (1). It can be shown
that:

(1) For a certain failure rate (?.=0.01) and certain mean time to
repair (R=0.25) dU/d/. increases as the number of spares
increases. For example.

for S = 0 , — = 1.9
d/.

for S = 1,—= 6.63
a).

for S = 2 , * U 14
d/.

(2) For a certain number od spares (s = 1 for ex) dU/dR
increases as the failure rate increases i.e.

for /. = 0.01 , = 0.029
dR

for /. = 0 . 0 5 , — = 0.14
dR

for /. = 0 10, = 0.26
dR

Table (3) illustrate the variation of the unavailability (U) with
respect of the variation of mean time to repair (R) as the
number od spares changes and the down time in hours per
year for each condition.

Table (4) also shows the variation of the unavailability (U)
with the failure rate (?.) as the number of spares changes and
the down time in hours per year in each condition .
The optimum number of spares in this example is (s = 2) as
this number produces the minimum unavailability and also
minimum down time.

TABLE (3) VARIATION OF (I!) AND DOWN TIME WITH S AND R.t.
0.01

R

0.02

0.083

0.25

Unavailability
s = 0
0.015

(131.4)
0.0173
(151)
0.022

(192.7)

and (Down
s= 1

0.00087
(7.62)

0.00276
(24)

O.0077
(67.4)

lirnc in

s = 2
0.00077
(6.74)

0.00269
(23.5)

0.00769
(67.3)

hours per
s = 3

0.00084
(7.35)

0.00275
(24.09)
0.00776
(67.9)

year)
s = 4

0.0009
(7.88)

0.00282
(24.7)

0.00789
f69.ll)

TABLE (4) VARIATION OF (U) AND DOWN TIME WITH S AND R ™ 0.02

?.

0.01

0.05

0.10

Unavailability
s = 0
0.015

(131.4)
0.074

(648.2)

0.140
(1226.4)

and (Down
s= 1

0.00087
(7.62)

0.00336
(29.43)

0.00620
(54.31)

time in
s = 2

0.00077
(6.74)

6
(28.785)
0.00613
(53.69)

hours per
s = 3

0.00084
(7.35)

0.00338
(29.6)

0.00618
(54.13)

year)
s = 4

0.0009
(7.88)

0.00348
(30.48)

0.00623
f54.57)
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V - CONCLUSION

The results clearly indicate the need to consider the values of
failure rate and repair rate in any quantitative evaluation of
sparing requirements . The most appropriate solution for a
given requirement can only be established from a quantitative
reliability assessment which should be used in conjunction
with an economic appraisal of the various alternatives. These
alternatives include increasing the number of spares or
investing in improved quality of components and therefore .
reducing the failure rate or investing in repair and installation
resources and therefore , increasing the repair rate. Also
investing in increasing the number of components (n)
operating in parallel is another alternative . At last. it shoult'
be noted that the results shown and discussed previously were
evaluated for transformers for which repair commences as
soon as the first transformer fails and the system docs not
operate during repair even if redundant units arc still operable
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Abstract-"Netbas Reliability" is a practical tool for
transmission system reliability analysis which has been
integrated with Netbas database system for network
planning and maintenance. ALso included in this
environment Ls the so-called FASIT system for reporting,
registration and analysis of component failure data and
delivery point interruption data. The core of the reliability
analysis module Ls a new method for knowledge-based
contingency selection that identifies single and double
contingencies assumed to be critical for power supply to
specified delivery points or buses in the system. The method
has been tested on the main grid as well as on a
subtransmission network in Norway, and these tests indicate
that the filtering effect of the selection method is quite
reliable and computationally effective. A user-friendly and
practical tool is obtained by integration with the system for
component failure data, network archive functions,
numerical analysis modules and a powerful graphic oriented
human computer interface.

I. INTRODUCTION

The main focus of this paper is a tool for delivery point
reliability assessment in transmission systems operated as meshed
networks. There are quite a few such tools around, and methods
have been described in the literature, see for example [1]. The
tool we describe in this paper has a couple of salient features.

Paper SPT PS 05- 06- 0535 accepted
for presentation at the IEEE/KTH
Stockholm Power Tech Conference,
Stockholm, Sweden, June 18-22,1995

A. Contingency selection

It is well known that it is impossible to make a complete
screening of all possible single and multiple contingencies. We
have to reduce the search space and focus on a rather limited
number of critical contingencies. A usual strategy is the so-called
(n-1) criterion that concentrates on single faults or even on a Fixed
contingency list which is system dependent and based on operator
experience and judgement. We have been looking for a more
general method that adapts to the current operating state and
which is able to include multiple faults without being too
computationally demanding. In order to accomplish these
requirements a knowledge-based method for contingency
selection has been developed. It is emphasized, however, that the
method is general and system independent. Only base case power
flow, system topology and a few general rules are applied to make
the selection. We have used the analogy of a "filter" or a "fishing
net" since the basic idea is to catch the critical contingencies
without having to examine all the non-critical, which by far is the
majority. The method has been published previously, see [2,3,4].
The reference list also includes a few other papers that have
inspired the development of this method [5, 6, 7, 8]. A brief
summary of the salient points of the method is found in section II
of the paper.

B. Delivery point reliability bounds

The list of critical events is the basis for classification of the
probability space. The user would specify a set of buses (delivery
points) in the system where he wants to calculate reliability of
supply. Then, the critical contingencies resulting in degradation
or interruption of supply to a selected delivery point are found by
the knowledge-based contingency selection. The probability
associated with this set of contingencies makes the lower bound
for unreliability of supply. The upper bound is given from the
"remaining" set of contingencies, which we can assume to be
non-critical because they have not been identified by the filter.
Using the frequency-duration concept developed from Markov
modelling also bounds for frequency of breach of delivery point
supply can be estimated. A more detailed description is found in
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section II of the paper.

C. Component failure statistics

As already mentioned methods for reliability analysis of
transmission networks have been around for a while. We believe,
however, that practical application of these methods have been
hampered by the lack of an environment that allows the user easily
to find and combine relevant component failure statistics with the
analysis programs.

Recently, a new and improved system for collection of such data
from Norwegian power companies has been put into operation.
The dam collection system has been given the nick-name "FASIT"
[9]. This new data collection system and the integration with
Netbas is described in section III and IV.

D. Netbas environment

This environment is a database system that includes a complete
component archive, the network configuration information and a
graphical user interface. Currently, component failure and delivery
point interruption statistics are also being integrated. A general
description of Netbas is found in [10], while in this paper, section
IV, we focus on how the environment is applied for delivery point
reliability assessment.

II. CONTINGENCY SELECTION AND RELIABILITY
BOUNDS

Starting from current (normal) operating state, or the base case
in a planning task, a delivery point (bus) is specified. The

contingency filter then produces a list of the contingencies which
are assumed to cause interruption or "serious" problems for power
supply to this bus. By interruption we simply mean isolation of the
bus caused by a single or double outage of lines. By serious
problems we understand a system problem in terms of overload
on lines supplying power to the bus or untolerable low voltage at
this bus. The procedure is illustrated by figure 1.

The contingency filter operates on the overload and the low
voltage cases. From operational experience it is well known that
power transfer limits of parallel lines may be critical, and they are
monitored such that single outages do not start a cascading
tripping of lines. The rules and procedures are system dependent.
This idea is generalized by identification of cut-sets, basically
defined by a set of lines such that if there is a single or multiple
outage of lines in a cut-set, overload is assumed to occur on lines
feeding the selected bus (delivery point). Thus, the critical
overload contingencies are found from single and double outages
among the "members" of the cut-sets. The cut-sets are generated
by a generic procedure using base case powerflow and topology
of the network. A more detailed description is found in [2, 3,4].

The low voltage contingencies are found by a rule-based
selection procedure. Briefly, the rules are based on the following
physically motivated principles for selection of outages:

1. A line connecting the selected delivery point to a bus with
MVAr support

2. A line whose outage makes the delivery point a radial end
3. A line whose outage causes heavy load on a main feeder to the

delivery point

Specify bus: "Delivery point"

Contingencies causing bus isolation List #1/f—

Contingencies causing overload. "Cut-set" selection.

Contingencies causing low voltage. Rule-based selection List #3/

List #2ff fc- Final list/J

f
Numerical evaluation of contingencies from Final list

Delivery point unreliability bounds

Uiriiabity

T E ^

Figure 1 Contingency selection and probability calculation.
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In [2,3,4] tests are reported that demonstrate the ability of the
filter to catch the critical contingencies and the savings in
computation time compared to an exhaustive numerical screening.
The limited space of this paper docs not permit a detailed
description of the methodology, but we have included a small
example in order to illustrate the ideas. The procedure is depicted
by the flow-chart in figure 1, while figure 2 shows a so-called
directed diagram of the network used to exemplify the contingency
selection made by the knowledge-based filter. The network
shown in the figure is a section of a regional subtransmission
system (66 and 132 kV) in Norway which has been used as a test
bench for the method.

A directed diagram has the same topology as the one-line
diagram of the network. Nodes and branches in the diagram
represent buses and lines in the real system. Bus injections and
bus loads do not appear in the diagram. The point is that buses are
placed in the diagram such that real powerflow always goes from
top to bottom giving a convenient visualization of powerflow.

A. Contingency selection

The target bus is #8, and table 1 shows the contingency lists
produced by the filter, including single and double contingencies,
list #1 includes contingencies that will simply interrupt supply to
bus #8. List #2 includes contingencies giving severe (120%1
overload on lines supplying real power to bus #8, and List #3
includes the contingencies causing unacceptable low voltage at
bus #8. Looking at the Final list it is observed that some of the
double contingencies are not found here. The reason is that these
double contingencies are "children" of single, critical
contingencies found in the Final list. For example, the double
contingency (5, 6) in List #1, which will interrupt supply to bus
#8, is omitted from the final list because the single outage of line
#5 gives unacceptable voltage at bus #8 and is already found in
the Final list. All "candidates" in the Final list are processed
numerically for the final contingency evaluation.

Table 1 Identified critical contingencies for the supply to node 8.

Figure 2 Directed diagram.

No

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

List

7

5

5

5

5

5

4

4

4

4

4

#1

6

20

19

14

41

6

20

19

14

41

List

14

41

2

2

1

1

35

40

#2

35

42

35

42

40

42

List

5

19

14

41

13

13

13

#3

25

36

37

Final

7

14

41

5

19

4

4

2

2

1

1

35

40

13

13

13

list

6

20

35

42

35

42

40

42

25

36

37
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B. Reliability bounds 2. The set of double contingencies specified in the Final list

Reliability bounds are calculated and narrowed step-wise
looking at base case, single contingencies and double
contingencies, see figure 1. Currently probability bounds have
been implemented in the Nctbas environment, while calculation
of frequency bounds, developed from frequency-duration concepts
(Markov modelling) is yet not completed. The method we have
implemented is rather close to what has been previously described
in [1]. Due to limited space we have omitted the general formulas
while a brief example of probability bounds follows below.

The lists found in table 1 is the basis for calculation of
probability bounds. Let us assume that all contingencies in he
Final list were found to be critical from the numerical evaluation,
while base case is approved. Let us adopt the following notation:

P, = sum of probabilities for system states that are not
critical for supply to bus #8, contingency "depth" i

Q, = sum of probabilities for states that are critical for
supply lo bus #8, contingency "depth" /

Uu = upper bound for probability of breach of supply to bus
#8

LL, = lower bound for probability of breach of supply
Gap, = Uu - Lu

Thus, Uu,is found by subtracting probability Po associated with
base case from 1.0, while LLn is still 0.0:

Po = 0.992551454
U l0 = 1.0-Po = 0.007448546 = 65 h/y
ko = O

Gap0 = U,0-LL0 =

In the next step probabilities associated with the single
contingencies: 7, 14, 41, 5, and 19 are calculated. The
probabilities associated with these contingencies accumulates in
Q,, while P, is given by the remaining states formed by the single
contingencies that do not cause problems for supply to bus #8:

P, = 0.006745700
Q, = 0.000676601
U u = UL 0-P, = 0.000702846 = 6.16 h/y
k i = k o + Q. = 0.000676601=5.93 h/y

Gap, = ULI - LL1 = 0.23 h/y

We observe that Gap, is quite narrow after including single
contingencies. Remember that this example is a rather small
system, and a larger system might give a larger gap that we would
like to narrow by including double contingencies. There are two
groups to be included:

1. Children of the single contingencies in the Final list

Even if the children have not been included in the Final list for
numerical evaluation we assume thai they cause trouble for supply
to bus #8. Hence, probabilities associated with these
contingencies should be added to Q : . together with the
probabilities from group #1:

P2 = 0.000019812
Q2 = 0.000006375
ULJ = UL1 - P2 = 0.000683034 = 5.9834 h/y
Lu = k o + Q, = 0.000682976 = 5.9829 h/y

Gap2 = UL1 - LLI = 0.0005 h/y

Gap2 is really narrow after inclusion of double contingencies,
and we believe that this will be the case for most networks.

III. FAILURE STATISTICS FOR COMPONENTS

To meet the power quality requirements in the Norwegian
Energy Act, a power quality program was established in 1991. As
a part of this program a new concept for national registration and
reporting of failure and interruption data, denoted FASIT, has
been developed and recently put into operation. The main
objective of FASIT is:

To establish a coordinated and standardized system for
registration, reporting and analysis of failure and interruption
data on all voltage levels (0,23 - 420 kV).

FASIT is based on systems previously used in Norway and is
also inspired by systems used in other countries, as well as
international terms for reporting failures and interruptions.

The most important information for reliability calculation is the
failure statistics for each component in the system. Interruption
information is not directly used in the calculations but may be
used to check the accuracy of the model by comparing the actual
interruption data with the results from the predictions. Various
indices based on the registered failure and interruption data will
be calculated, and the most important reliability indices are:

- Failure frequencies
- Repair times
- Sectioning times

Major interruption indices are:

- Interruption frequencies (for both planned and unplanned
outages)

- Interruption times
- Total annual non delivered energy
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IV THE NETBAS CALCULATION AND
DOCUMENTATION SYSTEM

Netbas is an integrated software package for network planning,
maintenance and system documentation in power utilities. A
major feature of the system is the close integration achieved
between a central database and the application modules, as shown
in figure 3, supported by powerful human-computer interface.

The Netbas Archive is the basis for the Netbas application
modules. All basic data for the modules are located in this
database, and all inter-module data transfer is automatic. The most
important data is information about network topology, component
data and node load data. Node loads are given as active and
reactive power at peak load. In addition a load forecast and a
yearly- and 24 hour variation curve for each load-node is required.
For reliability analysis each node load is assigned interruption
costs.

The Netbas Report module is an integrated, flexible report
generator for presentation and printout of the archive data and
presentation of statistics.

The Netbas network analysis module, see figure 4, includes a
usual loadflow program, short circuit calculations and the
reliability module which is the particular issue in this paper. Note
that calculations can be made for a given time, with node loads
adjusted for time variations. The reliability calculations are based
on failure rates and repair times for each component in the
network, and the sectioning time for each breaker in the network.
The FASIT system has recently been implemented in the Notbas
enviroment, and the database is continuously updated as new
reports are being registered.

Netbas archive
(database)

Netbas Fasit makes use of both the loadflow module, the report
generator and the database. As the operator describes an incident
(failure and/or interruption) by poiniung and clicking in a
graphical representation of the network, component data is
retrieved from the database, and load calculations are made for
each node load point and for each point of time. The system
automatically provides a report describing the total incident and
one report for each loadpoint, describing the impact on the
loadpoint. All reports are automatically connected to component-
and node load data already stored in the database as shown in
figure 5.

A major problem in reliability analysis so far has been the lack
of correct input data space. Mostly national statistics has been
used to produce data about failure rates, repair times and
sectioning times. In real life all parameters change from company
to company, and they can even change within the network of one
company. When failure data is used in the reliability program, the
proper statistics can be chosen and edited in a menu in the
graphical interface or by clicking at the components in the
network diagram. By automating input data generation based on
local failure and interruption-reports in Netbas, and by integrating
the report-registration in the same system used for reliability
analysis as shown in figure 6, we expect to make reliability
analysis more availiable to power utilities and to improve the
quality of the analysis.

Network
Analysis
Module

Reliability
calculations

Short cuircuit
calculations

Load fiow
calculations

Figure 3 Nelbas integrated software package. Figure 4 The network analysis module.
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Generated by Nelbas Fasit
Generated by Netbas Fasil

Failure and or
interruption report

Disconnection data
Causes for incident
Symptoms
Sectioning description
System consequences

Interruption data
Interupted power
Non-delivered energy
Duration

Existing data

Node load data

Existing dala

Ji
Component with failure

Figure 5 Netbas Fasit, data model.

Failure frequencies
Repair times

Sectioning times

Figure 6 From power interruption registration to reliability
analysis in Nctbas.

V CONCLUSIONS

This paper has demonstrated a new knowledge-based method for
contingency selection used in a framework for practical reliability
analysis of transmission networks. The main results are: (1) lists
of contingencies that are critical for power supply to specified
delivery points, and (2) pairs of probability bounds for
interruption or degradation of power supply to these points. The
paper also briefly describes how the reliability analysis module
has been integrated in a database system together with component
failure and repair data that are used to calculate the probability
bounds, thus making a unified, practical and user-friendly
environmnent for reliability analysis of transmission systems.
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ABSTRACT This paper presents a reliability analysis of an

auxiliary electric system with the help of Monte Carlo simulation.

This method takes into account failures of all kind of elements in

the auxiliary electric system including protection systems, motors

etc. The method also considers the ageing of elements and

preventive maintenance. For this, the computer program

REANIPOS[1] is used. The reliability indices of the complete

auxiliary electric system are calculated instead of only those of the

motors and other appliances in the system.

I INTRODUCTION

Generating units play a very important role in electric
power systems and their reliability is of vital
importance for the reliability of electric power
systems. Some large units have an unavailability as
high as 20% [2] and the cost of forced outage of
large units is rather high. According to [3], the
capital cost of an increase of one percent in forced-
outage-rate of a 500 MW nuclear unit is of the order
of $10,000,000. These numbers clearly show that an
increase in the reliability of a generating unit is
possible and very beneficial.
The auxiliary electric system is a system that serves
one or more generating units. The system is required
to supply energy to motors which drive pumps to
provide circulating water for the cooling system, fans
for circulating combustion air, oil for oil burning
boilers and high pressure oil for the lubrication

Paper SPT PS 05- 07- 0513 accepted
for presentation at the IEEE/KTH
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system. The system is also required to supply electric
power non-interruptedly for computers and
instruments. The failure of the system would lead to
the failure of the generating unit. Therefore, it is
necessary to evaluate the reliability of the auxiliary
system in order to analyze the reliability of a
generating unit.
With the help of the computer program REANIPOS,
an analysis of the reliability of the auxiliary electric
system is presented in this paper. The method takes
into account voltage sags, failure of protection
systems, failure of motors and other electric
appliances, ageing of components and preventive
maintenance. The paper focusses on the reliability
evaluation of the complete auxiliary electric system
instead of that of separate loads (motors and other
electric appliances) in the system.

II DESCRIPTION OF THE METHOD

In the paper, a Monte Carlo simulation is combined
with an electrical network model. The overall
structure is shown in fig. 1 .
A random number generator provides the time at
which events occur, for example, a short circuit in a
connection, removal of that short circuit by the
protection, the end of repair of a bus, the start of a
maintenance action, a dormant fail-to-trip of a
protection system and the failure of a motor. Due to
the occurrence of these events, the electrical network
is changed by means of removal and/or insertion of
branches. The changed network is used to calculate
the voltages at all load nodes. The variation of the
voltage at a load node is used to determine the state
of the load. Every load has its own state (interruption
or non-interruption) at any time. The states of all
loads at a certain time are combined into the state of
the auxiliary electric system at that time. The state of
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Fig. 1 Global structure of the method

the system is used to determine if the system
experiences an interruption.

Ill STATE OF THE LOAD AND THE
VOLTAGE SAG

The state of a load is a binary variable; 1 represents
that the load experiences no interruption while 0
means that the load experiences an interruption.
Usually, an auxiliary electric system is a redundant
system.therefore, an interruption of one load does not
lead to an interruption of the system.
If no disturbance exists in the system.the state of all
loads is 1 . After a disturbance, if the voltage of a
load is recovered, the state of the load is 1, and if the
load is disconnected from the system, the load state
isO.
During a disturbance, the state of a load can be
determined by the voltage dip at the load node and
the interruption criterion of the load.
The interruption criterion of a loaf* is dependent on
the type of the load. Different loads usually have
different interruption criteria. For example.some
loads, such as a motor driving a cooling water pump,
can withstand zero voltage for quite some time
(possibly hours if a big pond is available and the
pond can supply the cooling water when the motor is
experiencing an interruption). Some loads.such as
computers, can not withstand a voltage dip lasting
one hundredth of a second.
For every load in the auxiliary electric system.a
maximum-permissable voltage sag is introduced as an
interruption criterion for the load to determine the

.• / .• .• .• .• .• .• .• . - - .

tlma

Fig. 2. The interruption criterion.

state of the load. A typical maximum-permissable
voltage sag curve is shown as the fat curve in fig. 2.
If the voltage of a load gets below the maximum
permissable voltage dip during a disturbance the load
experiences an interruption. Thus an interruption
occurs when the actual voltage shape follows the
dashed lines 2 or 3, but not when line 1 is followed.

IV STATE OF THE SYSTEM AND THE
INTERRUPTION CRITERION

Usually, an auxiliary system is a redundant system.
An interruption of a load does not always lead to an
interruption of the system. For example, two motors
supply lubricating oil for a generating unit and one is
redundant. Due to the failure of some elements in the
system.one motor may be disconnected from the
system for a while, it means the motor does
experience an interruption. Fortunately.if the other
motor works well, the generating unit does not have
to be disconnected: it means the auxiliary system as
a whole does not experience an interruption.
The state of the auxiliary system is defined as the
combination of the states of all loads in the auxiliary
electric system. For example, an auxiliary electric
system has 5 loads (noted as load no.l to no.5 ) for
motors and two loads (noted as no.6 and no. 7 )for
computers and other instruments(see fig. 3). At time
t , if the states of all loads except load no.2 and no.7
are for example 1 , the state of the system at time t
is defined as (1,0,1,1,1,1,0).
The voltages at all loads are calculated for every
event; the state of every load is determined by means
of the comparison of the voltage shape at the load
and the interruption criterion of the load. Then,
according to the states of all Ioads.the state of the
system is determined for every event.
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Fig. 3. The auxiliary electric system.

An interruption of the auxiliary electric system is
dependent on the redundancy of the system.
According to the redundancy of the system, an
interruption set of system states is determined. Any
system state in the interruption set leads to an
interruption of the auxiliary electric system. An
interruption of the system leads to a forced outage of
the generating unit.
In fig. 3 the loads no. 1 and no.2 are motors for the
high pressured oil system and one is redundant; the
loads no.3 and no.4 are motors for circulating fans
for combustion air and one is redundant; the load
no.5 is a motor for circulating cooling water system
with a very big high pressure pond; and the loads
no.6 and no.7 supply the other users such as
computers and instruments and one is redundant.
According to the redundancy of the system, the
interruption set of system states is shown as follows
( x represents both state 1 and state 0 ).
{ (0,0.x,x,x,x,x), (x,x,0,0,x,x,x), (x,x,x,x,0,x,x),
(x,x,x,x,x,0,0)}.
The interruption set of system states works as the
interruption criterion and is used to determine if the
system experiences an interruption at every event. If
the state of the system at an event falls in the
interruption set, the system experiences an
interruption, otherwise, it experiences no interruption
at the event.

Let S1, S2 S7 represent the state of load no. 1,
no.2, no.7 respectively, and let
S* = (SI OR S2) AND (S3 OR S4) AND S5

AND (S6 OR S7)
Then, S*= 1 means the system experiences no
interruption while S*=0 means the system
experiences an interruption.

V STATISTICAL RELIABILITY
CHARACTERISTICS

After the simulations, an output data file is obtained.
The data in the output data file may read as follows:
125 3347 75846.65 1
125 3568 20775.42 0
125 3568 46789.52 1
This means that in period 125, from the time (day
3347 second 75846.65) to the time (day 3568
second 20775.42), the system does not experience
any interruption; and from the time (day 3568 second
20775.42) to the time (day 3568 second 46789.52),
the system experiences an interruption and the
interruption time is 26014.10 seconds; and at the time
(day 3568 second 46785.52), the system recovers
again.
From the output data file, various statistical reliability
characteristics of the system can be calculated. The
most important ones are the expected number of
interruptio is per year and the expected total duration
of interruptions per simulation period. Some other
important reliability parameters can be calculated too:
the parameters include the expected number of
interruptions at any year, the probability distribution
of the number of interruptions and the probability
distribution of the duration of an interruption.

VI AN EXAMPLE

The auxiliary electric system under study is shown in
Figure 3. The system includes seven loads; the
purpose of the various loads has been described
above.
All connections including the load connections are
protected by means of differential protection. Over-
current time protections fulfill the back-up function
for the differential protection systems.
The Weibull distribution has been used for the failure
time distribution of the components. The failure data
used in the calculations are shown in table 1. The
data include the characteristic life time(CLT) and the
shape factor (SF) of the Weibull distribution.
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TABLE t Failure data used in (he calculations.

Component

23/6.6 transformer
6.6/0.38 transformer

cable
bus

protection system
motor

380 V load

CLT

20 yr
50 yr

500 yr
500 yr
30 yr
10 yr
30 yr

SF

2
1
1
1
1
2
2

0,25

0,13

o,o;

10 15 20 2S

VII RESULTS OF THE SIMULATIONS

The length of a simulation period is 30 years.
Different situations were considered in order to
understand the differences between the various
conditions. The situations are listed follows:
Situation 1:
Only failures and repairs of transformers.buses and
cables have been taken into account.
Situation 2:
Failures and repairs of the loads of the system such
as motors and 380V loads have been taken into
account as well as those of transformers.buses and
cables.
Situation 3:
Failures and repairs of all components in the system
includingprotectionsystems,loads,transformers,buses
and cables have been taken into account. Preventive
maintenance is not performed.
Situation 4:
Failures and repairs of all components have been
taken into account and preventive maintenance of
protection systems is performed once per five years.

Fig. 5. The influence of failures of the protection on the expected

number of interruptions per year.

Some results of the simulations are shown in Table 2
and in fig. 4 to fig. 7.
Table 2 shows the expected number of interruptions
(EN) of the system per simulation period as well as
the expected total duration of interruptions (ED) of
the system per period for the above 4 situations.
Fig. 4 shows the expected number of interruptions
per year for the situations 1 and 2. The results show
clearly that the reliability of the loads themselves in
an auxiliary electric system is very important to the
reliability of the system. In order to get reasonable
reliability indices of an auxiliary system, the failures
and repairs of the motors and other appliances should
be taken into account.
Fig. 5 shows the influence of the failures of
protection systems on the reliability of the auxiliary
system. The expected number of interruptions of
situation 3 (with failures of the protection) is almost
three times that of situation 2 (without these failures).
The redundancy of the system has a great influence.
If the protection system works well, most short
circuits in the system do not lead to an interruption of
the system. For example, a single short circuit in
motor 1 to 4 ,in the 6.6/0.38 transformers , in the
380V buses.or in load 6 or load 7 does not lead to
interruption of the system if the protection system

TABLE II Summarized simulation results.

E N = expected number of interruptions per period

E D = expected total duration of interruptions per period.

Fig. 4.The influence of failures of the motors and the loads on the

expected number of interruptions per year.

1 situation

EN
1 ED

1

1.5
70.2

2

1.9
74.7

3

5.6
236.1

4

3.0
124.2
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Fig. 6. The influence of preventive maintenance of the prolectior.

on the expected number of interruptions per year.

works well. Thus fig. 5 shows the importance of the
reliability of the protection system to the reliability of
the auxiliary electric system.
Fig. 6 shows the comparison of the expected number
of interruptions per year of situation 3 (no preventive
maintenance of the protection system) and that of
situation 4 (with preventive maintenance of the
protection system once per five years). The figure
shows the importance of preventive maintenance of
the protection system.
Fig. 7 shows the probability distributions of the
duration of interruptions for the different situations.
The distributions are very similar. The mean
durations of interruptions are 39.3, 42.3 and 42.1
hours respectively for the situations 2, 3 and 4.

Fig. 7. Probability distributions of the duration of interruptions.
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VIII CONCLUSIONS

The reliability analysis of an auxiliary system
presented in this paper calculates the reliability
indices by means of combining a Monte Carlo
simulation and an electrical network model. The
voltage profiles at the load nodes(such as motors and
other appliances) are used to determine the states of
the loads and the states of all loads are used to
determine the state of the system. The reliability
indices of the system are calculated from the statistics
of the various states of the system.
The example shows that the reliability analysis of an
auxiliary electric system should take into account
failures of the loads themselves plus failures and
preventive maintenance of the protection system.
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ABSTRACT- Preventing voltage instabilities needs the
prediction of the next possible operating point of the
power system. Saturation of voltage supporting devices are
critical when deriving a dynamic path of the system. This
paper presents a sensitivity analysis of the saturation of
voltage supporting devices based on dynamic analysis.
This effect is traced by following the overall system eigen-
trajectory and verifying possible discontinuities. Particular
points of difficulty in analysing system cigen-trajcctorics
subjected to saturation of voltage supporting devices are
discussed. Repercussions on being able to predict "jumps"
in eigen-trajectorics are also discussed.

1. INTRODUCTION

The risk of voltage instability, which in some circumstances
can occur at near normal operating voltages, is of considerable
practical importance since it may be the key factor
determining power transfer limits quite apart from the impact
on the system and the costumers. This has led to considerable
work on the estimation of maximum power transfer limits set
by voltage conditions and on the detection of critical con-
ditions.

Paper SPT PS 06- 01- 0024 accepted
for presentation at the IEEE /KTH
Stockholm Power Tech Conference,
Stockholm, Sweden, June 18-22,1995

There have already been three International Workshops
dedicated to the analysis and understanding of voltage
phenomena [1,2,3]. The Proceedings of the first two
workshop and associated literature show that much of the
effort has been devoted to developing steady-state
performance indexes (VCIs) and on the understanding of the
non-linear phenomena. The last workshop showed that much
improvement has been achieved in the understanding of the
overall phenomena and in the development of new and more
sophisticated performance indices. Evenwith sophistication of
the indices, these have been unable to track the system
dynamic behaviour so that estimating the time to collapse is
still uncertain.

Mansour Y., et al in [4] gives a complete and wide state-of-
the-art review of techniques used to analyze and predict
voltage instabilities. Chapter 4 shows that Singular Value
Decomposition is fast enough to indicate voltage collapse but
not sufficiently sensible to predict that point. It also shows
that eigen-analysis is powerful enough not only to find voltage
instabilities but also to locate causes via participation factors
[51 or residuals [6].

Ref. [7] presents an interesting approach in predicting voltage
instabilities by using energy functions as in transient stability.
However, it is not really shown how control devices can be
included in this approach.

There has also been great interest in more theoretical issues
leading researchers into complex areas of bifurcation and
chaos [8-9]. Although those approaches include a well-
founded mathematical formulation from which it is possible
to analyze all possible bifurcations, it is not clearly shown
how the transition of power system from one operating point
to another under the influence of voltage supporting devices
is considered.

The aim of this work is to extend preliminary work done in
[10] and [11] in which eigen-trajectories were affected
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significantly by saturation of voltage supporting devices. This
paper will try to show that "jumps" produced by saturation
will generally end up in an eigen-trajectory defined for all
other devices.

2. PREDICTING VOLTAGE INSTABILITIES

Stability of power systems can be easily verified by checking
eigenvalue positions. Any new operating point will produce a
new position from which, and comparing with the previous
one, the power system analyst will decide if the system is
moving to an unstable situation. Plotting several operating
points in the same graph, as in Fig. 1, will give an indication
of the improvement or worsening of the overall system
stability due to these changes. This plot will show which
critical eigenvalues are producing instabilities.

A dynamic boundary between stable and unstable operational
slates can then be found by analysing the power system
during any disturbance. This boundary can be found through
an eigenvalue analysis by plotting the values in a complex
plane with time as a parameter. When any (one or more)
eigenvalue reaches the imaginary axis, the power system will
suffer voltage instability and the time, at which this occurs,
will be known as the "Voltage Collapse Critical Time
(VCCT)" measured from the initiating event. The problem in
defining this boundary lies in the fact that it depends not only
on the kind of disturbance but also on the time coordination
of the actions of the voltage control devices.

DBT
i

Im

"̂  Hopf Bif.

Re

DBT = VCCT - t

VCCT = t

Figure 1 The Dynamic Voltage Instability Boundary

Knowing the eigenvalues producing the voltage instability
situation, a modal decomposition [5-6] is carried out to
determine which power system component(s) is (are) affecting

these eigenvalues. The voltage supporting devices attached to
those components and their time delays will define the
dynamic boundary as the difference between VCCT and the
largest time constant of those controls. This boundary can be
expressed in time terms and can be called the "Dynamic
Boundary Time (DBT)".

Knowing VCCT and DBT, suitable control procedures for
voltage control can be found easily. These procedures should
be simulated and studied in order to check their viability.
Effects of delays in operator actions could also be analyzed,
assuming suitable time constants.

However, [10-11] have shown that if saturation of a voltage
supporting device occurs, "jumps" of critical eigenvalues are
produced which will affect the system eigen-trajectory and
therefore prediction will be difficult to perform.

3. LONG-TERM EIGEN-DYNAMIC SIMULATION

Sensitivity analysis of eigen-trajectories are performed by
using long-term dynamic simulation (LTDS) together with
eigen-analysis. Simulator and system component models were
assembled in a suite of programs DYVOLC (DYnamic
VOLtage Collapse) [111 and [12].

4. EXAMPLES

4.1 The single-machine test system

The single-machine test system (Figure 2) was used to
perform preliminary sensitivity analyses in order verify
"jumps" scenarios. The steady-state and dynamic data are
available on request.

A stressed test system is obtained by opening one of the two
parallel lines and assuming that all transient phenomena have
settled down. A 2% per-min. ramp load increase was applied.

Case 1. AVR only acting

This case considers that the SVC is not acting in controlling
system voltages and is set to supply 75% of its capacity
range. Fig. 3 shows the critical eigenvalue movement.

Case 2. AVR and SVC acting

This case considers that the SVC is acting in controlling
system voltages. Fig. 4 shows the critical eigenvalue
movement.

1 5 6



The overlapping of Figs. 3 and 4 shows that the jump dynamic component. A 2% per-minute load increase was
produced by saturation of the SVC, point B of Fig. 4, lands applied to every node,
at point A of Fig. 3 and the system cigcn-trajcctory with SVC
saturated follows that of Fig 3.

3 I

r
s
Vc
1

—v7

- • L o a d

Figure 2 Single-machine test system

Figure 3 System Eigen-Trajectory for Case 1

4.2 CIGRE Test System

The multi-machine test system, shown in Figure 5, consists of
3 equivalent generators with AVRs and governors, 10
busbars, a 500 Kv, 200 Km connection between nodes 4 and
6 (5 circuits), 6 transformers and 3 capacitors. This is the test
system proposed in 1991 by CIGRE Task Force 38.02.1 (Mr.
CAV. Taylor convener), dynamic data given upon request.

A stressed system is considered by having one circuits of the
500 kV line tripped off. The 890 MVAr and 1500 MVAr
capacitor banks are assumed to be SVCs. No dynamic portion
and constant power load model was considered with no

Figure 4 System Eigen-Trajectory for Case 2

PF1MOMW0

Fl>u<l]0OMVA

500 Kv

JOOKnlui
15 rirtoHi)

890MV£f"

®
Industrial Loid

> < I 2900 MW
>C L 1800 MVAr

LfcT rj_
TisooMVAr

1100 MVAr

Figure 5 The CIGRE test system

Case 3.- AVRs only acting on all generators.

This case considers that there is no SVC action in controlling
system voltages. The maximum stator current of Gen.3 is
reached at 36% of the load increase. Fig. 6 shows the critical
eigenvalue movement.

Case 4..- All AVRs and SVC at Bus 4 acting

This case considers that only the SVC at Bus 4 is acting
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together with AVRs to support system voltages. The
maximum stator current of Gen.3 is reached at 36.69c. Fig. 7
shows the critical eigenvalue movement.

Case 5.- Gl and G3 AVRs acting with G2 AVR saturated

This case considers that there is no G2 AVR and SVC acting
to control system voltages. The maximum stator current of
Gen.3 is reached at 28%. Fig. 8 shows the critical eigenvalue
movement.

Case 6..- Gl and G 3 AVRs acting with G2 AVR moving to
saturation

This case considers that G2 AVR will saturate and there is no
SVC intervention in controlling system voltages. The
maximum stator current of Gen.3 is reached at 359r. Fig. 9
shows the critical eigenvalue movement.

Case 7..- Gl and G3 AVRs acting, SVC at Bus 4 acting and
G2 A VR saturated

This case considers that G2 AVR is saturated but the SVC at
Bus 4 is acting. The maximum stator current of Gen.3 is
reached at 29.6%. Fig. 10 shows the critical eigenvalue
movement.

From Figs. S to 10, it can be seen that following the jump due
to saturation of a voltage supporting device, the system
trajectory is the same as that which have been produced by
the remaining acting devices. Jump in Case 7 (Fig. 10) lands
at point E of Fig. S (Case 5) and follows on a slightly
different eigen-trajectory. Jump of Case 6 from point F to E,
not clearly seen, follows the same trajectory afterwards.
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Discussion

Figure 7 (Case 4) shows that saturation of the SVC causes a
jump from point D to point C in Figure 6 (Case 3). The
system eigen-trajectory with SVC saturated follows exactly
that of Fig. 6 from point C onwards.

4.3 Real eigenvalue jump

It can be noticed by inspecting Figs. 3 and 4 and 6 to 10 that
there exists a real eigenvalue movement towards the (0.0,0.0)
point of the complex plane. Moreover, by observing this
displacement during the simulation, it was noticed that this
movement starts with the "appearance" of a real eigenvalue
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[13] with a sudden change of sign at certain loading point. The Nyquist plot of (2), Fig. 11, with k varying from -2.0 to
2.0, shows that there is a sudden change of the sign of the

By studying several cases, it was possible to understand this root when k=-1.0.
phenomenon in the light of classical control theory.

Figure 12 shows the real eigenvalue movement of Case 5,
with load increase (LG) as parameter. There is a sudden sign
change at a load increase of about 48%. This is similar to the
behaviour observed in Fig.l 1. Research is now being done to
analyze this situation from the point of view of control theory.
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Let us assume we have a first-order non-minimal phase plant
described by the closed-loop characteristic equation:

S (1+Jc) + ( 1 - k ) =0

which can be rewritten, with k as parameter:

1+k
( s + 1 )

=0

(1)

(2 )

0.05

r
i • » i *

I I I * • » • - » «

k = - ° * > k=.O63
f '
' k=-I

•20 -15 10 -5 0 5 10 15 20

Figure 11 Zero of (1)

Figure 12 Real eigenvalue Case 5

5. CONCLUSIONS

This paper has presented a dynamic sensitivity analysis of the
influence of saturation of voltage supporting devices on the
system eigen-trajectory. As been shown, "jumps" produced
by saturation of a specific voltage supporting device will
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generally end up in a system eigen-trajectory defined by all
the other supporting devices acting in the power system.
Global control actions and their timing could be studied using
this information. Moreover, local control actions could be
derived by using eigen-trajectories affected by those devices
likely-to-be-saturated.

Further analysis needs to be done on the sudden movement of
an eigenvalue from the left- to the right-hand side of the
complex plane. This situation has been found on theoretical
analysis in control theory'• Furthermore, as the power system
behaviour is increasingly non-linear, it is also necessary to
clarify the concept of having the imaginary axis as a "hard"
stability limit[14].

The development of a voltage instability tracking method
based on modal analysis to assist in locating areas of the
power system with voltage problems and their causes is of
paramount practical importance. By defining a "dynamic
boundary", selected control actions will be applied at the right
time and these could include operators' delays.
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Abstract - Iu this paper voltage instability problem evolving is
analyzed in a simple longitudinal (radial) test system. Dynamic
simulation is carried out in order to identify most of regulating actiuns
on devices affecting voltage instability such as load tap changing
tr;uisfonuers (LTC's),series and sbunt capacitor banks, generator rotor
overexcitntiou limiters (OXL's), prime movers, static voltage and
frequency sensitive loads, induction motor loads, load changes by bus or
area and mulervoltageload shedding. Tbe analysis is carried nut together
uilli the basic dynamics of mentioned actions in order to show (tint
further improvement of dynamic methods for taking into consideration
even slow regulating actions such as AGC for frequency control is
necessary.

Key Words - Voltage Instability, Voltage Ciillap.se. I.ong-Tenii
Dynamits, Load Characteristics and Dynamits

I. INTRODUCTION

Voltage instability and collapse have long been classified
as emerging phenomena in planning and operation of
modern power systems [1]. The utilities have mostly
approached to the phenomena from similar higher degrees
of the system development. The situation in the Electric
Power Utility of Croatia is somewhat different. Since the
Utility has been seriously damaged during war actions with
it's structure completely transformed into longitudinal one,
with need of transferring power from north to south
through long transmission lines, there are certain
expectations of the phenomena pronouncement. The main
reason for such expectations could be found in fact that the
Utility has experienced significant decreasing of security

level caused by many outages of transmission lines leading
to increased loadings of other ones. Thus, the Utility could
become vulnerable due to expected increasing of industrial
bus loads which, in lack of transmission capacity, could
bring the Utility closer to voltage instability boundaries
making it subject to the risk of voltage collapse.

This possibility in association with several other incidents
throughout the world [2] have given us the major impetus
for analyzing voltage instability problem as one of the most
important issues which includes increased interest in
modelling of generation, transmission and distribution/load
equipment of electric power systems. In spite of that the
problem could be approached by static power flow models,
dynamic analysis (3-1 \\ represents valuable tool in longer-
term forms of collapse and especially in faster or transient
ones, usually involving induction motor loads [l2,13].Thus,
in the paper the problem is analyzed in a simple
longitudinal (radial) test system, shown in Fig. 1. This
system is slightly modified from its original proposal in [14]
in order to identify time frames for most of regulating
actions on devices affecting voltage instability using
transient and dynamic stability simulation program [15].

The test system is composed of one hydrogenerator
supplying two loads, one of them connected through LTC
transformer at receiving end with substantial compensation
from shunt capacitor at high voltage side. The generator is
regulated by excitation system equipped with power system
stabilizer and overexcitation limiter and by governor-turbine
system. All relevant data are given in the Appendix.
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Fig. 1. Simple longitudinal lest system for dynamic simulation study
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II. MECHANISM OF VOLTAGE COLLAPSE

The primary event, which triggers dynamic behaviour of
the system, takes place in the form of the loss of a major
transmission line LI001. In this heavily reactive
compensated system, voltage instability occurs due to
suddenly increased electrical distance between faraway
located voltage regulating major generation area and load
area, affecting many devices to act without common strategy
for voltage collapse avoiding. Voltage collapse then appears
because of unbalance between reactive supply and demand
which can not be corrected by a limited voltage decrease.

During dynamic simulation it is possible to analyze
different system components separately, considering time
frames for voltage instability phenomena [2].

Since the voltage instability is, according to [16], mainly
load driven, it is obligatory to include its dynamics in system
model. Immediately following such a large disturbance,
loads behave as voltage dependent static loads; constant
impedance or at worse constant current. The reason why
the constant current load model is worsening the situation
can be seen from well-known active power-voltage (P-V)
curve, shown in Fig. 2. After a contingency, constant
impedance load model (Z) mostly has definite operating
point at the intersection with post-disturbance P-V curve,
while such point does not have to exist within constant
current load model (I). This situation repeats within
composite static load model (I + P) consisting of constant
current and constant static power load. In dynamic
simulation the situation is reflected in receiving end
transformer TR002 low-side voltage and P-V curves, as it
is shown in Fig. 3 and 4, where immediately after the
primary event (t=1.00 s) voltage considerably drops
reducing consumed power for Z load model and oscillates
for composite I + P static load model (1 = 75% and P=25 7c).

Thus, static constant active power load (P) (similarly for
reactive power) can not be used in simulation of true
voltage instability, because it does not allow dynamic
behaviour of constant power load.

o
>

Active Po*er (p.u.)

Fig. 2. System P-V curves and various load characteristics
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Fig. 3. Voltage al load LD002 for two types of static load models
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Fig. 4. P-V curves at load LD002 for two types of static load models

Models with included load dynamics of constant power
load are well established [14,16,17],mostly using basic idea
[16] represented by first order delay model of load
conductance changing to maintain constant active power, as

Vt G. (D

where TL is load time constant, G is load conductance, Po

is nominal load active power and V, is load voltage
(similarly for reactive power).

It can be concluded that dynamic constant power load
model well represents one of the essential causes of voltage
instability; self-restoring intention of load after transient
state of behaviour according to static characteristics. This
intention appears as a consequence of either nature of the
load itself or the regulating actions on devices such as
LTC's which tries to restore constant voltage nearby loads
rendering any load constant.

For true voltage instability at least part of the load should
be of self-restoring type meaning that certain change in load
impedance, leading to constant power load maintaining,
should be present. In contrary, for instance in P-V diagram,
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active power would be reduced with voltage drop according
to instantaneous constant impedance curve without well-
known knee-point curve. That is the main reason for taking
the rendering action in the example with simultaneous LTC
acting and load impedance increasing since simulation
program does not allow user-defined dynamic load models,
except induction motor loads.

The rendering appears later than the acting of generator
excitation system, because the first tap movement time
delay is usually assumed to be order of 30 s with occurring
of subsequent ones every 5 s. In the example the rendering
constant power load LD002, represented as constant
impedance, is shown within combined action of LTC
transformer TR002 and load LD002 step impedance
increasing. After the outage, system voltages limitedly drop
and reduce consumed power until the controlled generator
GE001 terminal voltage is being restored by the generator
reactive power output increase. After some time
(approximately 30 s) the rendering of load LD002 takes
part trying to restore the assumed load. This attempt causes
increasing of current drawn from the generator (Fig. 5), in
order to satisfy the demand defined with constant power
characteristic. The current increasing leads to further
voltage drop mainly because of increased reactive losses on
long transmission line L1002, which in turns further
increases generator reactive power output (Fig.6) through
increase in excitation rotor current. At first, consumed
active and reactive power of the load LD002 are increased
by the action (Fig. 6) until reaching the point of maximum
power that can be transferred by the post-disturbance
system, after which the maintaining of constant power starts
to reduce consumed load LD002 power. Every further
maintaining of constant power necessarily leads to voltage
collapse since there is no stable equilibrium point in the
post-disturbance system for the assumed load, as it is shown
in Fig. 7 within P-V curve at load LD002.

In the example, chosen number of subsequent LTC and
load impedance steps do not cause rotor current limiting,
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Fig. 7. P-V curve at load LD002

but in a typical utility system voltage collapse can be
speeded up by some units starting to operate under these
limiting conditions rising the reactive power generation of
more distant units with further voltage decreasing.

From the example, it results that faraway located
generator reactive power production gives the most of
support of system voltages covering the line reactive losses.

The main reason for that is found in the shunt capacitor
located at the receiving end transformer TR002 high-voltage
side which reactive power output is reduced quadraticaly
with the voltage decrease disabling reactive power support
when most needed (Fig. 8).

Possible solutions dealing with this problem include
increasing of shunt capacitor susceptance by capacitor banks
switching or introducing series capacitor compensation
enabling reactive power support quadraticaly with current
increasing. The latter is also connected with short circuit
studies since series compensation reduces series reactance
of transmission lines increasing short circuit level.
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Since the loss of the line initially decreases the system
voltages, the drop in voltage at load LD002 results in a
drop in the consumed power in such a magnitude that the
system following the outage experiences excessive power
generation and risen frequency (Fig. 9). During first 30 s,
beside by the excitation system, transient response is also
dominated by the turbine governor which initially responses
with steady-state frequency deviation according to the droop
characteristic. After that period, the combination of the
LTC and load step increasing results in a steadily
decreasing of voltage at load LD002 and in changing of the
consumed active power according to P-V curve (Fig. 7).
The voltage drop tends to decrease the consumed power
further, while the maintaining constant power load tends to
bring the load to assumed pre-disturbance value ( modelled
in the example by step impedance increasing). Those two
processes act in the opposite directions with greater
weighting factor of impedance increasing than of voltage
decreasing which results with lowering of system frequency
until reaching the point of maximum power limit.

i
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i \

i \
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Fig. 9. System frequency curve

After that point the processes act in the same direction
since the consumed power of constant power load type
decreases as new load is added, starting to increase system
frequency.

Then, in a. typical utility system the AGC as secondary
active power-frequency control can redispatch the system by
reducing generation in order to bring the system frequency
down to nominal value. In most of cases, the generators
which are backed down first are relatively near to the
affected load area and the change in dispatch increases the
voltage stress on the already weakened system. Thus, a
concern has to be also given in modelling of AGC action in
the sense that it will not result in a situation which is worse
than that which applies after the action of primary controls.

Thus, as a relief in voltage instability problems mostly
existing underfrequency load shedding can not be
implemented, since the change in frequency is directed
towards higher values behind the critical voltage. As a
partial solution to voltage instability problem, similar
concept to underfrequency load shedding in a form of
undervoltage load shedding can be implemented providing
protection for unusual disturbances outside planning and
operating criteria.

Dynamic analysis of induction motors, which are
primarily dynamic loads, is required for fast or transient
voltage collapse analysis, involving motor stalling or
reacceleration difficulties following disturbances such as
transmission line L1001 outage. This analysis is carried out
in case of hypothetic»! modelling of the load LD002 as
aggregate induction motor load after two downward
transformations (TR002 - 220 kV/132 kV and radially
additional one - 132kV/10.5 kV) with mechanical torque
independent of speed. After the outage voltages drop
because of aforementioned increase in electrical distance.
During the drop of voltage, aggregate induction motor
decelerates as a function of voltage and mechanical load
type. If the voltage reduction is severe and lasts longer than
some critical time, the motor will stall since the electrical
torque will be less than the required mechanical torque.
This situation is shown in Fig. 10-12 for stable and unstable
cases which are incrementally differed in parameters of
aggregated induction motor load determining higher and
lower maximum torques. For those two cases, current, slip
and voltage of aggregated induction motor are presented in
Fig. 10 showing for the unstable case significant drawing of
current, slip increasing until 1.0 and voltage drop in much
greater degree than in the stable case. Active and reactive
power of aggregated induction motor are presented in Fig.
11 for stahle and unstable cases showing greater difference
in active power and lesser one in reactive power. The
reactive power response is in the stable case determined
mostly by voltage response, since the slip is not changed
significantly, while in the unstable case combination of
firstly voltage decreasing and secondly slip increasing
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determines the response. P-V curves of aggregated
induction motor are presented in Fig. 12 showing that in the
stable case mechanical load power demand is satisfied but
with lower voltage. In the unstable case the demand is not
satisfied and motor draws active power whose value
depends on losses on stator and rotor resistances of the
motor since there is no stable equilibrium point in post-
disturbance system. If the motor is not disconnected by
protection devices after stalling, it takes higher current from
the system and contributes to the voltage collapse at the
load bus. Analyzed time span of 8 seconds shows much
faster response in characteristic variables than in previous
analysis (130 seconds) and emphasizes the need for precise
determining of motor parameters and fast rotor flux
dynamics.

Fig. 10. Current, slip and voltage of aggregated indiulion
motor load LD002 for stable and unstable cas.es
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Fig. 11. Active and reactive power of aggregated induction
motor load LD002 for Mahlc and unstable eases
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Fig. 12. P-V curve at aggregated induction motor load
LD002 for stable and unstable cases

III. CONCLUSIONS

The results of dynamic simulation of voltage instability
phenomenon are presented by carrying out the analysis of
the simple longitudinal test system in order to demonstrate
the problem arising and to identify the actions on devices
mostly affecting the phenomenon. It is shown that the self-
restoring tendention of constant power load type is one of
the essential causes of voltage instability leading to collapse
if there is no stable equilibrium point in post-disturbance
system. In a typical utility system the slow forms of this
situation appear in a time span of several tens of seconds or
minutes involving wide spectrum of devices to act while the
fast forms appear in several seconds, very often including
induction motor loads in industrial centres.
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Stefan Arnborg Göran Andersson
Senior Member

Department of Electric Power Engineering
Royal Institute of Technology
S-100 44 Stockholm, Sweden

Abstract—This paper presents i criterion for undervoltage
load shedding in power systems. In a voltage unstable situation
the proposed undervoltage load shedding criterion can be used
to calculate the amount of load to be shed to stabilize the volt-
age magnitude. By using a dynamic load model it has been
possible to form the criterion which gives the amount of load
to shed at each point in time. The criterion is general and can
be applied to any power system. Some aspects on the location
where to shed load are also presented.

I. INTRODUCTION

To meet the increased demand for energy in many coun-
tries around the world during 1970s and 1980s, new power
plants had to be installed. But the building of new power
plants near load areas is difficult e.g. for environmental rea-
sons. This means that the system is increasingly dependent
on transmitted power. Because of these circumstances there
is a tendency that power transmission systems of today are
operating closer and closer to their physical limits. It is not
uncommon that the limiting factor for power transfers in
systems today is the risk of voltage instability. As a conse-
quence, at least 15 incidents of voltage collapses occurred
world-wide during 1970s and 1980s [1]. In the event of an
approaching blackout, the disconnection of loads under
controlled conditions and/or blocking of tap changers on
transformers arc means to minimize the damage sustained.

The paper is organized in the following way. In Section
II the systems and models used for defining the Load Shed-
ding Criterion is presented. The criterion itself is introduced
in Section III. Section IV contains the conclusions that can
be drawn from the presented work.

Paper SPT PS 06- 03- 0378 accepted
for presentation at the IEEE/KTH
Stockholm Power Tech Conference,
Stockholm, Sweden, June 18-22,1995

II. SYSTEM AND MODELS

The test system first studied has one generator node and
one load node, see Fig. 1. At the load node there is also a
shunt capacitor for load compensation. There are two iden-
tical lines in parallel between the nodes. This simple system
is used to develop and illustrate the basic ideas, but it
should be emphasized that these could also be applied to
larger systems, see Subsection III.E.

QH(V)

EZO vze
Figure 1 Test system for studies of load shedding.

To force the system into a voltage unstable state, one of
the parallel lines is disconnected. The system is always ex-
posed to the s'me initial disturbance in the studies reported
here. There are no transformers in the system. This means
that Load Tap Changer (LTC) dynamics are not explicitly
modelled. But the dynamic load model which is used, with
exponential recovery, can be used to model the aggregate
effect of several LTCs seen from a high voltage level [2].

The generator has been modelled as a synchronous ma-
chine with one field winding, one damper winding in d-axis
and one damper winding in q-axis. The exciter model used
describes an alternator with controlled rectifier. A Power
System Stabilizer (PSS) is also included in the AVR loop.
The turbine is modelled as a hydro turbine with a speed-
governor. Delayed rotor and stator current limiters in the
generator and a dynamic load model have been imple-
mented and used in the simulations.

In looking for a simple dynamical load model based on
the response to a voltage step, it is a useful approximation
that the recovery is exponential [2]. A differential equation
which captures that behaviour is

(1)

The behaviour of the load power, Pd, is determined by
two non-linear functions PS(V), kp(V) and a time constant
T . PS(V) is called the static load function and k (V) is the
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dynamic load function. The equations and notation are
analogous for the reactive power demand of the load.

The static load function expresses the amount of power
the load needs at a certain voltngc in steady state. The used
static load functions for active and reactive power respec-
tively are shown in Fig. 2, and they are taken from [3].

Figure 2 Static load characteristic.

The dynamic load function expresses the load power dur-
ing a certain step change in voltage. The transient behaviour
is here assumed to be

kp(V) = kPVa-] (2)

(Other functions of V could of course be used). It is con-
venient to introduce P((V) as

rV
Pt(V):=r kP{V)dV+Pt{0) (3)

pJ0
The transient change in power, denoted APQ, after a

transient change in voltage (from Vo to V,) can be ex-
pressed as

>- pd = P,d _ p
d

 (/0+ > = P, ( V o) - P, <vi) (4)
Field measurements have showed that a=2 is a realistic

value [4]. In this case we have that

^ 2 (5)
The implementation of the load model is done by con-

vening the differential equation to first-order normal form
by introducing one state variable for active and reactive
power, x and x , respectively [2,4]. It is convenient to de-
fine the state variable x and its derivative by

= TP{Pd-Pt(V))

The load power, Pj, is given by

(6)

(7)

(8)

One important relationship is when the load is in steady
e. i.e. when the derivative of the state variable is equal

to zero. In the following, the derivative of the state variable
will be used in the interpretation of the simulation results. It
can be noticed that the state variable is continuous but the
derivative could be discontinuous. Corresponding equations
for reactive load power are applied.

III. LOAD SHEDDING EXPERIENCE

Only loads with a larger time constant than the time con-
stant of the AVR will be studied here. This ensures that the
load dynamics are dominating other dynamics in the system
[5]. The analysis could be carried out in the P-V plane but
we choose to use the V-x plane since then the load dynam-
ics could more easily be analysed. Firstly we consider the
simple case of dynamics only for the active load power.
Dynamics in both active and reactive load are dealt with in
Subsection III.C. The load representation is assumed to be
an aggregation of loads with the effective characteristics as
modelled.

A. Voltage Collapse, Simple Case

The test system in Fig. 1 undergoes a voltage collapse
approximately 4 minutes after the system is disturbed. The
generator voltage varies, because of the AVR, between
unity and 0.976 p.u. except for the transient at disturbance.
The load voltage is sagging all the time after line discon-
nection except for the very last seconds, sec Fig. 3.

• = & OS 0 6b 07 0 76 OS 0 65 09 OH
Vlpu)

1: Pre-dislurbance steady stale operating point.
2: Immediately after disturbance.
3: Point for collapse.
a: Post-disturbance steady state operating point.

Figure 3 Collapse shown in V-x plane.

In Fig. 3 two shorter time periods exists where the load
dynamics are not the dominating system dynamics. That is
just after disturbance and just before collapse when the gen-
erator dynamics are dominating. The following analysis is
therefore not valid during these time periods of some sec-
onds each. The dash-dotted curve shown is the static load
characteristic for active load power.
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B. Underwltage Load Shedding, Simple Case

In Fig. 3 an important quantity should be noticed, i.e. the
distance between the system trajectory and the static load
characteristic. This distance is relatively large immediately
after the disturbance; then the trajectory approaches the
static load characteristic until a minimum distance is
reached, which is in this case situated at about 0.7 p.u. in
voltage. After the minimum distance is reached the distance
grows again.

In the analysis of the system behaviour during undervolt-
agc load shedding, the time span of the collapse case is di-
vided into two parts. The first time span of the collapse in-
cludes the system behaviour before the minimum distancj
is reached, and the second time span includes the remaining
part of the system behaviour until collapse.

In the first time span we define two different threshold
levels of undervoltage load shedding. The first threshold
level corresponds to the minimum value of amount of load
to be shed to save the system from a voltage collapse and
corresponds to the above minimum distance. The second
threshold level is time dependent and depends on the actual
distance between trajectory and static load characteristic.
This threshold value corresponds to the load power immedi-
ately after the load shedding being equal to that needed in
steady state, i.e. Pd = Ps. At the point in time when the
minimum distance is reached, these two threshold values
coincide.

I: Load less than first threshold value is shed.
2: Load more than the first but less than the second threshold value is

shed.
3: Load more than the second threshold value is shed.

Figure 4 Levels of load shedding.

In the second time span, the point on the trajectory which
corresponds to the minimum distance has already been
passed. This means that only one threshold value is of rele-
vance since the trajectory and the static load characteristic
becomes more distant. That threshold value is the same as
the second threshold value described above.

How to determine the amount of load to shed will be dis-
cussed in Subsection III.D. The three different levels of un-
dervoltage load shedding to consider in the first time span
are shown in Fig. 4. If load less than the first threshold
value is shed, a collapse will still occur. If load more than
the first but less than the second threshold value is shed, an
intersection with the static load characteristic will be found.
This will be called the first strategy of undervoltage load
shedding and will be denoted as 'the soft strategy'. If load
more than the second threshold value is shed, the trajectory
will immediately move to a position on the right hand side
of the static load characteristic, i.e. Pd > Ps. This is the sec-
ond strategy of undervoltage load shedding and will be de-
noted as 'the firm strategy'.

In the second time span, only the firm strategy is of inter-
est since the trajectory would no longer be in the region of
attraction of the new equilibrium. This prevents the use of
the soft strategy.

In the following, a simulation including load shedding
will be presented. In this case Ihe first simulated 100 sec-
onds arc exactly the same as in the voltage collapse case,
Fig. 3. At t=100 undervoltage load shedding will be per-
formed according to the firm strategy.

At the time t=100, some load is shed so that the nominal
active load power is reduced from 140 MW to 125 MW.
The reactive load power is unchanged. The simulation re-
sults in the V-x plane are shown in Fig. 5.

v » j \ System characteristics

- \ 5

V.,xp=0forPnom=l25MW

x =Ofor\ %

?„„...= 140 MW-

o 85
V|pu|

I: Prc-disturbance steady stale operating point.
2: Immediately after disturbance.
3: Point for load shedding.
4: Point directly after load shedding
5: Post-disturbance steady state operating point.

Figure 5 Firm load shedding.

Immediately after the lead shedding the voltage at the
generator is above the voltage set point. The AVR will
within a few seconds bring the voltage back to normal at
the generator terminals. The voltage at the load will also de-
crease because of the AVR reduction in voltage. The AVR
dynamics are much faster than the load dynamics. This
gives that immediately after load shedding the trajectory in
the V-x plane moves with almost constant x .
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The capability curve shown is valid for the post-shedding
steady state. Since that curve has an intersection with the
static load characteristic, within reasonable voltage limits, a
viable operating point can be expected to be found. If the
curve for system characteristics has such a shape that it ap-
proaches the static load characteristic for decreasing x , and
the intersection is found within acceptable voltage limits,
the remaining load is classified as short term viable.

C. Load Shedding Criterion, General Case

In the previous subsection the analysis was based on a
load with dynamics in only the active power. In the follow-
ing the criterion will be extended to loads with dynamics in
both active and reactive power. Two strategies for under-
voltage load shedding have been discussed, but the recom-
mended strategy is the firm one. There are several advan-
tages to perform load shedding in that way instead of using
the soft strategy. The reasons are:

• The system will normally reach a steady state in a
shorter period of time.

• The risk of unexpected dynamics from other system
equipment is minimized once the load shedding process
starts to unload the system (the state variables of the
load arc decreasing).

• The voltage decay is interrupted more distinctly.

• If the decision for load shedding is based on a mini-
mum acceptable voltage level, then load can be shed as
late as possible.

• The analysis technique is the same whether the mini-
mum distance is passed or not.

• It is hard to know when the minimum distance will be
passed.

An undcrvoltagc load shedding performed so that the tra-
jectory moves to the region of decreasing state variable and
the load is short term viable is called successful in the short
term in the following. Short term viability is the normal
ease for inductive loads.

The distance between the trajectory and the static load
characteristic in the V-x plane can be different from the
distance in the V-x plane. This means that for a certain
load shedding the result of the analysis will be different if it
is carried out in the V-x or in the V-x piane. If the time
constants of the load recovery for active and reactive power
are different, the results of (he analyses will quite often be
different. A certain load shedding can follow a trajectory to
the area of decreasing stale variable in one of the planes but
not in the other.

ii' the load shedding lakes the trajectory to the area of dc-
•rjasing state variable in both V-x and V-x planes then
ihe shedding is regarded as successful. If that area is not

reached in either plane then the shedding is regarded as un-
successful in the short term but it is not certain that a col-
lapse will occur since the load shedding may fulfil the re-
quirements according to the soft strategy. The power factor
of the load influence the effectiveness of the performed
load shedding. But it is not obvious that by shedding reac-
tive load the effectiveness is higher than for shedding active
load.

This technique of analysis is not limited to undervoltage
load shedding. If during a voltage unstable situation there
are reactive power sources available, this criterion for suc-
cessful load shedding can be converted to a criterion for
'successful reactive power injection' [6],

D. Amount of Load to Shed, General Case

To calculate the amount of load that is necessary to shed,
some data must be available. Those arc:

• Load flow data for the system for the point in time
when load shedding is going to be performed.

• Static load characteristics, Ps and Qs.

• Data for the transient behaviour of the load i.e. T , Tq,
y V ) and kq(V).

An important step in the calculations of the amount of
load to shed, is the calculation of the load response to a
voltage step. The load power after the step is equal to the
initial load power minus the transient response of the load
(4), i.e.

P P AP (91
*d. new = ^d~ är0 v '

If the voltage step originates from load shedding, then the
remaining proportion of the load, z , must fulfil the just
mentioned relationship,

The main structure of the calculation routine to determine
the amount of load to shed is:

• Solve a load flow for the time when load shedding is
going to be performed.

• Choose a new value of the load powers, Pd n e w and

Calculate the new voltage at the load, Vnew. This new
voltage must be higher than the current voltage else
choose new load values.

Calculate the transient change, APQ (5) and AQQ.

Calculate how much load that needs to be shed so that
voltages and load powers after load shedding corre-
sponds to the result from the load flow program with
chosen load values. The fractions of load powers to
shed, f and f , are calculated as 1-z and 1-z , respec-
tively.
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Scale the nominal powers of the load by the just calcu-
lated factors, i.e. if f =0.18, decrease the nominal active
load power with 18 %. Corresponding calculations ap-
ply for the reactive power.

Calculate the new static load values, Ps n e w and Q,
of the load at the voltage V,

•s.new'

new

• I f Pd.ncw > Ps.ncw a n d Qd.ncw > Qs.new t h e n t h e I o a d

shedding is classified as successful in the short term.

These calculations only describe the system behaviour at
the load shedding transient. When load is shed, the voltage
changes with a step which changes the load demand. The
new chosen load values are the load values immediately af-
ter load shedding corrected for the transient load character-
istic. The actual amount of physical load to shed to achieve
these load values must be calculated.

E. Nine Node Test System

To verify the analysis technique and load shedding crite-
rion presented in previous subsections, a larger test system
with 9 buses was studied [5,7]. This system is a slightly
modified version of the WSCC 9 bus test system. The static
data, i.e. load flow data, arc kept unchanged. The following
modifications to the dynamic data are made:

• The three original loads arc modelled by use of the dy-
namic load model described in Section II.

• Models for turbines and turbine regulators, power sys-
tem stabilizers, stator and rotor current limiters, as de-
scribed in Section II, were added to all three generators.

Figure 6 System voltage collapse.

A voltage collapse is initialized by an increase in system
loading of 51% concentrated to BUS-A. This extra load is
modelled with a static impedance characteristic. There ex-
ists a load flow solution for the system with this extra load,
which is connected at t=30. The system undergoes a voltage
collapse after 400 seconds if no emergency control actions
arc performed, i.e. the existing stable operating point is
never found, see Fig. 6.

To prevent the system from collapse, undervoltage load
shedding is performed in two different ways at t=200. In the
first example, load is only shed at one bus. In the second
example, load is disconnected at all three load buses.

BUS-B is selected as the node for load shedding in the
first example. A load flow solution at the time of load shed-
ding must exist. The load power at BUS-B is at the time for
load shedding 88.6+J28.3 MVA. Now, the load is reduced
so that the criterion for successful load shedding is fulfilled
at all three load nodes. If the load power in BUS-B is low-
ered with 18.6+J13.3 MVA to 70+J15 MVA, a load flow so-
lution shows that the voltage rise in the system makes the
criterion for successful load shedding fulfilled at each node.
This reduction in loac power at BUS-B, corresponds to a
load shedding of 27.4 % in active power and 58.4 % in re-
active power, i.e. a reduction of 24.6+J17.5 MVA in nomi-
nal power. The voltages in the system for this case of load
shedding are shown in Fig. 7.

Figure 7 Successful one bus load shedding.

If the load shedding instead is evenly distributed in the
system a more efficient action is obtained. If the load power
is reduced with 4+j2 MVA in each load bus the criterion for
successful load shedding is fulfilled in all three load nodes.
But the total disconnected nominal power sums up to only
23.2+J17.1 MVA and the system voltages will reach even
higher values than in the first example, sec Fig. 8.

To shed load in only one node makes the condition for
successful load shedding to be fulfilled with an, for this
node, unnecessarily large safety margin. But it is necessary
to shed so much load to fulfil the criterion in all the other
load nodes. Thus, from an optimal point of view, it is more
efficient to shed small amounts of load at several different
nodes. And the amount should be so that the criterion is just
fulfilled at each node. To develop a strategy for multi-node
load shedding is the subject of future research.

If the nodes are going to be ranked according to the most
beneficial node for shedding, the voltage level at the node
can be used for several reasons. For a load with unity power
factor, the voltage level at maximum transmitted power is
around 0.71 p.u. The sensitivity in voltage for a change in
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power will increase until this voltage level is reached. For
inductive loads (his voltage level will be even lower. So un-
til this voltage level is reached the voltage change for a spe-
cific change in power will increase.

Figure 8 Successful three bus load shedding.

Another reason is related to the previously mentioned
distance between system trajectory and static load charac-
teristic. When this minimum distance is passed, the collapse
will accelerate. To prevent a collapse, no single node volt-
age should be allowed to sag more than another to prevent
this node from passing the minimum distance.

IV. CONCLUSIONS

This paper has presented a criterion for undervoltage load
shedding to avoid voltage collapse. The analysis technique
can be applied to other kinds of emergency control actions
than undervoltage load shedding, e.g. capacilivc switchings.

The course of events, in the 2-node system, is very de-
pendent upon the load characteristic. It is found that it is
easier to get a voltage collapse if the load has a pronounced
transient response to a voltage change.

Two strategics for undcrvoltagc load shedding have been
discussed. While each has advantages the firm strategy has
been recommended. It has also been found that it is more
beneficial to shed load at several places instead of concen-
trating it to only one load node.
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APPENDIX

Static data for 2-node test system
Sbase = 100 MVA, V t e e = 220 kV, R, i n e = 0.044 p.u.,

Xline = ° 1 7 6 P u - Blinc = 0 3 0 8 5 5 P u ~ Qnom f o r s h u n l i m "
pedance = -95 Mvar, P n o m for load = 140 MW, Qn o m for
load = 130 Mvar, Vsc( for generator = 221 kV.

Dynamic data for 2-node test system
Active load power - dynamic representation, reactive

power - static representation, T = 20 s, k = 110, a = 2.
Synchronous machine Srated = 280 MVA, saturation ex-

cluded, VraI£d = 220 kV, H = 4.0 MWs/MVA, R, = 0 p.u.,
X, = 0.10 p.u., Ra = 0 p.u., Xa = 0.18 p.u., Xd = 1.0 p.u.,
Xd ' = 0.4 p.u., X d " = 0.249 p.u., Td 0 ' = 5.0 s, T d 0 " =
0.06 s, XQ = 0.65 p.u., XQ" = 0.249 p.u., T Q 0 " = 0.125 s.
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Abstract: A system consisting of self-restorative loads at
buses controlled by load tap changers is modelled in this pa-
per. The conditions for a saddle node bifurcation arc shown
to coincide with those without the self-restoration. A simple,
one load bus system is investigated in greater detail using both
eigenvalue and nonlinear analysis. The emergence of voltage
oscillations is analyzed, as well as the conditions under which
these oscillations can become unstable. It is shown that os-
cillatory instability can occur only when the steady state load
characteristic results in an unstable system.

1. INTRODUCTION

Voltage stability is primarily related to load power restora-
tion [I, li]. Tlie load power restoration process can be encoun-
tered in the transient or mid-term time scales. Induction mo-
tors fidl in the lirst category while Load Tap Changing (LTC)
transformers and slow self-restoring loads, e.g. driven by ther-
mostat ic elfects, belong to the second category.

LTCs indirectly restore the loads to constant power by regu-
lating the secondary (load side) voltage. They can be described
approximately [•'!] by the continuous-time Ordinary Differential
Kquation (ODKs):

71 = K(Vr-V2) (K > 0) (1)

or with constant slope:

A' if V7 < Vr - c
0 if | V a - V r | < r
-A" if V? > V, +<

(A' > 0) (2)

whore, n is i lie transformer ratio, V2 the controlled secondary
vollagr "f the I.'l'C, and V, its set-point.

During recent years, a number of generic load models have
been proposed in the literature to account for the load power
self-restoration following a disturbance [1, J, -1, 5]. The tran-
sient load characteristic is usually more sensitive to voltage than
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the steady s ta te characteristic taking into account restoration.
This is quantified with the following ODE:

Tw = ) : - P,(V)t» (3)

where w is the state variable responsible for self-restoration,
Pi(V) (resp. Pt(V)) the transient (resp. steady slate) load
characteristic and s a parameter representing the demaml
(amount of connected equipment). In the above equation,
Pt(V)w is the actual power consumed by the load, while Ps(V):
is the load power at the end of the restoration process.

The behaviour of a system with generic load models was
studied in [5], while [6] considered the stability of a system
with LTCs and [7] considered some aspects of combining both.

This paper investigates the situation of a cascaded restora-
tion process, where self-restoration exists on the secondary sides
of LTC transformers. In practice, this situation is known to
limit the benefit of tap changer blocking. Moreover, this dou-
ble restorative scheme can create voltage oscillation problems
as suggested by [8] in the case of two LTCs in cascade.

2. SYSTEM DESCRIPTION

A. Model formulation

We consider a set of k loads. For each load the continuous
time representation (1) is assumed for the LTC controller while
both real and reactive load powers arc self-restoring from a
transient to a steady state voltage dependence according to (3).

The combination of the LTC and load restoration ODKs
gives the following ik equations:

n = K(Vr-V2)
Tw = P..(V2)z-P,(V,)w

( • I )

(5)

where,

n, V2, V r are k x 1 vectors of LTC ratios, secondary volt-
ages, and reference voltages respectively,

w,z are 2k x 1 vectors of real and reactive load state vari-
ables and demand parameters,

K is a k x k diagonal matrix of LTC gains, and

T,P , (V 2 ) ,P i (V 2 ) are 2k x 2k diagonal matrices of load
time constants, steady state and transient voltage depen-
dence respectively. Note that for simplicity the symbol I'
is used for both real and reactive loud dependence.
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When exponential functions are used to describe load-
voltage behaviour, matrices P , . P i lake the following form:

1\(V,) = diag
0 (V2,IV2,o)""

2l/v7,oy- \

where a»,/?» (rcsp. at,/3t) are the steady state (resp. transient)
load exponents for real and reactive power.

The differential equations (4)-(5) require a set of algebraic
equations to define the load voltages V2 in terms of the state
variables n ,w. This set of equations can be written as follows:

0 = f(x,y)
0 = s(x,y,V1,P,(V2)w)

V 2 1 = » t . V ' i , i = 1 , . . . , k

(6)
(?)
(8)

where V'i, and V2i are the primary and secondary voltages of an
ideal 1 ransformer behind the LTC leakage reactance as shown
in Fig. 1. The k primary voltages are grouped into the k x 1
\cctor V j . Equations (6) are the vi equilibrium equations on
the m generator state variables x and the algebraic variables y.
If .V is 1 lie number of buses indicated in Fig. 1, y is made up of:
(i) .V — k voltage magnitudes at all buses except the primary
sides of the k ideal transformers, and (ii) ;V — ] phase angles
at all buses except a reference. Thus, in y , V i , V 2 there arc
2.Y -f k — 1 variables in all, which are determined by the 2A' — 1
c<iuatious (7) and the it ('([nations (8).

.V buses

In mid-term voltage stability analysis it is often desirable to
have an indication of load restoration stability not only at the
equilibrium point defined above, but also during a slow (mid-
term) transient. The loss of stability during the restoration
process indicates that a maximum power transfer limit has been
reached [6, 7]. This indication is particularly valuable when an
actual equilibrium of the load restoration prores* dor»- not CXIM

To achieve this goal, the concept of an "implied equilibrium"
point is introduced. Consider an operating point defined by
the variables x,y, V i , Vj.Ti.w, which satisfy conditions (0)-
(8). Since the fast generator dynamics are at equilibrium, this
point can be considered as a point on the approximate "slow"1

or "integral" manifold [9, 10], which gives the slow component
of the transient state variables x, as the load restoration process
evolves. At this point the following change of input variables is
considered:

Figure 1: Definition of.V, Vj.Vo

The following assumptions iivo madv ;>t this point'.

I. The generator dynamics are fast and stable.

1. I he algebraic equation .lacobiau is not singular.

ndrr these two assumptions, the differential-algebraic system
onsisiing of equations (.1 )-(}>) defines the dynamics of the cas-
.idi-il luad restoration system.

\n equilibrium point of the system defined above for a spc-
(ifir load demand /. and 1.1 C reference voltages V r can be ob-
tained from t he solution of the following set of equations:

0 = r(x'.y') (9)

0 = B(x*.y'.V,\P.(V,)/.) (10)
\;, = ,,;v,#, i = i k (11)

P,lV, )w* = P.(V,)z (12)

Vr = V2 + AVr

7. == Z + AZ

where z is derived from:

(H)
(M)

( I S )

Substituting (13)-(M) into (-l)-(5), the following system is
formed:

(10)

(V2)Az (17)
n = K(V2-V2)

Tw = P,(V2)z-P,(V2)w

for which the algebraic constraints (fi)-(8) also apply.
The new system (1G)-(17) has the same time response as

the original system (4)-(!>)- Moreover, (he new system (\<i)-
(17) has an equilibrium point at. the current point along the
slow trajectory of the original system. This property allows
linearization and stability analysis at the implied equilibrium
point. Stability of the implied equilibrium signifies that the sys-
tem moves in the direction of restoring both load and secondary
voltages. Instability of the implied equilibrium means that the
system moves away from load and voltage restoration. Finally.
aSaddle Node Bifurcation (SNB) of (lf>)-(17) indicates that the
system is on the maximum power transfer boundary [0]. Note
that the stability properties of the implied equilibrium give no
information whatsoever on the existence or the stability of an
actual equilibrium point ["].

The linearization process of the following section, is appli-
cable cither when the system is at an actual equilibrium point,
or at an implied equilibrium along a slow trajectory.

3. STABILITY ANALYSIS

A. Linearization

The only algebraic variables entering I he slate equal ions of
the load restoration system are the k load voltages V2. The
sensitivity matrices (Jacobians) of these variables wilh respect
to the state variables ii, w can be calculated at a specific point
using the algebraic equations (0)-(8), which have been .issumed
nonsingular. The computation process can be very efficient
making use of the sparsity of the above equations. Therefore,
the stability analysis of the cascaded load restoration process
will be carried out in this section using these .lacobians df fined
as:

V n -m

1 7 4



To facilitate the analysis it is assumed al this point that in
the steady state the load is self-restoring to constant power.
Therefore:

r,(V2) = Ia*
where I2t is the 2k x 2k identity matrix.

Linearizing (1G)-(17) at an implied (or an actual) equilib-
rium point O»<J gets..

An = - K V n A n - K V w A w +KAV r

T Aw = -SVnAn-[SVw + P.(V2)]Aw-fAz

where the Jacobians are calculated at the implied or actual
equilibrium and the 2k x k matrix S is defined as:

S = diag

3P,,_
dvT,wp

W

The state matrix of the load restoration system at the im-
plied (or actual) equilibrium point can be written in the follow-
ing form:

- K V WA - I ~ K V »
A - I _ T - i S V n _ T - ' [ S V

(18)

In the above equation the abbreviated notation Pi is used in-
stead of P,(V-,) for an implied, or PiCVj) for an actual equi-
librium.

II. Saildlc iKmlr Bifurcation

Once I lie form of the state matrix for the cascaded load
restoration system has been defined in (IS), the conditions for
a Saddle Node liifurcalion, i.e. the singularity conditions of A
can be examined.

Due to its structure. A can be written as a product of two
matrices:

A = K KVw
T~'S T-'[SVw-<

- V u 0
0 -I2

Since the diagonal matrix K is never singular, the parti-
tioned matris lemma can be applied to the first of the above
matrices, so that the determinant of A is calculated as:

del A = det K det ( T " 1 P , ) d e t ( - V n ) (19)

Since I he diagonal matris Pi is never singular, it follows
from (ID) thai the slate matrix A is singular if and only if the
»ullage sensitivity matrix V » is singular.

The equivalence of the singularity conditions of A and V n
implies that the .system with loads self-restoring to constant
power ha* tlie Minif saddle node bifuraction (SNB) point with
that consisting of only the L'I'C's. Moreover, the SNB condi-
tion det V J I = 0 can be efficiently detected using sparsity tech-
niques, oil her directly, or indirectly through a change of sign of
the reactive generation sensitivities [G],

•1. VOLTAGE OSCILLATIONS

In the previous section we were able to derive the SNB condi-
tions of a fairly general system involving cascaded load restora-
tion on k buses of a power system. The only assumption made
»MS tli.it in t lie steady stale I lie loads arc self-rcsloring to con-
—t;tni pnwi r. I In1 analysis of voltage oscillations and possible

voltage oscillatory instability can be carried out in each given
case by numerically computing the dominant eigenvalues of I he-
state matrix (18). It is not easy, however, lo obtain qualitative
results and oscillatory instability conditions for the general it
load bus system. Therefore, in this section we examine analyt-
ically the dynamics of the cascaded restoration on a single load
bus system, such as that shown in Fig. 2.

o-
1 : ii i B

Figure 2: Single load - infinite l>ws system

In the single load bus case the LTC gain and sensitivity A'
and Vn are scalars, whereas matrices S.Vw become 2 x 1 and
1 x 2 vectors respectively. Furthermore, it is assumed that real
and reactive load are restoring with the same lime constant V'i.
Following this, the 3 x 3 slate, matrix can be written as:

A =
-AT,,

-77'SK,
-A'Vw

-7'r'ISVw +
(211)

Qualitative analysis is facilitated when il is assumed lli.il the
transient load restoration of real and reactive power is such dial
the elements of P , for real and reactive power are equal. With
the above assumption, the eigenvalue - eigenvector equations of
(he system can be written as:

-AT,, -A'VW _ 1 [ «„ 1 _ [ ,,„ 1
Ty-'sv;, -7 ' - ' [ sv w + i>,h] \ [ »w J [ «w J

After some algebraic manipulations these equations can be
red viced to the following scalar form:

un[Ti A2 +(?, V w S + V'n h"l\) A + AT3, \ •„] = <>

Let us examine first the case u,, = 0: Imposing this condition
to the first of the eigenvalue equations we obtain:

" r w " w = ( l A = —/'i/7'i

This eigenvalue corresponds to a variation of real ami reactive
load in opposite directions, so that die net elfect on bus volt-
age is zero. Note (hal this eigenvalue is always negativt.- and
proportional to the speed of load recovery.

The ca.se with «„ ^ 0 is more inlere.sling. To Miiiplily the
nota'ion we define:

.s = - V w S (22)

T = AT, (-',()

Since V w is the sensitivity of the load voltage to the real and
reactive load increase, its elements are usually negative num-
bers. Therefore, s is normally positive. The ratio r indicates
the relative speed of the LTC versus the self-restoration of load.
If T > 1 the LTC is r times faster than the self-restoration. II
r < 1 then the LTC is 1/r times slower than the load restora-
tion. Using the above notation, the condition for an oscillatory
response of the cascaded load restoration process is the follow-
ing:

V,,r)2 -M',V,,r (-'I I
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Kor positive l"tl, i.e. before a SNB of voltage dynamics, the
above condition is equivalent to:

Vn
< r < (25)

The double inequality (23) signifies thai voltage oscillations
occur when the relative speeds of the LTC and self-restoration
are williin the above bounds. Voltage oscillations result from
not enough time-scale separation between the two load restora-
tion processes. This generalizes the results given in [8, 11] for
cascaded LTCs.

1 he necessary and sufficient stability condition of the cas-
caded load restoration system is easily determined from (21).
I'sing the same notation as above the system is stable when:

i;,r > s- Pt (2G)

1'or positive values of Vn this implies:

• if .s < 1\, the system is stable for all relative speeds of the
two dynamics;

• if ,s > /',, the system is stable provided that the LTC is
fjusl enough with respect to self-restoration

The particular case of an instantaneous load self-restoration
allows further interpretation ofthc above conditions. This core-
spomls to 7'i — 0, and should have the same effect as replacing
t lie transient load characteristics by the steady-state one. If
7'i goes to zero, so does r and since the lower bound in (25)
is positive, the system cannot experience oscillations. The sla-
bilily condition (2(>) in this case becomes simply s < Pt. The
system eigenvalue for 7'i = 0 can be calculated directly from

A—£- (27]

We can now reformulate the stability condition of cascaded
restoration as follows :

• If the system with the constant power load characteristic
is stable, the cascaded restoration process is stable for all
relative speeds of the two dynamics;

• If the system with the constant power load characteristic
is unstable, the cascaded restoration process can still be
stable, provided that the LTC is fast enough with respect
to self-restoration.

A. Case 1

The operating point for Case 1 is shown in Table 1. The sen-
sitivities, as well as the oscillatory behaviour limits are shown
in Table 2. The voltage sensitivity to tap \/

n is positive, there-
fore the operating point is in the stable region of the LTC. Also,
since in this case- .' < Pt, the stability of the system does not
depend on the relative speed of the LTC. As seen in Table 2
that stable voltage oscillations are expected when the LTC is
less than 8.3 times faster, but not 6.5 times slower than the
self-restoration of the load.

Finally, in Table 3 the eigenvalues for certain values of LTC
gain and load restoration time constant arc shown. It is seen
that when the speed of the two restoration processes is the
same, the system behaviour is oscillatory, but when the load
restoration is made 12 times faster than the LTC all eigenvalues
are real.

Table 1: Test case data

Case
1
la
2
3

E
1.05
1.05
1.05
LOG

A"
1.0
0.5
0.5
0.5

Po
0.5
1.0
1.0
1.0

Q.,
0.
0.

0.5
0.5

He
0.
0.

0.5
0.5

Table 2: Stability ami oscillation conditions

Case
no

1-la
o
3

Vn

0.373
0.373
0.412

s

0.579
1.0325
0.989

Stability
condition

stable
1/11.5 < r

stable

Oscillation
conditions

1/(1.5 < r < 8.3
1/1.'134 < r < 10.9
1/13,558 < r < 9.(15

Tabli; 3: Eigenvalues for ciisrs 1 - 3

Case
1-la

3

K
- 0

- 0

- 0

= 1
.397

-1
.170

-1

7' =
±j0
.0
±jo
.0

.212 ± j 0
-1.0

1
4 G

59

Gl

K =
- 1

+0

1 7 = 1/12
011 - 4

-12.0
.008 ± }2

-12.0
-0.272 ± j2

-12.0

41

11

21

5. CASK STUOIKS

In this section, three illustrative case studies of a simple
one load bus power system (Fig. 2) are examined. The supply
voltage E for this system is considered constant, therefore, the
only dynamics present are those of the cascaded load restoration
process.

A number of test cases for this simple system »ill be exam-
ined in this section. In accordance to the assumptions made
earlier, the load is self-restoring in all cases to constant power
(n. = .3. - 0) and the restoration time constant is the same
for rt-.il and reactive power. Also, in all CTSCS the transient
load (haracterisiic is constant impedance for both real and re-
ar-live load (a, = ,?, = 2). At the initial equilibrium point the
-"•ondary load voltage is nominal [\' = \, — I'si. = 1). the
'l<iii;ir.fl is /. = w ' = [/>„ QO]T, so that T\ - 1 and:

sr = ' I , / ' . -i,Q:

Case la is a slight variation of Case 1: The line reactance is
reduced by 50% and the load is doubled. The load restoration
behaviour is identical to that of Case 1. All sensitivities and
eigenvalues are the same, as seen in Tabies 2 and 3.

U. Case 2

As seen in Table 1, Case 2 is similar to Case la, since at the
nominal voltage Vio = 1 the net reactive load for both cases is
equal. However, the dynamic response for Case 2 is radically
different, because a change in reactive demand will eventually
restore to constant power, whereas the capacitive compensation
remains a constant admittance.

In Table 2 it is shown that the voltage sensitivity to tap U,
remains the same as in the previous two cases, llowewr. t lie
voltage sensitivity to load restoration has increased, so that the
constant s is now greater than Pt (which is equal to one in
all cases studied here). Therefore, instability is possible, CMII
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though V'n is positive. The stability condition (26) in this case
is that the lond restoration process should not be more than
11.5 times faster than the LTC controller. The cascaded load
restoration system is now oscillatory in a wider region of relative
LTC/load restoration speeds, ranging from an LTC 1434 times
slower to 10.9 times faster than the load restoration.

C. Nonlinear simulation

The linearized analysis is complemented here with a simu-
lation of the nonlinear cascaded load restoration system, for an
unstable operating point. Using simulation, the effect of the
LTC hard limits, as well as that of the different LTC models
(1), (2) can be examined. The disturbance simulated is a tran-
sient supply voltage drop lasting from 50 to 60 seconds. The
initial and final operating points are the same corresponding to
Ca.se 2 of Table 1.

The first simulation set is carried out using the ODE model
for t lit- LTC with a gain A* = 0.025. The load restoration time
constant is '1\ = 2.5 sec giving a speed ratio r = 1/16. As
seen in Table 2, the system is expected to exhibit oscillatory
instability.

This is verified by the simulated responses of Fig. 3, where
the increasing oscillations are seen to lead the system to col-
lapse. Voltages l'i and Vi, the tap JI and the reactive line flow
at the load bus Q arc shown in this figure. The value VCT,t
plotted along with the other variables is used as an indicator of
LTC stability [12]: When the primary voltage V\ becomes less
than VrT,t, the transient value of the load voltage sensitivity
ID tap I',, becomes negative and the instability of the response
becomes exponential. The condition V\ =VCTll is equivalent to
a SNI5 of the implied equilibrium point with V'i = VJ.
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Figure '.V. Unstable oscillations (ODFJ modelling, no limits)

A more realistic simulation, including the upper limit of the
tap at »max = 1.15 is .shown in Fig. 4. In this case the system
i-.xhibils a cyclic behaviour, the t ap periodically reaching its
upper limit.

In Fig. 5 and (i the LTC is modelled using the constant slope
model of equation (2). with a deadband c = 0.01 (±1%). The
operating point is again that of Case 2 and the disturbance the
-.•inn as before. The load lime constant is T\ = 1.25 sec. In
Fig. •') the .slope is. (1.00130, equivalent to a 1.36% step every 10
seconds. The system with this LTC slope after some unstable
o»i illatioii> is collapsing. Since the I.TC is at its upper hard
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Figure 4: Limit cycle (ODE modelling, limits on)

limit, the collapse of the system is driven by the load admittance
increase. Note that the formulae with I he relative speed ratio
r are not applicable in this case, since they were derived using
the ODE representation for the LTC.
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Figure 5: Constant, slope LTC (1.36% per 10 sre)

If the slope of the LTC is only slightly increased to ].'.il'/i.
every 10 seconds, the collapse is avoided, as seen in Fig. (i. In
this case, although the voltage oscillations are still unstable, the
load is able to restore when the tap is limited, and the system
reaches a steady state at a low voltage level. Comparing these
two cases it is seen that when the constant slope LTC model is
used the cascaded load restoration system is not experiencing
a limit cycle.

D. Region of attraction

Let us consider now Case 3 of Table 1. This case is the same
as Case 2, but with slightly higher supply voltage. As seen in
Table 2 this slight increase is enough to stabilise the system for
all relative restoration speeds, since now ,s- < / ' , . Some iypic.il
eigenvalues are shown in Table 3. Note the large dilference in
the eigenvalues between Cases 2 and 3 for fast load restoration,
although the change in supply voltage is only I ' / .
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Figure 7: Region of attraction

Figure 7 shows a projection of the state space of this system
onto the H — w/> (tap ratio - active load state variable) plane.
The stable and the unstable equilibrium points are found at the
intersection of the h = 0 and the ib = 0 curves. Trajectories
are moving to the right above the ii = 0 curve, and to the
lell lulow the it = 0 curve. Similarly, trajectories are moving
upwards when outside the ii> = 0 curve, and downwards when
inside I he ir = 0 curve. Two oscillatory trajectories (no. 2
ami .')) converging to the stable equilibrium point are shown, of
which no. 2 is very near the boundary of the region of attraction.
Trajectory no. I lies on the other side of this boundary, since
it fails to converge to the stable equilibrium. Note how close
thi' stability boundary is to the stable equilibrium. Therefore,
the operating point of Case 3, although stable, is extremely
vulnerable to random disturbances. Trajectory no. 3 belongs
lo t lie unstable manifold of the unstable equilibrium point.

CONCLUSIONS

I he. main points made in this paper are summarized below:

I. Load r<eovery to constant power behind an LTC docs not
contribute to a SNB of voltage dynamics, but it may gen-
eraic voltage oscillations.

2. Voltage oscillations arise when the relative speed of the
LTC and the load self-restoration is within sonic limits
that depend on the loading level of the system.

3. The cascaded load restoration process is always stable
when the load voltage is not oversensitive to load varia-
tions.

4. Oscillatory instability can be avoided when the LTC is
sufficiently fast. The actual relative speed limit that guar-
antees stability depends upon the system characteristics.

5. The cascaded load restoration system can never be destabi-
lized, unless the LTC system with instantaneous constant
power load becomes unstable.

6. When the system is oscillatory, the existence of a stable
equilibrium point does not guarantee the stability of the
system after a large disturbance, because the region of
attraction of the stable equilibrium point may be limited.
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Abstract - This paper presents a strategy for
prevention of voltage instability by redistributing
system generation. The aim of the method is to find
the location and amount of active power of
generators to be rescheduled in order to reduce
indicators from bigb values (risk of voltage
instability) to a desired value (providing an
adequate margin). The advantages of the proposed
method are short computing time and low memory
requirements due to the use of sparse vector
techniques. The proposed method has been tested
with the 30 bus New Kn; i.ind test system, a 206 bus
400 kV simplified French network' and a 500/200
kV Vietnam network with satisfactory results.

Keywords: Voltage instability, indicator, generation dispatch.

I. INTRODUCTION

The phenomenon of voltage instability is very complicated.
There were several approaches and methods to predicting
voltage instability [1-{J]. The methods can be divided into
either steady state or dynamic methods [6].

There are few means for controlling (he system when it
approaches the voltage stability boundary. Some reported
control actions include increasing reactive generation until
maximum reactive generation capacity, freezing the operation
of under-load lap-changing transformers, lowering voltages in
the distribution network, and even performing load shedding
in extreme situations. Several authors have been presented
control strategics that move state of the system away from
the unstable region [10-15]. In [12] the minimum singular
value of the Jacobian of die descriptor network equations as a
voltage security index has been presented. Then a
continuation technique that redistributes the system
generation for improving security of the system with respect
to this index hits been proposed. However, computation time
of this method is very high.

Paper SPT PS 06- 05- 0455 accepted
for presentation at the IEEE/KTH
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Many authors present voltage control to maintain die voltage
profile within necessary limits (ex: V,njn< V < Vmax). But a
voltage level is not a sufficiently accurate indicator of near-
voltage instability. A power system may enter states of
voltage instability with values equal or close to the usual
minimal operating values.

Therefore, this paper presents a method that permits to
prevent voltage instability by redistributing the system
generation. This method is based on indicator of risk of
voltage instability that has been developed [13, 14] from the
method suggested by P. Kessel and II. Glavitsch [1]. The
method uses sensitivity analyses of indicator changes with
respect to active powers at various generators [13, 14]. The
compulation speed of these indicators is very fast. These
indicators can be used for on-line monitoring of a power
system. With the help of these indicators critical load buses
(voltage weak areas) can be identified. From these indicators,
sensitivities between indicator changes and active/reactive
power changes are easily obtained. This is why, these
indicators are selected in order to lake appropriate remedial
actions.

Voltage stability margin in this paper is the distance between
maximum voltage instability indicator and one. If this
distance closes to a zero or maximum voltage instability
indicator closes to one, the system enters slates of voltage
instability. Given a system operation point with high values
of voltage instability indicator, we find the power distribution
to generators in order to reduce these indicator values
(lowering indicators) in order to provide adequate margin. 'Hie
strategy has to satisfy the following system operating
constraints [12]:

- total generation power balances demand plus transmission
losses:
- MVAR and MW limits on generators;
- voltages magnitudes arc within specified ranges;
- losses in transmission lines do not exceeded line thermal
limits.

This remedial action can be coordinated with other actions as
well as: load shedding [13, 14], reactive compensation of die
VARs [15].
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II. PROBLEM FORMULATION Where:

From ihe indicator proposed in [1] an approximation was
developed in [13. 14]. This calculation uses sparse vector
techniques [16]. The indicator of risk of voltage instability at
bus j can be determined by:

B j - aL

Where:

ÖL. aG : set of load and generator buses, respectively
Yj, y_j : complex voltages al load bus j and generator busL

The indicators at each bus vary between zero (no load) and
one (voltage instability). Values close to one indicate
proximity to power flow divergence [1).

A very fast prediction of an impeding instability can be made
by these indicators; this is why these indicators can be used
for on-line monitoring of a power system. With the help of
these indicators, a tendency towards voltage instability exists
can be detected. These indicators can identify critical locations
in Ihe system where control actions can be applied, in
particularly generation rescheduling.

The aim of this method is to determine the location and the
amount of reactive power of generators to be rescheduled in
order to reduce indicators from high values (risk of voltage
instability) to a desired value (providing an adequate margin):,
i.e. improving voltage stability. 'Hie desired value is selected
bearing in mind that if indicators at all load buses are lower
than this value then the system will remain in a stale far
from a voluige instability point.

The problem can be formulated:

Min £ cT AI>

i e i<(;

subject to:

- condition of indicators: 0 < Sn P AP < Bdt.Mrci, - B ;

- voltage magnitudes are within specified ranges:

- total generation power balances demand plus transmission
losses;

- MVAR and MW limits on generators:

- losses in transmission lines do not exceeded line thermal
limits

c r: vector of costs associated with active power at generator
buses;

Sup: sensitivity matrix relating indicator change at load buses
to active power change at generator buses;

Svp: sensitivity matrix relating voltage change at load buses
to active power change at generator buses.

: desired indicator value;

The problem can be solved by linear programming. In order
to reduce constraint number, load buses having indicator
higher than the desired value (D(|eSu-et|) or having vollage less
than the minimum voltage are considered. These sensitivities
can be calculated by using sparse vector techniques [16].

However, the problem can be solved by another way. With
the help of developed sensitivities, the amount of generation
active power is determined. The load bus (location, ex: bus j)
where the indicator is the highest is selected as a bus to be
examined. The generator bus (ex: bus i), where the sensitivity
of indicator change at bus j with respect to the generation
active power at bus i is the highest, is selected to change
active power. The process is repealed until all indicator values
become lower than or equal to the desired value. Then exact
values of indicator after redistribution actions are calculated
with the help of a fast decoupled load How [17].

If the objective (indicator profile) is not reached we can
increase the desired indicator value. This remedial action can
be coordinated with other actions as well as: load shedding,
reactive compensation.

IN. RESULTS

The proposed method has been tested with the 30 bus New
England lesl system 17], a 206 bus 400 kV simplified French
network (299 branches), and with a 500/220 kV Vietnam
network (35 buses).

III.l. New England test system

The one of lest was carried out on a 30 bus New England test
system [7] as shown in Fig. 1. The system has 10 PV and 20
PQ buses that are interconnected by 37 branches (the basic
case in [7]) with 6227 MW in total. Here the set up was
approximately (he same but some changes were made.
Generator 10 was removed and lines (9, 30) and (3, 4) were
outaged. In this situation, if we add an active power load
about 200 MW at bus 8. the voltage collapse occurs.
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Fig. 1. New England lest system (30 buses).
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Fig. 2. Initial indicators (B_ini) and indicators (B_fm) after increasing 172
MW in the generator 6.
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Fig. 3. Initial voltages (V_ini) and voltages (V_fm) after increasing 172
MW in the generator 6.

The indicator's desired value was set to 0.2 pu. There are 10
buses violated in indicator condition (buses: 4 - 15). The
highest indicator is 0.5878 pu at bus 9 (Fig, 2), The lowest
voltage is 0.9487 pu at bus 12 (Fig. 3).
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5. Trajectories of voltage according wnli active power change of
generator at bus 6.

After the calculation, the active power of generator at bus 6 is
increased from 573.60 MW to 745.60 MW (increasing 172
MW). After this action, all indicators are lower than 0.20 pu.
Active power losses reduce from 76.50 MW to 50.21 MW.
Voltage stability is effectively improved.

Figs. 2 and 3 show the initial indicators (B_ini), voltages
(V_ini) and indicators (B_fin), voltages (V_fin) after
increasing 172 MW in generator at bus 6.

The trajectories of indicator and voltage magnitude according
with active power change of generator at bus 6 are shown in
Fias. 4 and 5.
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Fig. 6 shows trajectories of reactive power of generators
according with active power change of generator at bus 6.

000 fiSO 700 750
Active power (MW)

Fig. 6. Trajectories of reactive of generators according with active power
change of generator at bus (<.

111.2. Simplified 400 kV French network

The other lest is carried out on a 206 bus 400 kV simplified
French nelwoik (29(J branches).

The indicator's desired value was set to 0.3 pu. There are 13
buses violated in indicator condition (47, 102, 103. 104. 105,
123, 144, 145, 146, 152. 187. 197 and 200) as shown in
Fig. 7.

After the calculation. 1230 MW in total is increased on 5
generators at buses 106, 107, 108. 109. 110 and 111. After
these actions, all indicators are lower than 0.30 pu. Figs. 7
and 8 show the initial indicators (B_ini), voltages (V_ini) and
indicalois (B_fin). voltages (V_fin) after increasing 1230 MW
in total on cenerators at buses 106. 107. 108. 109. 110 and
111.

200

Fig. 8. Initial indicators (V_ini) and indicators (Vf in) after increasing
1230 MW in total on generators at buses 106-111.

111.3. 500/220 kV Vietnam network

The electric power supply in Vietnam is undertaken by three
regional Power Companies (PC): PC-1 for the Northern
Region, PC-2 for the Southern Region and PC-3 for the
Central Region. A 500 kV transmission line was constructed
for sending abundant energy generated in the North (with
1920 MW in total of Hoa-Binh Hydro power station at bus
35) to the Central and Southern power systems (Fig. 9).

Due to the si/cable length of the link, the considerable
amount of power to be transmitted of this line, and the
configuration of Vietnam network (500 kV and 220 kV), risk
of voltage instability can be occurred. Therefore, in order to
improve voltage stability, one of strategics is proposed by
generation dispatch.

200

'ldicaiors (D..IIH) ami indicators (BJ'in) after increasing 1230
MW in total on generators at huses 1 Of»-111.

Fig. 9. 500/220 kV Vietnam network.

A test is considered in a full load condition with 2534 MW in
total. In Fig. 9 we can see transmission losses. In each bus,
we can see voltage (left) and indicator (right) values. Figs. 10
and 11 show voltages and indicators in the initial case
without Can-Tho generator at bus 21 (reserved plant).
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'Hie indicator's desired value was set to 0.3 pu. There are 8
buses violated in indicator condition (1, 6. 8. 9, 10, 20, 21,
22). The highest indicator is 0.5101 pu at bus 1 (Fi». 10).
The lowest voltage is 0.9100 pu at bus 8 (Fig. 11).

After (he calculation, Can-Tho generator (rated power about
33 MW) is started with 12 MW. After this action, all
indicators are lower than 0.30 pu. The minimum singular
value of tiie Jacobian increases from 0.2288 to 0.2341, the
active power losses reduce from 91.48 MW to 86.46 MW.
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Tho generator with 12 MW.
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Fig. 11. Iiulial voltages (V_ini) and voltages (V lin) alter Marling Can-'llio
generator with ]2 MW.

There is only 12 MW of generation, but it is very valuable to
improve voltage stability of this power system.

IV. CONCLUSION

The method permits to determine the effective location and
the amount of active power of generators to he rescheduled in
order to lower indicators. Some lime, with a small power of
generators, but it is very valuable to improve situation. The
computation speed is very fast. When the condition is not
satisfactory, this remedial action can be coordinated with
oilier actions as well as: load shedding [13-14], reactive
compensation [15].
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Dynamic Voltage Stability Indices Based on
Existence of Stable Equilibrium Point

Yicheng Zhou, Keiichiro Yasuda
Ryuichi Yokoyama
Department of Electrical Engineering,
Tokyo Metropolitan University, Japan

In this paper, novel classification and evaluation techniques
for dynamic voltage stability in power systems is introduced.
The main objective of this paper is to clarify the voltage
instability phenomena. For this purpose, first, the dynamic
voltage stability is classified into voltage structure stability
and voltage structure instability. Furthermore, voltage
structure stability is classified into voltage operation stability
and voltage operation instability. Second, an evaluation index
concerning voltage structure instability and three evaluation
indices concerning voltage trajectory instability are
constructed. Third, the proposed dynamic voltage stability
classification and evaluation techniques are verified by means
of simulations using a test model. In this model, dynamics of
both OLTC and load are taken into consideration. During
simulation, four examples are applied in detail to verify the
above mentioned classification and indices; voltage operation
stability, reduced voltage stability equilibrium point, voltage
structure instability, and voltage recovery by reactive power
compensation. Finally, the simulation results obtained by
changing the parameters are agree with the physical cause-
and-effect relations among actual voltage instability
phenomena. The authors believe that the techniques proposed
in this paper would be useful for voltage instability
monitoring in the real systems.

Keywords: dynamic voltage stability, voltage collapse,
classification and evaluation, differential equations

l.INTRODUC ION

The analysis and evaluation of voltage instability problems
of power systems have become important in recent years
along with the increasing scale and complexity of power
system compositions. Increase of power transmission
distance, capacity and mismatching of the control functions
are also accompanying such increases. As a result, various
studies concerning voltage instability problems are being
undertaken.

Studies on the voltage instability can be classified broadly
into static voltage analysis and dynamic voltage analysis. In
either case, several studies have been done from the following
standpoints: affirming that the system operation point (static
and dynamic) approaches the critical operating point. In static
nn.ih'K the analysis method uses the solution structure for
load flow equations. These equations indicate the static
voltage-power relationship. The analysis method also studies

Paper SPT PS 06- 06- 0507 accepted
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cases related to the critical load flow and multiple load flow
solutions [l]-(3].

Dynamic analysis, on the other hand, is the analysis based
on the stability theory of differential equations. The dynamics
of the generators, loads and controllers, mismatching of the
controller functions are considered in dynamic analysis. As
the dynamic voltage stability domain is narrower than the
static one, dynamic stability evaluation becomes necessary
for strict reliability evaluation. Furthermore, since the
essence of the dynamic voltage instability phenomenon is
strongly dependent on the various dynamic factors of the
system, studies of dynamic analysis become the center of
interest. In this paper, based on the above facts, a study
related to dynamic analysis has been carried out.

A number of basic studies related to dynamic analysis have
been undertaken so far. For instance, in [4|, the behavior of
the system at the bifurcation point is examined based on the
bifurcation theory. In this theory, the generic mechanism of
voltage collapse with close attention paid to the trends of the
system trajectory is discussed. The authors in their paper
mentioned that the stable equilibrium point of a system will
disappear when the parameters and the specific structure of
the system vary. However, they have not answered the
question of "what happen to the system state when the stable
equilibrium point is disappeared?". In this paper, the idea of
structure instability is developed by the authors to answer the
above-mentioned question.

In [51, a model is proposed for the study of voltage
phenomena in power systems which enables studies of static
and dynamic aspects. In their paper, the post-disturbance
equilibria has been determined by power flow computation.
There, they claimed that "if none exist or they are voltage
non-viable, then collapse has occurred". However, this has
been claimed for static and not dynamic analysis. Here, the
above-mentioned claim has been examined for dynamic
instability by the authors in the present paper.

In order to treat the voltage instability dynamically, the
following four factors should be considered:

l)The existence/non-existence of the stable equilibrium
point.

2)The behavior of the stable equilibrium point.
3)The response of the actual system operation point to the

stable equilibrium point.
4)The effect of the unstable equilibrium point on voltage

stability.
In some system structures, cases are found in which not

even the stable equilibrium point exists, but also the voltage
of the stable equilibrium point is outside the normal voltage
range.

In the present paper, the possibility of existence of such
cases is shown by simulations. At the same time, more
practical voltage stability classification and evaluation
techniques taking the above two factors, 1) and 2) into
consideration is proposed.
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It should be noted that the proposed classification and
evaluation indices are based on the goal programming which
is an extension of nonlinear programming. Evaluation indices
are also proposed concerning voltage trajectory instability
using three factors of distance, direction and speed.

2. DYNAMIC VOLTAGE STABILITY MODEL AND ITS
CLASSIFICATION

2.7. Dynamic Voltage Instability Phenomenon

Physical causes of the voltage instability phenomenon of
power systems have not been fully clarified. Studies
undertaken so far can mostly be classified into static and
dynamic analysis. Static analysis based on the analysis of the
load flow equations is a study of the limits of the power
transmission capacity of the system. On the other hand,
dynamic analysis takes into consideration, in addition to the
limits of the power transmission capacity of the system, the
influences of the dynamics of various factors, such as the
generators, loads and controllers.

In general, the voltage instability phenomenon arises under
heavier load. In the case of heavier load, furthermore, the
dynamics of various factors become dominant over the voltage
stability problem. Accordingly, dynamic analyses taking the
dynamics into consideration are necessary in order to conform
more closely to the actual problems.

2.2. Dynamic Models of Power Systems

The following equations are used to express dynamic
characteristics of the power systems:

X = F,(X,Y,U,l) (1)
F2(X,Y,U,X) = 0 (2)

provided, however,

A' = (X\,X2 ,Xn)

>' = (yiO'2 yk)

V = (U\,U2 Um)

X = ().], &;, , Aj)

Where, X is the dynamic state vector, y is the algebraic
state vector, U is the control vector and \ is the time-variant
parameter vector. Furthermore, the equation (1) is the
differential equation indicating the dynamic characteristics of
the system.while equation (2) is the static constraint equation
(load flow equation, for instance) of the system.

2.3. Classification of dynamic voltage stability

In this paper, the dynamic voltage stability phenomenon is
classified from the existence or non-existence of the stable
equilibrium point of the differential equations, movement of
the stable equilibrium point, the response of the actual
operation point to the stable equilibrium point and the effect

Vollago stability problem

I Vollago slojciu'a llaE'My | [ VoltoQ* iiruclufi

Fig. I Classification of dynamic voltage stability

2.3.1. Voltage Structure Stability

of the unstable equilibrium point. A rough diagram of the
dynamic voltage stability classification is given in Fig.l.

Classification of voltage structure stability is made
primarily on the basis of the existence of the stable
equilibrium point. If the solution to simultaneous equations
(1) and (2), i.e., the stable equilibrium point exists, the
system is defined as having voltage structure stability, but if
it does not exist, the system is defined as having voltage
structure instability.

Basically, the following points should be defined as
necessary conditions for voltage stability:

(1) A stable equilibrium point should be existed
(2) The stable equilibrium point should be located within a

normal region
(3) The actual operating point should be moved toward the

stable equilibrium point
Therefore, when all conditions are satisfied, then the

system becomes stable. However, since the stable equilibrium
point does not exist, the system operation state becomes
unstable and voltage collapse is thought to arise directly. This
is called "voltage structure instability".

2.3.2. Voltage Operation Stability

(a)Voltage operation stability
Even when the system is in a state of structure stability,

that is to say even when the stable equilibrium point exists, it
would be necessary to judge whether or not the actual system
state has voltage stability on the basis of the value of the
stable equilibrium point and the movements of the system
trajectory. Accordingly, the case of the voltage structure
stability is further classified into voltage operation stability
and voltage operation instability.

Voltage operation stability is defined as the state in which
the stable equilibrium point exists within the normal bounds,
and also as the case of the system trajectory shifting towards
the stable equilibrium point or the case of its revolving
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around the stable equilibrium point. Otherwise the system is
regarded as being in voltage operation instability.

(b)VoItage operation instability
Voltage operation instability is further classified into the

reduced stable equilibrium point and voltage trajectory
instability. The reduced stable equilibrium point is the case of
the voltage that corresponds to the stable equilibrium point
being slowly reduced along with the passage of time and
escaping from the normal voltage region. Voltage trajectory
instability, on the other hand, is the case of the system
trajectory moving away from the stable equilibrium point
along with the passage of lime, even though the stable
equilibrium point exists within the normal bounds.

2.3.3. Critical Voltage Collapse

The equilibrium points fundamentally consist of two
kinds, the stable equilibrium point and the unstable
equilibrium point. When the unstable equilibrium point
connected with the voltage exists, the unstable voltage
corresponding to it is defined as the critical voltage. If the
operation voltage is lower than the critical voltage, voltage
collapse is likely to arise directly, since the voltage
monotonously drops along with the passage of time because
of the nature of critical voltage[7].

3. EVALUATION OF DYNAMIC VOLTAGE STABILITY

In order to evaluate the dynamic voltage stability on the
basis of the proposed classification, the evaluation index of
the voltage structure stability and the evaluation indices of the
voltage operation stability are proposed.

3.1. Evaluation of Voltage Structure Stability Using the Goal
Programming Method

The following goal programming is constructed in order to
discriminate voltage structure stabilities:

min MKS = c?+C2+...+ct+ci+ci+...+Cn
subj. to

Fi(A',r,£/,A)+C+-C'= 0
F2(X,Y,V,X)= 0
C+ >0 , C> 0

(3)

(4)
(5)
(6)

In short, the higher the value of MKS , the greater the extent
of the system voltage instability is likely to be.

3.2. Evaluation of Voltage Operation Stability by Distance.
Direction and Speedj'8}

In order to evaluate voltage stability when the system is in
a state of voltage structure stability( i.e, the stable
equilibrium point exists), it would be necessary to consider
the movement of the stable equilibrium point itself, and ihe
system trajectory towards the stable equilibrium point.

Here the movement of the stable equilibrium point can
easily be observed, but it would be necessary to include the
following points in the consideration of the system trajectory.
In addition to the distance from the current operating point to
the stable equilibrium point, consideration should be given as
to which direction and at what speed the system trajectory will
move. Accordingly, the voltage trajectory stability evaluation
indices should be composed of three factors, namely, distance,
direction and speed.

For example, when the stable equilibrium point of the
differential equation is

Where, MKS is the evaluation index concerning voltage
structure instability. C = (c?+c$+...+c£) ; s t n e over
attainment vector and C =(ci+C2+...+Cn) is the under
attainment vector.

As can be seen from the construction of the problems,
MKS ^ 0. If the value of MKS in this goal programming is
0, the system is in a state of voltage structure stability, but if
the value of MKS is positive, the system is in a state of
voltage structure instability. Furthermore, the absolute value
of MKS shows the extent of the voltage structure instability.

Xi = (.V/*,,Jt2* Xn, )

and the system operation state is

A'/= <Xli.X2i Xn, ) ,

(7)

(8)

the evaluation indices of the voltage operation stability can be
indicated as follows:

The distance to the equilibrium point:

The moving direction (angle) of the system trajectory:

. ; / (XfXl ) • Xt
cos (\ TTrT

{X.-X.l I A-,I
Moving speed of the system:

(10)

(11)

4. SIMULATION

4.1. Formulation of the Model

In order to verify the proposed classification method of
dynamic voltage stability, a simple 2-bus model system(Fig.
2) which takes the dynamics of both OLTC and load into
consideration is used. The relations of the various system
conditions and the load conditions are shown below.
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Incidentally, the definitions of the various variables are given
in Table 1.

Load flow equations:

r\ FV n V2

OR = rrrCOS 6~*—

PL(V) = Ps(V)

QL(V,V) =

(15)

(16)

provided,

(12)

(13)

Table 1. Definitions of the variables(p.u.)

£ : Generation ous voltage (constant)
V : Load bus voltage
VN : Preset voltage at the receiving end
6 : Phase angle of generation bus and load bus

voltage
X : Line reactance
N : OLTC tap ratio
TH : Time constant of OLTC
PR.QR : Active and reactive power supplied from

power source
PL, QI : Active and reactive power supplied to the

load
Qc : Reactive power supplied from the phase

modifier equipment
Yc : Admittance of the phase modifier equipment
KQ : Time constant of dynamics of reactive load
ccp, PP, yp ; Constant of static characteristics of

active load
<XQ- PQ-YQ : Constant of static characteristics of

reactive load

EZO

Dynamics of OLTC:

A TN (17)

Dynamic equation related to voltage:
When equations (12) and (14) are substituted for

equation(16), a dynamic equation related to voltage can be
obtained.

( c
A KQ XN XN2

(18)

4.2. Condition of Structure Stability

In order to determine the stable equilibrium point,
equations (17) and (18) should be solved using (in equation
17; dN/dt=0) and (in equation 18; dV/dt=0). In this paper,
since we are focusing only on voltage behavior, only equation
(18) is put equal to zero.

Generally, discrimination of whether the system has
structure stability or not can be made by examining the
existence or non-existence of the stable equilibrium point
related to voltage using the following equations.

ö f s i n v % ,
EV,

Here, V, is the solution of equation (18). The reason of using

Vi for 0/ is because its deviation is quite small.

= J_ 0, - -*£-+ YcV2-Qs(V))
XN2A KQ XN, XN2

where, N, is obtained from the equation (17).

(19)

Fig. 2 2-bus model system with OLTC

Reactive power balance equation:

QR+QC = QL

provided,

Qc = YcV2

Dynamics of the load [fi]:

The existence of the equilibrium point at the time point t
is equivalent to the quadratic equation

(14)

a-V'+b-V+c = 0

having the real root, provided, however,

a = Yc--J—-aQ b = _£-cos 0, -ft>

(20)

XN
(21)
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As the index of the voltage structure stability concerning
this model, the discriminant equation of the solution

CRl = b-4-ac (22)

is used. If CRl > 0, the system is in a state of voltage
structure stability. In the case of CRl < 0, the system has
voltage structure instability, and if CRl = 0, the system is in
a state of critical structure stability. Moreover, if the
argument given in [7] is applied, the high voltage solution

(23)
(-b-JCRl)

2a

is the stable voltage value at the equilibrium point, and the
low voltage solution

(24)2a

is the unstable voltage value ( critical voltage value ) at the
equilibrium point, when voltage structure stability exists. If
actual operation voltage is lower than the critical voltage, the
voltage monotonously drops and it gives rise to voltage
collapse.

4.3. The Simulation Results

In this section, the proposed dynamic voltage stability
classification method will be verified by means of simulation
using the simple model system shown in Fig. 2.

(a)Examplc of voltage operation stability
Various coefficients of the examples of operation stability

are shown in Table 2. Since it is generally known that the
voltage instability phenomenon of power systems has a high
possibility of breaking out under long distance and large
capacity transmissions, in the simulation X and /C are
changed into parameters in order to examine the mechanism
of dynamic voltage instability. Here, X is the reactance
proportional to the length of the transmission line, while 7fl
is the static portion of the reactive load.

The coefficients shown in Table 2 represent a normal case,
and the results of simulations executed at this time are shown
in Fig. 3. As can be seen in Fig. 3, under the normal case
system structure stability is found in the system, while stable
equilibrium voltage is found within the normal range.
Furthermore, since the operation voltage of the system
identifies itself with the stable equilibrium voltage value, the
system has voltage operation stability. In this case, the
system is voltage operation stability as well as voltage
structure stability, as seen the each indices shown in Fig. 4.

(b)Example of reduced voltage stability equilibrium
point

As shown in Table 3, increase of reactive load Ĉ and
extension of distance X , obtain structure stability of the
system. However the voltage value of the stable equilibrium

point slips out of the normal range (Fig.5), and the operation
voltage gradually declines along with a decline in the stable
equilibrium point itself. This may be considered as an
example of voltage decline.

(c)Example of voltage structure instability
When the reactive load is further increased, the situation

becomes harder for voltage stability, and in a case like the
one shown in Table 4, structure instability arises because of
the loss of the stable equilibrium point. As shown in Fig.6,
the voltage immediately collapses, since no stable equilibrium
point exists. From the index shown in Fig. 7, the system is
voltage structure instability in this case, and we can see that
the degree of voltage structure instability increases as time
goes on.

(d)Example of voltage recovery by reactive power
compensation

In cases of reduced stable equilibrium point and structure
instability, voltage recovery or stable equilibrium point
recovery is possible for either case by prescribing reactive
power compensation. In Fig.8, an example of the verification
of voltage recovery by reactive power compensation is shown
by simulation in connection with the case of the reduced
stable equilibrium point. The indices of the voltage instability
are shown in Fig.9. However, figures 8 and 9 should be
considered as a pair, since the judgement of voltage stability
is difficult by only looking at Fig. 9. For instance, all of the
curves in Fig. 9 indicate that the system is going toward the
In Fig. 9, all of the curves indicate that the system voltage is
going toward the equilibrium point, however, from this figure
it is difficult to judge whether the value of the equilibrium
point is correct or not. Therefore, one needs to look at the
Figure 8 as well. In Fig.8, on the other hand, the equilibrium
point is reduced up to a point that a reactive power
compensation is introduced. After introduction of reactive
power compensation, the level of actual voltage is risen
together with the equilibrium point and maintained within an
acceptable level.

5. CONCLUSION

In the present paper, new classification and evaluation
techniques were proposed for dynamic voltage stability. In the
proposed techniques, four factors were taken into account for
judgment of system stability/instability. If the system is
instable, then what kind of instability it is. The techniques
proposed in this paper are more general and practical ones.
They have been attained by expanding the past classification
and evaluation techniques, making it possible to achieve
pertinent classification and evaluation of the voltage
instability phenomena.

In addition, an evaluation index for voltage structure
instability using the goal programming method and three
evaluation indices for trajectory instability using distance,
direction and speed were proposed for analyzing the voltage
instability phenomenon.

In simulations, the effectiveness of the proposed
classification and evaluation methods were confirmed thrc"h
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two cases of voltage instability. Furthermore, the simulation Table 3. System parameters (p.u.)( Reduced stable equilibrium
results obtained by changing the parameters are considered to
agree with the physical cause-and-effect relations among actual
voltage instability phenomena. The proposed evaluation
indices are believed to be useful for voltage instability
monitoring in the real systems.

Table 2. System parameters (p.u.)( Voltage operation
stability)
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Fig. 5 Simulation resu't ( Reduced stable equilibrium point)

Fig. 3 Simulation result ( Voltage operation stability)
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Table 4. System parameters (p.u.)( Voltage structure
instability)
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Fig. 4 Indices of the voltage trajectory instability^ Voltage
operation stability)

1 8 9



1-

o

p.u.
1.1

1

0.9

0.8

0.7

0.6

0.5

0.4

OLTC Tap Ratio

Operation Voltage

0 2.5 5 7.5 10 12.5 15 17.5 20

Time (sec.)

V

0 035.

0 030.

0 025.

0C2O,

0 015

0010

0 005

^

\

—

In» mor>ruj angi» ol tn« tyilam

Moving l?»yO of in» ir*i»m V

imriT-

d

• :

i point R

1 CRI

CRI
70

60

io

40

.30

. 20

. 10

0 2.5 5 7.5 10 12.5 15 17.5 20

Time (itc I

Fig.6 Simulation result (Voltage structure instability) Fig. 9 Indices of the voltage trajectory instability (Voltage
recovery by reactive power compensation)

0 2.5 5 7.5 10 12.5 15 17.5 20

Fig.7 Index of the voltage structure instability

vollago with leactive powei compensation

voltage wiincui reactive
power compensation

Admillanco ol Iho Phaso Modilier Equipment

REFERENCES

[l]Y.Tamura, "Resent Activities Overseas in Voltage
Stability Environment," Trans.of IEE of Japan. Vol.110-
B,No.ll,pp.862-869(1990).

[2]A.Klos & Kerner, "The Non-Uniqueness of Load Flow
Solution," Proc. PSCC V. 3.1/8 Cambridge(l975).

[3]J.Chapantier, et at., "Voltage Collapse Proximity
Indicators Computed from an Optimal Power Flow,"
Proc.PSCCVlll. pp.671(1984).

|4)H.D Chiang, et al., "On Voltage Collapse in Electric
Power Systems," IEEE Trans, on Power
5>'s/.,Vol.5,No.2, pp.601-611(1990).

[5]D.J.Hill,,et al.,"Analysis of Long-term voltage
stability", 10th Power Systems Compulation Conference,
Graz, Austria.pp. 1252-1259(August 1990).

[6]C.C.Liu,et al.,"Shrinking Stability Regions and Voltage
Collapse in Power Systems", IEEE Transactions on
Circuits and systems Part I Vol 39,No.4 pp.271 (April
1992).

[7]Y.C Zhou.et al., Contraction of Load Model and
Calculation of Critical Voltage for Dynamic Voltage
Analysis",Proc of the Power and Energy Conference JEE of
Japan. No. 186(1992).

[8]Y.C Zhou.et al.,"A Criterion for Evaluation Dynamic
Voltage Stalility",/Var/0fla/ Convention RecordsJEE of
Japan.Maich No. 1036(1992).

0 2.5 5 7.5 10 12.5 15 17.5 20

Time (sec.)

Fig.8 Simulation result (Voltage recovery by reactive power
compensation)

1 9 0



Voltage Collapse with a Laboratory Power System Model
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Abstract

This paper deals with voltage stability phenomena investigated
with a three phase power system model. The classical PV-curve is
used to illustrate basic stability issues. Dynamic loads such as
thermostatically controlled heating and induction motors have
been treated. Measurements show that it is possible to run the
system on the lower side of the PV-curve, and different actions to
end up in a stable situation are proposed. The interactions
between dynamic loads, transformer tap changers and generator
current limiters are also investigated.

Keywords

Voltage stability, voltage collapse, on load tap changer, armature
current limiter, field current limiter, dynamic load, physical
power system model.

1. INTRODUCTION

Voltage stability has become an important issue in operating
power systems. The reason is a higher stress level due to increas-
ing loads in the systems. Many studies have been made on the
issue lately, mainly by the use of mathematical models in com-
puter simulations. This method requires good modelling of the
syslem to come up with valid results. A power system model that
is valid for all relevant states is difficult to achieve due to the fact
that the level of detail in the model you need is hard to define. A
model might be adequate in one case but not in the other and
there is a risk that the results do not correspond to real system
behaviour. This paper deals with the voltage collapse from a
practical point of view. A laboratory power system model is used
to investigate how the different system components interact and
affect voltage stability. The system is driven into collapse under
different conditions and the reason for collapse is investigated.
Special attention is given to generator current limiters, trans-
formers with tap changers and load dynamics.

Paper SPT PS 07- 01- 0113 accepted
for presentation at the IEEE/KTH
Stockholm Power Tech Conference,
Stockholm, Sweden, June 18-22,1995

2. LABORATORY POWER SYSTEM MODEL

The power system model (fig. 1) consists of a power plant feeding
different kinds of loads over a transmission line configuration which
can include one or two transformers with on load tap changers
(OLTC:s). Control systems used in the model are identical to those
used in real power systems. The rated voltage for the model is 400 V.

I I
Figure 1 Laboratory power system model

This type of power system is very useful and often used in volt-
age stability studies since it contains all the components that
are essential to the voltage stability phenomena.

2.1 Power Plant

The power plant is an accurate model of a large hydro power
plant. A DC motor drives a 6 pole salient pole generator with a
rated power of 75 kVA at 400 V. The static feeder is controlled
by an ABB HPC840 voltage regulator equipped with both a
field current limiter and an armature current limiter. Current
limiters are described in section 4.

2.2 Transmission Lines

The transmission line model consists of six identical 7i-sections.
Each section represents 150 km of 400 kV transmission line. These
sections can be connected in series or in parallel to form a grid.

2.3 Transformers

Two transformers with OLTC:s are available [8], The transformers
are of buck-boost type with the nominal ratio 1:1. The regulating
span is ±13.5% in steps of 1.5%. The voltage regulating relay is
the type RAYA from ABB which can operate with inverse or con-
stant time lag characteristics (T 0 L T C = 15-120 s) as well as with
constant or pulsed control signal. The shortest time between two
consecutive steps is 5 s due to the mechanical limitations of a
mechanical tap changer. The relay is described in [1 ].

2.4 Dynamic Active Load

To represent the active part of a large aggregate load, some
established dynamic load models (i.e. with recovery) [4] [5] [7]
have been implemented in a computer program controlling the
switching of immersion heaters of different sizes [2],



The maximum nominal load is 47.6 kW at 400 V and the
dynamics is performed in steps of 0.375 kW.

The model of [7] is developed from field measurements and is
the load model used in this paper. The active power is given by.

dP, v as v a i

V

where
V = supplying voltage [V],
Vo = pre-fault value of supplying voltage [V],
PQ = active power consumption at prc fault voltage [W],
Pm = active power consumption [W],
Pr = active power recovery [W],
ccs = steady state active load voltage dependence,
a, = transient active load voltage dependence,
Tpr = active load recovery time constant [s].

In fig. 2 the response of the dynamic load model is shown for a
step change in load voltage from 1.0 pu to 0.9 pu. Load para-
meters are chosen to correspond to a dynamic constant power
load. The recovery originates from electrical heating that strive
to deliver a constant amount of energy over a specific time.
Measurements in [7] showed that the recovery time constant is
of the order of one minute.

200 300
Time [s]

Figure 2 Step response of a dynamic active load model.

2.5 Induction Motor Load

The induction motor part of an industrial load is represented by
a 30 k\V induction motor loaded by a DC-machine with a
PWM inverter. The inverter is programmed to produce a DC-
rnachine lorque that is cither constant, proportional to the speed
or proportional to the square of the speed in order to simulate
different kinds of loads (fans, pumps, etc.).

2.6 Data Acquisition

To collect data from the power system model, a PC with a data
acquisition board is used. The corresponding values of voltage
and current are sampled in one phase at a rate of 12.5 kHz each
for fine period every half second. When the acquisition is com-
pletcd. RMS-values of voltage and current, apparent-, active-
and reactive power arc calculated and converted to per unit.

Base values are: Vbase = 400 V, Ibasc = 108 A and Sbasc = 75
kVA. 1.0 pu field current is defined as the field current required
at vgcn = 1.0 pu and pg e n = qgen = 0 pu.

3. STABLE OPERATION POINTS ON THE PV-CURVE

The most common way of analysing voltage stability is to
study the system PV-curve and load characteristics. It is often
claimed that the upper side of the PV-curve is the region where
the system can operate and maintain its stability. The point of
maximum power transfer is considered to be the stability limit
and the operation region on the lower side of the curve is con-
sidered to be unstable. In this section, both static and dynamic
operation on the lower side of the PV-curve arc investigated.

Figure 3 Basic system setup .

3. i Static operation on the Lower Side of the PV-cmre

3.1.1 Resistive Load

The setup in fig. 3 is used. The load admittance (coscp = 1) is
varied from ?.ero to its maximum, i

0 45

Figure 4 Static operation on the PV-curve with resistance load.

The measured static PV-curve, together with a simulated one
for the system (dotted line) is presented in fig. 4. With a voltage
applied over a constant impedance, Ohms law will always give
a specific current. Therefore with a constant impedance load,
every operation point on the PV-curve is stable.

3.1.2 Mixed Load

In this section the same line configuration as in fig.3 is used,
but the load is composed of an induction motor and a constant
resistance. In all three cases in fig. 5 the loading of the motor is
slowly increased until it stalls and the system collapses. Curve
(a) shows the case where the load consists of only the induction
motor. The motor stalls and the system collapses at the point of
maximum power transfer.
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If the motor is combined with a constant resistance, the system
does not collapse at the point of maximum power transfer
(curve (b) and (c)). The reason for this is that the constant
resistance load decreases due to the lower voltage when the
motor load is increased. However, the lower voltage also
makes the torquc-specd characteristic of the induction motor to
shrink. How far down on the PV-curve the operating point can
come before the motor stalls depends on how much the con-
stant resistance load unloads the system and how much the
torque-speed characteristic shrinks due to the lower voltage. In
curve (c) the constant resistance part of the load is 1.67 times
larger than in curve (b). The experiment therefore shows the
importance of load composition.

02 03
Active Powei |pu]

Figure 5 PV-curvcs for different combinations of induction motor load
and constant resistance load.

3.2 Dynamic Operation on the Lower Side of the PV-ctuve

3.2.1 Change in Load Voltage

Tc investigate the system behaviour when the load voltage is
changed, the sclup in fig. 3 is used bul with the load fed
through a transformer with OLTC. The system is first brought
to an operation point on the lower side of the PV-curve. Load
parameters are a, = 2, a s = 0 and Tpr = 60 s. To introduce a dis-
turbance, the OLTC is used to decrease the transformer ratio. A
decrease of the ratio causes a shift downwards of the entire PV-
curve as seen from the load side of the transformer. In fig. 6 the
system trajectory is shown together with theoretical PV-curves
for the system with the two different transformer ratios and the
load characteristic for a constant impedance load.

The pre-disturbance operation point (a) is the intersection
between the actual load characteristic and the pre-disturbance
PV-curve. When the transformer ratio is changed the operating
point follows the transient load characteristic (a, = 2) to the
post disturbance PV-curve. At this point (b) the active power
load is higher than it was in the pre-disturbance case. Since the
steady state active load voltage dependence is constant power
(u.b =0) the load tries to decrease the active power by decreas-
ing ihc load conductance. As the load conductance decreases
the operating point follows the post-disturbance PV-curvc up
on the upper side towards the pre disturbance power (c).

The case where the pre-disturbance operation point is on the upper
side of the PV-curve (d) is also shown in fig. 6 as a comparison.
When the transformer ratio is changed the operating point jumps
to (e) and ends up at (0 where the load has recovered.

1.2

1

fO.8

§0.6

0.4

0.2

0

post-disturbance
PV-curve

•-.. d.-- " pre-disturbance
PV-curvc

a ~^S
b

0 05 0.1 0.15 0.3 0.35 0.4 0.45

Figure 6

0.2 0.25
Active Power [pu]

System behaviour when OLTC I decreases the transformer
ratio.

In the case presented in fig. 7 the OLTC is used to increase the
transformer ratio. As in fig. 6 the operating point follows the
load characteristic from the pre-disturbancc PV-curve (a) to the
post-disturbance PV-curve (b) when the ratio is changed.

I

pre-disturbance
PV-curvc

post-disturbance
PV-curve

0 0.05 0.1

Figure 7

0.15 0.2 0 25 0.3 0.35 0.4 0.45
Active power [pu]

System behaviour when OLTC increases the transformer
ratio.

But in this case the post-disturbance active power is lower than
before the increase of the transformer ratio. Therefore the load
will react to restore the active power to its pre-disturbance value
by increasing the load conductance. On the lower side of the PV-
curvc this will lead to a further decrease in active power and the
operation point will continue down the PV-curvc and collapse, or
in this case continue until no more load objects can be added (c).

The conclusion is that with a dynamic load, stable operation on
the lower side of the PV-curvc can not be achieved since a dis-
turbance that causes a decrease in active power will lead to
voltage instability. From another point of view, if the system
for any reason is brought to the lower side of the PV-curve the
situation can be improved by decreasing the transformer ratio.
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3.2.2 Reactive support

Also in this section the sclup in fig. 3 is used but in this case the load
is supported by shunt capacitors, see also [10]. A disturbance is intro-
duced into the system by adding a small constant impedance load to
the existing dynamic load having the same parameters as in section
3.2.1. Shunt capacitors are switched in 60 s after the disturbance.

For the case illustrated in fig. 8, two capacitors (ysh = 0.059 pu
each) were switched in. The pre-switch PV-curve, the post-
switch PV-curvc and the constant impedance characteristic for
the load in (c) and (d) are drawn with dotted lines.

0.6B

0 66

_ 0 . 6 4
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0.6
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0 56

c ^
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o
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/

d

post-switch

•

0.28 0.29 O.3 0.31
Power [pu)

0 33 0.34

Figure 8 Reactive support from two capacitors

The operating point jumps from its pre-disturbancc position on
the pre-switch PV-curve (a) to a point further down on the
same curve (b) when the constant impedance load is added.
Since the dynamic load has a constant impedance transient
behaviour and a constant power steady state behaviour it tries
to restore the load in the same way as in the case illustrated in
fig. 7. When the capacitors arc switched in (c) the operating
point follows the load characteristic to the post-switch PV-
curvc (d). At this moment the dynamic load power is higher
than the pre-dislurbancc power (Po). Like in fig. 6 the operating
point follows the post-switch PV-curve up on the upper side.

0.7

0 68

OCG

0C4
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C 25 0 2f. 0 ?7 0J9 0 3 0 31
Active Power [puj

0.32 0.33 0 34 0.35

Fieure') Reactive support from one capacitor

If only one capacitor is switched in after 60 s (fig. 9) the voltage
increase caused by the capacitor is not large enough to make the
(Kiiamic ji..ud power higher than the prc-disturbancc power.

This is similar to the case where the transformer ratio was
increased (cf. fig. 7). The steady state constant power demand
of the dynamic load will bring the operating poin! further down
the PV-curve until the system collapses, or in this case until no
more load objects can be added.

4. CURRENT LIMITERS

Automatic voltage regulators (AVR) for large synchronous
generators mostly have field current limiters to protect the
generator field winding from overheating. The AVR:s for the
generators in the Swedish nuclear power stations also have
armature current limiters thereby avoiding that other protec-
tion relays trip the generator for overcurrent.

Current limitation mostly implies decreasing voltage, which in
most cases is devastating for a stressed system. Voltage insta-
bility and a collapse may follow. In order to understand the
function of the current limiters, the system described in fig. 3
has been used. The load gL is ramped slowly from 0 to gLmax.

4.1 Field Current Limiter (FCL)

In fig. 10, curve 1 shows the result in case the load is increased
until and after the field current limit is reached. The limit is set to
1.05 pu and when it is exceeded (a) there is a 5 s. delay before the
limiter is activated (b).Whcn the FCL becomes active the control
is changed so that the field current, and thereby the excitation
voltage is regulated instead of the terminal voltage. This means
that the point of voltage control is moved behind the machine
synchronous reactance, Xs, which now becomes a part of the net-
work. The operating point is transferred to a new PV-curvc (c).
Although lhe point of regulation has changed, the generator can
still be considered as a constant voltage source located behind Xs.

1.2

1

30.8

a
$06

0 4

0.2

2
] ' •

If = l.05pu

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0 4 0.45
Power [pu]

Figure 10 Field current limiter in action

In order to analyse the new PV-curve (curve 2), constant field
current control was used, set to the same value as the current
limit in curve 1. The load was ramped down from its maxi-
mum. Because of the high no load voltage, the load was not
brought to zero. Extrapolating the curve it can be seen that the
no load voltage is approx. 1.3-1.4 pu. It is difficult to calculate
the PV-curve for constant field current analytically since the
machine synchronous reactance (Xs) changes with saturation in
the generator. An example of calculating the saturated value of
Xs for a no load synchronous machine with Poticrs method is
shown in [3],
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Neglecting saturation introduces substantial errors. As an
example, the no load voltage (Vo) was calculated for the case
with constant field current shown above. Using the unsaturated
synchronous reactance, Vo becomes about 2 pu which is far
from the actual value.

4.2 Armature Current Limiter (ACL)

Fig. 11 shows the result in case the armature current limit is
reached. The limit is set to 0.4 pu and when it is exceeded (a)
there is a 5 s. delay before the limiter is activated (b). The ope-
rating point is transferred from the PV-curve to the characteris-
tic P/V = Is = constant (c). With the armature current limiter
active, the generator can be considered as a constant current
source [9].

0.05 0 1 0 15 0 2 0 25 0 3 0 35 0.4 0.45

Figure 11 Armature current limiter

4.3 Combination of Current Limiters

1

0 8

0 6

0.4

0.2

n

ACL. ' , ' '
• •

*

FCL

0 05 0 15 0 2 0 25
Active Power [pu]

0 35 0.45

Figure 12 Both current limiters in action

Fig. 12 shows a case where both current limiters become active.
The field current limit is 1.05 pu and the armature current limit
is 0.36 pu. As before, the active load is slowly ramped from 0
to gLmax. First the field current limit is exceeded (a) and after a
while the armature current limit is also exceeded (b).

Looking at the capability diagram of the generator [9], one
can sec that the normal area of operation is decreasing when a
generator has gone into current limiter control. Once one of
the current limiters has become active it is not easy to save
the svstein.

In a single machine system such as used here, current limita-
tion always implies decreasing terminal voltage and thereby a
lower system voltage. The decreasing voltage triggers dyna-
mics such as tap changer relays and dynamic loads, that makes
it almost impossible to reverse the process. In section 5 it is
showi that even if there is only a short transient enhancement
of the current, limitation might threaten system stability.

5. TAP CHANGER AND LOAD DYNAMICS

In order to study the interaction between load dynamics and tap
changer regulation the system setup shown in fig. 13 is used.

Figure 13 Setup forOLTC measurements

Fig. 14 shows the secondary voltage and the primary current
using two of the four possible OLTC control modes (To]lc =
30s). Load parameters arc ccs = 0, a, = 2 and Tpr = 60 s. A dis-
turbance is initialed by disconnecting one of the lines causing a
voltage drop at the load end. The active load restoration starts
immediately (a) and after a delay determined by the OLTC
relay the voltage restoration starts (b). The time for voltage res-
toration varies depending on the control mode chosen.

1.05

t

0.95

0.85

0.75

Load Voltage, V L

I: Constant time and continents control signal.

II: Inverse time and pulsed control signal.

0.5

0.45

0.4

0.35

60 60 100 120 140 160 180 200
Time [s]

Figure K Different OLTC modes restoring voltage after a disturbance.

The combination of load dynamics and OLTC regulation might
cause a power/current overshoot. The worst case in this setup is
due to control mode I, constant time delay and continuous con-
trol signal. The time delay, To]lc, allows the load dynamics to
restore a considerable part of the power and a following fast
voltage restoration causes a power/current overshoot because
of the transient load behaviour (dash dotted line). The other
control mode shown (solid line), inverse time delay and pulsed
control signal, causes almost no overshoot.

If the overshoot activates a generator armature current limiter it
implies a decreasing voltage that could threaten the voltage sta-
bility [6], Fig. 15 shows the generator current, the load voltage
and the active power for two cases. In case 1 (solid line) the
ACL is activated because of the current overshoot and in case 2
(dash dotted line) there is no current limit.
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The overshoot and the stationary current do not cause any sta-
bility problems as such, however current limitation in combi-
nation with the overshoot results in a collapse.

7. ACKNOWLEDGEMENTS

A.C. Limit (case 1)

Armature Current, 1Q

1. A.C. limit =0.44 (solid lines)
2. No A.C. limit (dash < Mied lines)

Load
restoration

COLLAPSE!

05

0.45

0.4

0.35

0.3

0.25
O 20 40 60 80 100 120 140 160 160 200

Time [s]

Figure 15 Overshoot causing armature current limitation.

By exploiting the thermal status of the generator better, a tem-
porary generator overload could be allowed. Hereby the cur-
rent limitation during an overshoot could be avoided and the
system can remain stable.

6. CONCLUSIONS

The measurements made with the power system model
described show that many non-linear dynamic phenomena in a
power system can be investigated and illustrated in a way that
is difficult to achieve by other means. The smallness of the
system makes it relatively easy to understand system response
in different situations.

Generally the point of collapse does not coincide with the max-
imum power capability point in the PV-curve. It is possible to
run the system on the lower solution of the PV-curvc with a
constant impedance load as well as with a mixed load.

A system that h heading towards a collapse on the lower part
of the PV-curvc can be rescued by decreasing the transformer
ratio or/ami switching in additional capacitor banks.

Load dynamics and OLTC regulation might cause a power/cur-
rent overshoot that could endanger the system stability. If the
OLTC relays time constants and modes can be set to minimize
ovcrshooi and if the current limiter actions can be further
delayed by allowing temporary overloading, voltage collapse
might be avoided.

It is extremely important to understand dynamic load behaviour
in order 13 predict voltage unstable situations. Field measure-
ments in important buses in the system and further load model
if'cntificatin'i as made in |7] could be strongly beneficial.

It was shown that the system characteristics change dramati-
cally in ase the generator is armature current limited and/or
field current limited. In our opinion current limitation is a main
issu-.- when "-tudying ''oltage stability
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Abstract: This paper investigates some Voltage Stability
concepts with the help of a small test power system. Although
the system is elementary, it still contains essential modelling
detail: The field and Automatic Voltage Regulator (AVR)
dynamics of a synchronous machine as well as the effects of
overexcitation limiter (OXL) are taken into account The
dynamics of a Load Tap Changer and an induction motor are
used to represent load restoration.

1. Introduction

Voltage dynamics in a power system span a range of time
scales from a fraction of a second up to tens of minutes. Most of
the components and devices constituting a power system play
their part in voltage instability/collapse phenomena [1,2, 3]. Due
to its complexity, voltage stability has been classified into
transient and mid-term, according to the time frame involved. A
general description of a power system consists of the
representation of instantaneous, transient and mid-term
dynamics. [4] The instantaneous and transient dynamics are
usually represented by the differential - algebraic equations [5, 6,
7]:

x = f(x,y,zc,zD,w)
O = g(x,y,zc,zD,w)

(1)
(2)

The mid-term dynamics can be represented by mixed
continuous/discrete time equations [4]:

z c = h c ( x , y , z c , z D , w ) (3)

zD(k + l) = hD(x,y,z c ,zD(k),w) (4)

where X denotes transient state variables (generator, AVR,
governor, induction motor etc.), y denotes algebraic variables
(stator currents, bus voltages and angles etc.), Zc / ZD denote
continuous /discrete mid-term state variables (LTC, OXL,
switched capacitors etc.).

In the literature several combinations of system components
and devices belonging to different time scales have been studied
in order to focus on particular instability mechanisms:

Paper SPT PS 07- 02- 0217 accepted
for presentation at the IEEE/KTH
Stockholm Power Tech Conference,
Stockholm, Sweden, June 18-22,1995

• Models with instantaneous and mid-term dynamics

These combinations have been used in [8], [9] in order to
investigate the effects of static loads on LTC dynamics.
Instability scenarios after a slow or rapid load increase have also
been examined in the above papers. In [10] a model of a power
system that includes two levels of tapping transformers is
developed In [11] a system consisting of an LTC feeding a static
load of various voltage characteristics is examined in great
detail.

• Models with instantaneous and transient dynamics

Such combinations involve synchronous generator feeding a
static load with or without an infinite bus or other synchronous
machines. In [12] one main concern is the presence of algebraic
singularities and their role in deterrning the region of attraction
in the state space of a stable equilibrium point. A connection
between structural stability and bifurcations in a simple power
system is examined in [13], where the effects of both static and
dynamic (induction motor) loads are also considered. In [14]
voltage stability is analysed using a transient dynamics model
with loads behind LTCs substituted with constant power loads
in a first attempt to anticipate load restoration. The effect of
AVR in increasing the stability margin of a power system has
also been observed in a single machine - isolated load system in
[8], [9].

• Models with transient and mid-term dynamics

There are cases where although the final outcome is transient
instability the initiating problem is load restoration at the mid-
term time scale. In [4] such cases have been investigated, and a
general methodology of analysing voltage stability in the mid-
term and in the transient time scale has been presented. The
natural decoupling between the discrete mid-term LTCs and the
continuous transient dynamics was exploited in [5] in the
detailed study of a simple power system. In [15] this approach is
applied to a large power system. A small-signal analysis of fast
vs. slow stability was described in [16].

Table 1: Devices considered in this paper

time scale

mid-term

transient

instantaneous

system components

Load Tap Changer
OvereXcitation Limiter
generator, AVR

network

load

induction
motor

static load

This paper investigates the voltage stability of a simple power
system consisting of a generator and a restorative load. The
power system contains all essential modelling detail in order to
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explain some voltage stability concepts relative to load
restoration and the effects of devices such as OXL and
capacitor banks on the stability problem. Table 1 shows
indicative time scales of various system components and
devices considered in this paper. All possible load restoration
time scales are covered:

1. Mid-term dynamics: On Load Tap Changer

II. Transient dynamics: Induction motors

1IL Instantaneous dynamics: Static load

More specifically, section 2 deals with a generator feeding a
static load, section 3 with a generator feeding a static load
behind an LTC and section 3 with a generator feeding an
induction motor.

2. Generator feeding a static load.

In this section we will review the effect of a static load on
generator dynamics. The study system is given in the one line
diagram of Fig. 1. It consists of a synchronous machine feeding an
isolated static load. A lossless line connects the generator to the
load through a total reactance x{ = 0.1 p.u. The machine and
AVR data, in per unit and in common base are shown on Table
2.

corresponding to Q/P=0.5. The real and reactive consumption
of the load is expressed in the polynomial form:

Figure 1: Generator feeding a static load

Since the system is isolated there are no angle dynamics and
the generator field is modelled by the EMF E' , which is

proportional to field flux. The dynamics of Automatic Voltage
Regulator (AVR) are also considered as well as the action of the
Overexcitation Limiter (OXL). The field and AVR dynamics are
described by the following set of differential equations:

TEOt = -E f + KE(V, - V,)

(5)

(6)

The following 4 algebraic equations determine in this case the
real and reactive power balance, as well as the voltage
magnitudes at the generator and load bus:

^ q ( q ) q

O=E,id-Xdid-Xqiq-Q+By :

0-(Xqiq):
+(Eq-Xdid):-(V,):

(7)

(8)

(9)

(10)

Note. Reactances written with capital X include the total
reactance of the transmission line. Also P, Q depend on the load
bus voltage.

The bad assumed has both constant power and constant
admittance components which depend upon a single load
demand variable z. The load has a constant power factor

P=z P.+GV-)
)Q.+BV; )

The demand has been normalized, so that z=1.0 corresponds to
P=1.0 p.u. at rated voltage.

Figures 2 and 3 are generator equilibrium curves for 100%
constant power load and 25% constant power load
respectively.

Let us examine the succession of bifurcations as load
demand increases. It is clearly seen that for the regulated
machine (see curve 1 in Figures 2 and 3) a Poincare - Andronov -
Hopf Bifurcation (HB) is the first to be encountered along the
equilibrium curves. This is the actual stability limit for a gradual
load increase, since at this point voltage oscillations would rise
leading eventually to a voltage collapse. After this point two
more bifurcation points exist on the equilibrium curve: the
Singularity Induced Bifurcation (SIB) and the Saddle Node
Bifurcation (SNB), also shown in Figures 2 and 3. Similar results
have been published in [9], [17]. The point that should be made
here is that these bifurcations correspond usually to a
forbiddingly high level of excitation that cannot be tolerated by
the overexcitation limiter (OXL). For instance curve no. 2 in
Figures 2 and 3 corresponds to a steady state excitation current
of 3.0 p.u., which is more than many OXL's will accept

The overexcitation limiter acts when the field current (which
is proportional to the steady state excitation voltage) is above
an upper threshold value. After the action of the OXL the
generator terminal voltage is not regulated any more and the
excitation voltage is held constant. So, the generator equilibrium
curve is now drawn for fixed excitation voltage and not for
fixed AVR reference voltage [5]. For the study system the
threshold value of the excitation voltage is E r lin = 3.0. It is

clear that even when instantaneous constant power load is
assumed (a very unusual and unrealistic case), the HB is not
encountered before the action of the OXL

0 0 . 4 0 . 8 1 . 2 1 . 6 2 . 0 2 . 4 2 .

(1): Constant AVR reference voltage
(2): Constant excitation voltage

Figure 2: Equilibrium curves with constant power load

For the unregulated system the tip of each equilibrium curve
(curves 2 in Fig. 2 and 3) is the point where a SNB occurs.
Therefore the upper part of a z - V, (load demand - primary
voltage) equilibrium curve with constant excitation is stable and
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the lower (dashed line) is unstable. No other bifurcations exist in
the unregulated generator system.

Now, we will examine the conditions for the existence of a
Hopf bifurcation depending on the load modelling, as well as the
effects of capacitive compensation on this bifurcation. In order
to illustrate this, we use a different load model which has an
exponential form:

p = zp.r
Q = zQ.v

3 . 0

2 . 5

2 . 0

1 . 5

V I

1 . 0

0 . 5

l . o 2 . 0 3 . 0 4 . 0 5 . 0 6 . 0 7 . 0
Z

(1): Constant AVR reference voltage
(2): Constant excitation voltage

Figure 3: Transient equilibrium curves (n=1.0).
Load: 25% constant power, 75% constant admittance.

We consider a common exponent and a constant power factor
of 0.7 lagging (Q/P=1.0). Figure 4 shows the load demand at
which HB is met and that for which the OXL (with a limit at 3.0
p.u.) is activated (curves 2 and 1 respectively) as a function of the
load exponent We first note that for a)1.0 a Hopf bifurcation
does not exist. This is in accordance with the proof given in [18]
that there are no singularities of the algebraic equation when
both load exponents are greater than one. For values of a < 1.0,
the load demand at which the HB is met decreases as the
exponent approaches zero (i.e. towards a constant power
characteristic). In all cases however, the HB is not encountered
before the field current limitation.

0 . 2 0.4 0 . 6 0 . 8 1 1.2 1.4 1.S 1 .8 2

Figure 4: OXL action and Hopf according to load exponent
variation (with and w/o capacitor)

Consider now the effect of a capacitor at the load bus.
Curves 1 and 2 of Fig. 4 become 1' and 2' respectively. The
capacitor compensates locally for the reactive part of the load
and therefore it increases the region where the system is
regulated by the AVR. Therefore, at each load exponent the
OXL acts for a larger load demand. The effect of the capacitive
compensation on the HB condition is much smaller. It actually
lowers slightly the load level for which a HB occurs. As a
consequence, there exists now a region (in the load exponent -
demand plane) where HB is met before the OXL action. The
effect of capacitor on generator dynamics is therefore twofold:
On the one hand, it increases the reactive capability of the
generator, but on the other hand it reduces the stability region of
generator transient dynamics.

3. Generator feeding a static load behind an LTC.

The study system is given in the one line diagram of Fig. 5. It
consists of a synchronous machine feeding an isolated load
through a transformer equipped with a Load Tap Changer
(LTC).

Vt Vi V2

KVR
P,Q

Figure 5: Generator feeding a static load through an LTC

The total reactance of transmission line and transformer is
consider again equal to 0.1 p.u. As we have mentioned in section
2, since the system is isolated there are no angle dynamics. The
dynamics of the generator AVR, as well as the effects of the
OXL are also considered.

The LTC is modelled by the continuous - time equation:

n = K(V° - nV,) (11)

where V, is the primary voltage and V2° the secondary voltage
set point. Although many LTC's are discrete, it is convenient for
unified representation to replace the discrete time equation with
a locally equivalent differential equation in the form of (11). In
[19] methods to provide straight - forward derivations of
continuous - tap dynamic models from basic discrete ones are
presented. These methods consist of the identification of the
appropriate form and time constant data for continuous - tap
dynamic models.

Table 2: Generator, AVR, LTC data

Gen.

AVR

LTC

x d

0.8958

Gain

30
Gain K

30

X q

0.8645

Kc

0.1198 6sec

Time constant T r

0.5sec
nTOn n r M

0.8 1.2

The field and AVR dynamics are described by equations (5),
(6). The real and reactive power balance, as well as the voltage
magnitudes at the generator and load bus are determined by
equations (7) - (10). The combination of constant power and
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constant impedance load is used again. The machine, AVR and
LTC data, in per unit and in common base are shown on table 2.

Let us consider first the stability of the coupled regulated
system (consisting of transient and mid-term dynamics). As
shown in [4] instability of mid-term dynamics (especially LTC
dynamics) is associated with a Saddle Node Bifurcation (SNB)
of the coupled system. At that point the system is losing mid-
term equilibrium. Plotting a curve of mid-term equilibria the SNB
coincides with the maximum power transfer point Since at a
mid - term equilibrium the LTC has time to restore voltage, this
curve corresponds to full load restoration. The curves 1 and 2 of
Fig. 2 corresponding to constant power load can serve as exact
mid - term equilibrium curves, since at mid - term equilibrium the
load is fully restored. Specifically, curve 1 is the mid - term
equilibrium with the AVR in operation, and curve 2 is the mid -
term equilibrium curve after OXL action. As explained earlier,
the maximum demand point on both curves is a SNB of load
restoration (mid - term) dynamics. As a consequence, the lower
part of curve 2 (drawn with a dotted line) consists of unstable
mid - term equilibrium points.

Figure 6 presents a closer view of the combined transient -
mid term system. Curve 3 of this Figure (same as Curve 1 of Fig.
2) is the mid - term equilibrium curve. When the loading increases
slowly, the system will be able to follow the mid - term
equilibrium curve. The LTC in this case has time to restore the
secondary voltage. There are two possible ways for the system
to depart from this curve:
I. When the generator overexcitation limit (E r lun = 3.0) is

reached. This happens at point A (z=1.95) of curve 3 (Fig. 6).

II. When the LTC reaches its tap limits (nmax or nmln). At
point B (z=2.1) of curve 3 the upper tap limit is reached. For
the specified value of secondary voltage set point (V,° = l.o)
the lower tap limit is never reached.

In the latter case the system will depart from the constant
power curve and it will follow a transient equilibrium curve with
the transient load characteristic similar to Fig. 3 (which
corresponds to n=10). Note that the point at which the tap limit
is reached depends upon the secondary voltage set point. For
instance, if the voltage set point is increased, the tap may
become limited before the OXL action.

In the examined case the overexcitation limit is reached first,
as it is clearly shown in Fig. 6. In order to clarify what happens
after the OXL action, we distinguish between two cases:

• Transient instability after OXL action.
This case occurs when the intersection point of the mid - term
equilibrium curve with constant AVR reference voltage and the
transient equilibrium curve with constant excitation is after the
SNB point of the unregulated system. This case of transient
instability is typical of a voltage insensitive load such as the
constant power load of Fig. 2. The system switches to an
unstable region of transient dynamics and as a result it collapses
(non oscillatory transient collapse). In the particular case of Fig. 2
the load is considered constant power, even in the transient time
scale, which is quite unrealistic. Similar behaviour, however can
be exhibited by other, more realistic loads. In this case the LTC
dynamics do not contribute to the instability, since the LTC has
no time to react.

• Mid- term instability after OXL action.

Consider now a case similar to Fig. 3, where the transient
equilibrium curve with constant reference voltage intersects the
equilibrium curve with constant excitation at its upper part (i.e.
before the SNB with constant excitation). In this case the load is
25% constant power and 75% constant admittance, with a
constant power factor (Q/P=0.5). If there was no load
restoration by LTC action, the system would be stable in this
case.

Let us describe now the mechanism of mid-term dynamics
after OXL action. Figure 6 shows also the generator equilibrium
curves for the upper and lower limits of the LTC tap when the
OXL is activated. Consider an initial no load equilibrium point
on the upper part of the mid term equilibrium curve no. 3 (with
AVR). For a gradual, slow load demand increase, the LTC is able
to restore the secondary load voltage and the AVR is regulating
up to the point A, where the overexcitation limit is met Since the
corresponding point A of the mid term equilibrium curve without
AVR (curve no. 1) is unstable the system departs from the mid
term equilibrium curve without any further load increase, i.e.
along the constant z line, due to the LTC action. Curve 2 is the
transient equilibrium curve without AVR corresponding to the
tap position at the time that field limitation took place. Usually
the field limitation is accompanied by an excitation voltage
decrease. In this case voltages will drop, and the tap will increase
driving the system towards collapse. This however is avoided if
the tap reaches its upper limit nmax.

Consider now the following scenario: As soon as the
generator OXL is activated the LTC reference voltage is
lowered. In this case the tap will be decreased, thus lowering the
load power and at the same time increasing the primary side
voltage. The secondary voltage will remain low, but the collapse
is avoided and time is gained, so that other corrective actions are
possible.

n=n=in

2.0 3.0 4.0
2

Figure 6: Relative positions of equilibrium curves after OXL
action

4. Generator feeding an Induction motor.

The study system of this section consists of a synchronous
generator feeding an isolated induction motor, shown in the one
line diagram of Fig. 7, with its equivalent steady state circuit. A
first order model for the induction motor is considered. Table 3
shows the induction motor parameters, which correspond to a
large industrial motor. The stator resistance is ignored for
simplicity.

2 0 0



Vt Vi
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UVRH X Is" ItL

Figure 7: A system with generator and an induction motor.

Table 3: Induction motor parameters (p.u. on generator basis)
XI
0.12

r
0.0116

X2
0.051

Xm
3.904

H
1.5

The differential equation for this first order induction motor
model can be written in terms of a conductaice state variable G
[1, 21]:

G=f(Tm-Tt) (12)

where G = /'• conductance proportional to slip

TL = 2Hr: the effective motor time constant
Te: the electromagnetic torque
Tm: the mechanical load torque

The mechanical torque is considered constant at each
loading level (independent from rotor speed).

The field and AVR dynamics of the synchronous machine
are described by equations (5), (6). The real and reactive power
balance, as well as the voltage magnitudes at the generator and
load bus are determined by equations (7) - (10), where P and Q
are given by:

P = T. =
(aV,):G

Q = *; + X;

(13)

(14)

where:

R . = -

a = X , + X n

xiG
x, + xn

x =•

X; = X,Xm X,X: X.X

The expressions for the electromagnetic torque (13) and the
reactive power (14) absorbed by the induction motor are
derived directly from the equivalent circuit of Fig. 7 without any
further simplifications. The input variable (bifurcation
parameter) is the mechanical power.

Let us examine first the bifurcations encountered at this
system along a Tm - Vl curve (Fig. S) for B=0. The HB is
encountered first in the equilibrium curve for Tm =
1.505p.u.(point A).The SNB corresponding to the maximum
motor torque is shown as point C at the tip of the Tm - Vi curve.
The maximum torque is Tm = 1.715p.u. After this point no
equilibrium point exist. No algebraic singularity is observed in
this system, since the load is transiently a conductance.

The eigenvalues of the state matrix as an equilibrium point
moves along the upper part of the Tm - Vi equilibrium curve of
Fig. 8 are plotted in the form of root locus in Fig. 9. At point A

the imaginary axis is crossed (Hopf bifurcation). At point B the
imaginary eigenvalues become real. After point B the one real
eigenvalue becomes zero at point C . This is the SNB of the
system. Note that the generator OXL is not activated in this
case, as the excitation voltage is always less than 3.0 p.u.
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Figure 8: Equilibrium curves of test system with and w/o
capacitor bank.
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Figure 9: Eigenvalues of the generator - induction motor system.

Tab'e 4: Eigenvalues for constant power and motor cases.

p

1.000

1.505

1.560

1.615

1.715

Eigenvalues for
motor case

-22.153
-1.000± J3.004

-6.840
0.002±j3.870

-5.541
0.462±j3.865

-4.432
| 1.047±j3.633

-1.455
0.000
4.527

Eigenvalues for
const, power case

-0.996±j3.027

-0.504±j4.765

0.066±j6.132

-95.331
10.868
0.000
-2.918

Consider now the effect of a capacitor bank at the load bus.
Its contribution is similar to the case of constant power load. The
capacitor compensates locally for the reactive power consumed
by the motor, so it increases the maximum torque (i.e. it
increases the load demand for which a SNB is met). On the other
hand, it lowers the load level for which a HB (the actual stability
limit of this system) occurs. For a capacitive compensation of
B c = 0.6p.u. HB is met now for Tm = 1.490p.u.(point Ac) and
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SNB for Tm = 1.920p.u. (point Cc), as it is shown in Fig. 8 (curve
for B=0.6).

Let us compare now the induction motor with a constant
power load In this case we consider the same equivalent circuit
with a constant power load (active power only) instead of the
conductance G which varies with slip. The eigenvalues for both
constant power load and motor cases, for different load
demands are shown in Table 4. In both cases the systems have
the same equilibrium curves and they experience a SNB at
P=1.715. In Fig. 10 the HB are shown for both induction motor
and constant power load cases (points A and A' respectively).
At B' a SIB is met for the constant power case. As we can see
the constant power load is more optimistic in this case, in
predicting a stability limit of a system with induction motor.

0 64

Figure 10: Comparison between motor and constant power
load.

5. Conclusions.

In this paper the voltage stability of a simple power system
consisting of a generator and a restorative load has been
investigated in detail. Three load restoration cases were
examined: constant power load, indirect load restoration
through an LTC, and induction motor bad.
A generator feeding an isolated load with a transient
characteristic more stringent than constant current (n<l) can
develop unstable oscillations. It was shown that this occurs
usuaiiv after the loading level at which the OXL of the machine
is normally activated. The effect of capacitive compensation,
however, is such that an oscillatory voltage instability can
become possible even before OXL action, provided that the
load is sufficiently voltage insensitive (n<0.23).
The instability mechanisms after the OXL action in a generator -
LTC system were also reviewed in the paper. It was shown that
when the reference voltage of LTC is reduced after the
generator voltage regulation is lost the voltage collapse can be
avoidud, at least temporarily.

Finally, a synchronous generator - induction motor system was
analysed and it was shown that an oscillatory instability
precedes the SNB point associated with maximum motor
torque. This instability occurs at a lower load level that predicted
by a constant power load model. The introduction of capacitive
compensation increases the maximum torque, but it brings the
oscillatory point to a siig'ntly lowet load level.
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SEQUENTIAL USE OF OPTIMAL POWER FLOW FOR IMPROVING
THE STATIC VOLTAGE STABILITY MARGIN
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Abstract-Thc paper presents the use of Optimal Power Flow
(OFF) for improving the static voltage stability margin in
stressed power systems. The objective of the OPF is the
minimisation of the reactive power losses In the system. We
demonstrate that the static voltage stability margin can be
improved by applying a global control strategy for the reactive
power in the system, using existing reactive power control
devices. A real-time implementation of the proposed global
control strategy is outlined.

1. INTRODUCTION
Many power systems arc increasingly affected by severe
voltage stability problems. This is due to limitations in
expanding generation and transmission facilities for an
increasing load demand. As a result, several utilities have
experienced a major system collapse with a partial or total
blackout of the power system [ 1 ].

In order to assess the static voltage stability margin (SVSM)
of a power system, several stability indices have been
proposed. These include the minimum singular value of the
power flow Jacobian matrix, the sensitivity of total generated
reactive power with respect to reactive demand and
sensitivities based on Lyapunov energy functions [2, 3, 4].
Based on these indices different control strategics for
improving the static voltage stability margin have been
developed such as in [5, 6]. The control devices include
capacitor banks, tap changing transformers, generator
voltage settings, generator reactive power, load shedding,
etc.

A voltage control expert system (VCES) which uses
sensitivity-based indices was developed and implemented as
reported in [7J. Remedial control actions are suggesled by
the VCES whenever voltage violations occur.

The control strategics proposed by these sensitivity based
methods, however do not provide an optimal control strategy
for the static voltage stability margin.
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University of Cape Town
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These control methods require the calculation of sensitivity
coefficients or sensitivities of Lyapunov functions, which arc
generally computationally intensive.

In this paper we propose a method of improving the static
voltage stability margin by means of optimal control of the
reactive power of the system. The control strategy for the set
of re ictivc control devices is determined by an OPF.

Traditionally, OPF has been regarded as an important tool in
the design, planning and economic operation of a power
system [8],

The use of on-line OPF has up to now been restricted to
secure operating conditions. During alert and emergency
conditions, security factors take precedence over economic
factors and therefore on-line OPF is not used [8].

form, the optimisation problem can beIn a general
formulated as:

minimise
subject to:

f(u,x)
g(u,x)=0

where: u - vector of control variables
x - vector of state variables
/ - objective function
g - power flow equations
li - operating constraints

This paper proposes the use of an OPF under alert or
emergency conditions related to voltage stability problems.
More specifically we wish to app'y OPF for improving the
static voltage stability margin of the power system. In order
to increase the SVSM we use the reactive power losses
(Qioss) of the system as objective function. We demonstrate
•hat by minimising the reactive power in the system, the
SVSM can be significantly increased.

The paper discusses local and global control strategics for
reactive power control devices. Two well-known static
voltage stability indices arc introduced. Two different case
studies with several load trajectories arc applied to a 16-bus
network. Firstly, the effect of the local and global control
strategy on the SVSM for an increasing load is investigated.
Secondly, we present a conceptual on-line implementation of
the OPF with Q/UI-minimisation (QLM) under alert or
emergency conditions. The simulation results illustrate that
the use of an OPF with QLM for a stressed power system
increases the SVSM.



2. PROBLEM FORMULATION
Voltage instability is associated with a progressive decrease
in the bus voltages, followed by a sudden, rapid voltage
collapse. This loss of voltage stability is usually the result of
a shortage of reactive power reserve (Q rucrw) in the system
due to heavy power loading [9]. The heavy loading results in
the enforcement of reactive power limits of generators which
leads to a decrease in ör«m* and to a significant voltage
drop. As a result, the system moves closer to the point of
collapse.

The reactive power control devices such as tap changing
transformers and static VAR compensators (SVC), are
normally used as local control devices to maintain the
voltage on the controlled bus within a specified range. Thus,
the control trajectory under changing loading conditions ::,
determined by using only the (local) measurements at the
controlled bus. The total reactive power losses in the system
arc not considered. In a stressed power system, the control
devices fail to maintain an adequate voltage profile and the
local control strategy promotes the voltage collapse
phenomenon [10].

Based on this unsatisfactory performance of existing reactive
power control devices under stressed power system
conditions, we propose a new method of reactive power
control using an OPF.

Under alert or emergency conditions we propose the use of
Qhss a-s the objective function to be minimised in order to
increase (he static voltage stability margin. This approach
results in a global control strategy for the reactive power
control devices.

In an OPF with QLM, the tap positions are obtained from a
global point of view rather than from local measurements.
The tap settings are determined from the OPF in such a way
that the reactive power losses are minimised and the Qrame

is increased.

In order to reduce the number of tap movements, we extend
the set of global control devices to other devices such as
SVC's.

We use ivvo well-known static voltage stability indices [11]
in order to illustrate the effect of reactive loss minimisation
on the static voltage stability margin.

Tliese indices S and 5 are defined as the minimum
singular values of two matrices J and J R, respectively, i.e.:

J PV
is the power flow Jacobian matrix

-1

The matrix JR is obtained by setting A P = 0 in the power
flow equations and describes the effect of reactive power
injections on the voltage magnitudes [11].

The minimum singular value is a measure of the distance
between the operating point and the static voltage stability
limit.

3. METHOD OF SOLUTION
Fig. 1 represents a flow chart for a conceptual on-line
implementation of the OPF with QLM under alert and/or
emergency conditions.

where:

a mjn denotes the minimum singular value

Fig. 1. Flow chart showing (he conceptual application of an on-
line OPF with QLM in a power system.

Fig. 1 illustrates that the state of the power system is
obtained from the State Estimator. The state is used in
security assessment in order to determine the operating state
or security level of the system.
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The operating stales of a power system have traditionally
been classified into normal (secure), alert, emergency and
restorative [8].

In this paper, we apply this classification only to voltage
limit violations. The system is normal and secure if no
voltage violations occur. Should slight or severe voltage
violations arise, the system has moved into the alert or
emergency state, respectively.

Based on this classification, we propose a control strategy
(using OPF) for each of these operating states. The solid
lines in Fig. 1 represent the traditional control strategies in
the Energy Management System (EMS) where OPF is only
used under normal and secure operating conditions. In this
case, the choice of the objective function (Economic
Dispatch, (2/<m-minimisation, etc.) depends on the desired
optimisation criteria and reflects generally economic rather
than security concerns [8]. Should voltage limit violations
occur, OPF is no longer applied. Voltage corrections are now
either performed by (local) automatic controls or by control
actions of the dispatcher.

We propose to extend the use of OPF to alert and/or
emergency states. We demonstrate that by using an OPF
with QLM under alert or emergency conditions, the system
can be moved into a more secure operating state. The dashed
lines in Fig. 1 illustrate the proposed use of the OPF with
QLM when the static voltage stability index becomes small
or when slight or severe voltage limit violations arise. The
application of the global control strategy under alert or
emergency conditions is proposed in order to improve the
static voltage stability margin and the voltage profile. The
results obtained from the OPF arc assessed by the dispatcher.
The dispatcher decides if the proposed control action is to be
implemented on the reactive power control devices.

4. CASE STUDY
The proposed methodology is applied to the 16-bus network
shown in Fig. Al in the Appendix. The power system
consists of three generators and five loads. The loads arc
modelled as constant P and Q. The reactive power control
devices in the system are the tap changing transformers T2
and T4 and an SVC. The SVC is modelled as a reactive
power source which can vary in the range from -100 MVAr
to 100 MVAr. The system base is 100 MVA. The line,
transformer and generator data are given in Tables Bl, B2
and B3 in the Appendix, respectively.

We wish to investigate the use of an OPF under changing
load conditions. In order to do this, we simulate the output of
the state estimator by performing a Loadflow with automatic
reactive power controls (ATRC) and replace the power
system and State Estimator in Fig. 1 with the block B in
Fig.2. The load (in Block B) is increased in steps (either
active power, reactive power, or both). For each increased

loading condition, a Loadflow with ATRC is performed in
order to determine the system state. The states (bus voltage
magnitudes, bus voltage angles) and controls (tap settings,
SVC setting) of the previous OPF solution are used as initial
starting values for the next calculation.

Power System

Stale Estimator

Load*

r

Load Flow with
ATRC

State and Control
Variables

output output

Fig 2. Simulation of the Power System and Stale Estimator.

In order to implement the proposed on-line OPF (Fig. 1), we
make use of a security constrained OPF (SCOPF). It has
been especially developed for on-line applications and is
based on a special linear programming algorithm [12].

Case study 1:
A Loadflow with ATRC and an OPF with QLM are
performed. This is done in order to illustrate the
improvement of the static voltage stability margin by
minimising the reactive power in the system, i.e. applying a
global control strategy for the reactive power control devices.

For both Loadflow with ATRC and OPF with QLM, three
different load trajectories arc investigated and the results in
the form of the stability indices, reactive power system losses
and control trajectories are compared.

The loads are increased in varying step sizes and the
different load trajectories can be described as follows:
Load cun'c 1:
- Active power is kept constant, reactive power is increased.
Load curve 2:
- Reactive power is kept constant, active power is increased.
Load curve 3:
- Both active and reactive loads are increased, power factor

is kept constant at 0.89

Case study 2:
Here we particularly address the proposed on-line
application of an OPF with QLM for a power system which
has moved into alert or emergency conditions based on slight
or severe voltage limit violations.

This approach to extend the use of OPF to a power system
with voltage stability problems is illustrated as follows.
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First an OPF with Economic Dispatch (EDC) is applied
during normal operating state of the system. The normal
global EDC-controls (P^) arc augmented with local reactive
power controls in order to take into account the voltage
corrections under normal operating conditions. The OPF
with EDC is replaced by a Loadflow with local automatic
reactive power controls in case slight voltage limit violations
occur. The Loadflow with ATRC represents the behaviour of
the system under alert or emergency conditions when no
control actions are performed (load shedding, switching of
lines, etc.). When the stability index of the system becomes
small due to the heavy power loading, the proposed global
control strategy for the reactive power control devices is
applied, i.e. an OPF with QLM is performed.

For the investigated case study , both active and reactive
power loads arc increased with varying step size while the
power factor is kept constant at 0.89.

Subsequently, the results in the form of stability indices,
reactive power losses and control trajectories are analysed.

5. DISCUSSION OF SIMULATION RESULTS
Case study 1:
The following graphs (Fig. 3-5) illustrate the results for Ihc
Loadflow with ATRC and the OPF with QLM by increasing
both the active and reactive part of the load (Load curve 3).
The step increase in power loading in the region between
point 1 and 2 is 41.9 MVA and 5.6 MVA between point 2
and 3.

Fig. 2 depicts the trajectory of the static voltage stability
index S1 for the Loadflow with ATRC and the OPF with
QLM.

] 2

1:= .279.5.MVA

2:= 41<).3 MVA

3:= 670.8 MVA

SIMVAJ

W [ATRC) OPRQIM)

Fig. 3.1'lor of stability index S versus increase in MVA

It can be seen thai Ihc static voltage stability index S of the
OPF with QLM (global control) is always bigger than the
stability index of the Loadflow with local control.

The "jumps" in the numerical value of S1 arc caused by the
Qmax-hmhs on the generators being active (enforced) or
inactive.

The results obtained for the stability index S indicate the
same improvement for the SVSM. The stability index S2 for
the OPF with QLM is also always bigger than the stability
index S2 the Loadflow with ATRC.

Fig. 4 shows that for an increasing load, the global and local
control strategy results in a different control trajectory for
the tap setting of transformer T2.

S|MVAJ

| - • Lo»dHov»(ATRC)—OPF(OIM)

Fig. 4: Plot of lap positions versus increase in MVA

The sharp decrease in the tap setting trajectory of T2 for the
Loadflow with ATRC is caused by the enforcement of the
Qmax-)]mha on one of the generators. The lack of reactive
power in the system forces the lap changing transformer to
decrease its tap position in order to maintain Ihc voltage on
the controlled bus within its limits. As a result, the tap
reaches its physical lower limit.

In Ihc global control strategy, however, the tap positions arc
obtained from the objective of minimising the reactive losses
in the system. The minimisation of the Q\oss determines a tap
position which differs considerably from the locally
determined tap setting.

The control trajectories for the tap selling of transformer T4
are similar to the control trajectories of T2 and show the
same tendency as represented in Fig. 4.

For the increased load, the SVC setting obtained from the
global control strategy deviates from Ihc locally determined
SVC setting. In case the global control strategy is applied,
the reactive power output of the SVC is determined in such a
way that the Q\Ou in the system arc minimised.

In case the SVC is used as a local reactive power control
device, the amount of reactive power output is determined by
the requirement to maintain Ihc locally controlled bus
voltage within a specified range.

Fig. 5 shows the reactive power system losses for the
Loadflow with ATRC and the OPF with QLM.
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Fig. 5. Plot of syslem reactive losses versus increase in MVA

It can be seen that the global control strategy for the reactive
power control devices leads to a decrease of the reactive
power losses, i.e. a gain in the QresCr\x of the system. The
reactive power system losses are significantly reduced by the
global control stralegy when (be power system gets into a
stressed.condition.

When only increasing the active or reactive part of the load
(Load curves 1 or 2) the results are similar. The stability
indices, control trajectories and total reactive power losses
for the local and global control strategy follow the same
pattern as shown in Fig. 3, 4 and 5, respectively. In these
cases the stability index for the global control strategy is also
always bigger than the stability index for local controls.

Case study 2:
The total system load S is increased in two different step
sizes. In the regions between points 1 and 2, and points 3
and 4, the step size is 55.9 MVA and 5.6 MVA, respectively.

Fig. 6 shows the enhancement of the stability index S1 by
applying the global control strategy for the reactive power
control devices when the system has moved into alert or
emergency conditions.

£ 05-

ig 04 •

™03 '

1 := 223.6 MVA

S[MVA]

2:= 391.3 MVA 3 := 6S4.3 MVA

Fig. 6. Ploi of stability index S versus increase in MVA

Section a-b: OPF with EDC and reactive controls
Section b-e: Load flow with ATKC
Section c-d: OPF with QLM

Section a-b of the graph shows the system under normal
operating conditions where an OPF with EDC is applied.
Section b-d of the graph represents the system when it has
moved into alert and/or emergency conditions due to a
constant increase in load. This operating condition can be
alleviated by applying an OPF with ö/ow-minimisation. The
implementation is represented by section c-e, shown in
Fig.6.

It can be seen from the graph that by applying the global
control strategy, the system can be moved into a more secure
operating condition. The OPF with QLM increases the
stability index s ' and can cause one of the generators to
back off from its omat-'iniit. This is expressed in the
"jumps" of the stability index S 1 to a bigger numerical
value.

Fig. 7 shows that by applying an OPF with QLM (global
control strategy) under heavy loading conditions, the tap
setting trajectory of transformer T2 is altered.

- - -K I-

• • b \ 1

Fig. 7, Plot of Up positions versus increase in MVA

For the investigated load curve, the control trajectories for
the tap changing transformer T4 under normal, alert and
emergency conditions are similar to the results presented in
Fig. 7. The results show the same change in the tap setting
trajectory when the global control strategy is applied.

Fig. 8 shows the total reactive power system losses for the
control strategics applied in the different operating states.

Fig. 8.PI0I of system reaclive power losses versus increase in MVA
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The graph demonstrates the gain of QruerM for the system
under alert or emergency conditions when the global control
strategy for the reactive power control devices is applied.

6. CONCLUSIONS
In this paper we introduced a new method of improving the
static voltage stability margin of a stressed power system by
making use of an on-line OPF. The reactive power losses of
the system were chosen as the objective function. This
resulted in a global control strategy for the reactive power
control devices. The proposed method was tested on a 16-bus
system. The results demonstrated that the static voltage
stability margin can be improved by using an OPF with
O;ow-minimisation. Furthermore a conceptual on-line
implementation of the global control strategy under alert or
emergency conditions was outlined. These results showed
that the global control strategy can move the system in a
more secure operating slate. It is therefore suggested, that
the proposed global control strategy should be used for the
reactive power control devices under alert or emergency
conditions.
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8. APPENDIX

T3 . G2

rn

63 B6

Fig. Al. 16-bus network

Line
4-8
4-7
7-8

8-16
8-12
6-7

9-13
9-11
5-9

5-10
10-11
6-15
14-15
15-16

R
0.0014
0.0027
0.0048
0.0041
0.0045
0.0107
0.0125
0.0284
0.0074

0.032455
0.0208
0.003

O.OO7S94
0.0014

X
0.0076
0.0038
0.0265
0.0227
0.025

0.0237
0.0353
0.0439
0.0254
0.09177
0.0588
0.0167

0.043966
0.0076

B
0.015447

0.0309
0.05406
0.04634
0.05098
0.0438

0.007344
0.00785

0.005499
0.019095
0.01224
0.03398
0.0896

0.015447

Table Bl: Line data of 16-bus network in per unit

Transformer
TI
T2
T3
T4
T5

K
0.001
0.001
0.001
0.001
0.001

X
0.0625
0.065
0.06

0.057
0.0625

Table B2: Transformer data of 16-bus network in per unit

Gene-
rator
Gl
G2
G3

Pmax
MW
420
200
250

1'min
MW
50
50
20

Qniax
MVAr

300
100
60

Qmin
MVAr
-100
-100
-100

Table B3: Generator data of 16 bus network

Starling values al all load buses
Case study J i P = 50 MW, Q = 25 MVAr
Case study 2: P = 40MW,Q = 20MVAr
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Abstract - In this paper the effect of constant
power load versus constant power-constant
admittance load representation in voltage stability
analysis is investigated based on simulations in a
large scale realistic power system model. The effect
of generator excitation systems in improving the
transient voltage stability is also shown in these
simulations.

Keywords- voltage stability, load modelling, on-load
tap changers, generator excitation systems

1. INTRODUCTION

In recent years voltage stability problems have been
experienced by many utilities that are forced to
operate their power systems under increasingly stressed
conditions. As a result, considerable effort is devoted
within IEEE [1,2] and CIGRE [3,4,5] etc. in the study of
voltage collapse related issues and a large number of
relevant publications have appeared in the literature. An
exhaustive survey of these works is provided in the
reports of IEEE and CIGRE listed in the references [1-5],

In this paper, simulation results obtained from a large
scale model based on the Hellenic Power System are
presented to illustrate the basic phenomenon of transient
voltage instability and to investigate the effect of the
critical factors. The model comprises 24O buses, 267
lines and 3O equivalent generators. The Graphics Aided
Interactive Network Analysis (G.I.N.A.) package [6],
developed at the Electric Energy Systems Laboratory of

Paper SPT PS 07- 04- 0340 accepted
for presentation at the IEEE/KTH
Stockholm Power Tech Conference,
Stockholm, Sweden, June 18-22,1995

the National Technical University of Athens, is used for
the time domain simulations. In particular, the sensitivity to
load characteristics and to the generator AVRs speed is
investigated. Combinations of constant power and
constant admittance load types are assumed and
general conclusions regarding the OLTCs effects are
drawn. In addition, the effect of the excitation ceilings
and of the response speed of the installed AVRs to the
voltage stability of the system are investigated.

2. VOLTAGE STABILITY VERSUS ROTOR ANGLE
STABILITY

Between voltage stability and rotor angle stability in a
system there are similarities and differences. The
excitation voltage of generators for example is an
important parameter determining the point of operation
on the power-angle curve, whereas for the load-
voltage curve the transferred reactive power Qt is the
basic factor.

Let us consider the following simplified diagram.

P t , Q t P ,Q

/////

Fig. 1 Simplified Diagram

Voltage stability is heavily dependent on the transferred
reactive power on the line, rather on the reactive load.
The supply of reactive power from the source, by
increasing the excitation voltage E of the generator
does not help the situation, because it is the transferred
reactive power Qt, that affects stability. So, if the
increase of reactive load Q is compensated locally by
shunt capacitive supply Qc, the voltage stability is not
affected by the load increase. On the other hand, the
supply of reactive load through reactive power from
the source, although destabilizes voltage, it favours the
angle stability due to the increase of the synchronization
factor (dP/dö = Pmax cos5).
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Increase of the active load P reduces stability margins in
both aspects. The sensitivity of the system to the active
load variations, as far as voltage and angle stability is
concerned, depends on system configuration,
characteristics and loading and determines which kind of
system stability is closer to limit each time. As a matter
of fact, during periods of heavy system loading, the
angle stability depends basically on the availability of
generating capacity. It is also affected by the shunt
capacitive compensation installed in the network. The
latter relieves the network from excessive loading, by
virtually increasing the load admittance, to the obvious
benefit of voltage stability. The angle stability, in that
case is affected to the extent that excitation voltages
of generators are increased, or not. If the required
reactive power is produced by generators, rather than
by local compensation and transferred to the load
through the network, the generators need 1o be
overexcited, to the benefit of angle stability. On the
contrary, the voltage stability suffers in that case and
becomes the destabilizing factor of system operation.

During periods of low, or minimum loads, the voltage
profile is high and voltage stability faces no problems.
The excess of reactive power in the EHV networks, is
absorbed partially by under-exciting generators, and/or,
partially by shunt inductive compensation, installed at the
end of long transmission lines. However, under-excitation
of generators reduces their stability limits, so the angle
stability becomes worse in that case. In general, under
various load profiles, stability margins in either mode
depend on the type of loads, excitation characteristics
of generators, the means of phase and voltage control,
transformer tap-changers, etc.

In the simple system diagram of Fig. 2, with constant
system voltage V and regulated voltage V, at constant
value, the basic stability priorities can be easily shown.
Comparison of the P-5 and P-V curves, corresponding
to angle and voltage stability respectively, can give a
first quantitative indication, concerning the relative
influence of the load composition on the type of stability.
With the active power P being the main load
component and criterion for both angle and voltage
stabilities, the following results can be observed in Fig. 3.
Starting with a purely active load S = T7O MW + j O
MVAr, il can be seen that the P-V curve has its peak at
a higher P-value than the P-5 curve. As reactive power
is introduced in the load, a higher sensitivity of the P-V
curve in the increase of Q can be observed. Even for

"I—> P,C

Fig. 2 Example Network

Fig. 3 (a) P-V curve, (b) P-5 curve

Q=O.l P the voltage stability limit becomes lower than
the angle stability limit. The difference increases at Q
=O.25 P, to become 3O%. The angle stability limit is also
affected by the increase of the reactive load
component, but at a much less degree.

3. THE EFFECT OF ON-LOAD TAP-CHANGERS

The role of on-load tap-changers (OLTCs) in the
voltage stability problem can be critical sometimes.
Following a drop in the supply voltage, the load will be
reduced due to the load voltage dependence, which
depends on the type of load. This reduction is larger for
constant admittance type of loads. As the transformer
taps are adjusted, the load as seen from the high
voltage bus will progressively increase to its
predisturbance level. Transformer OLTCs acting to
restore predisturbance voltages to loads are more
closely modelled by representing loads as constant
power type. For a further increase of loads, the above
cycle of OLTC operation will be repeated, worsening
the voltage situation gradually, until taps reach their limits.
Under heavy load conditions, the above effect of
voltage control might push system voltage beyond
stability limits.

4. TRANSIENT VOLTAGE COLLAPSE SIMULATION

In Fig. 4 a realistic model of the Hellenic Interconnected
Power System is presented. This model has been
developed in the Electrical Energy Systems Laboratory
of the National Technical University of Athens and
consists of 24O buses, 267 lines, 30 equivalent
generators and 57 transformers. The model has been
properly adapted to the foreseen development of the
system and a pessimistic version of it is used for the
subsequent simulations. Only the nodes relevant to the
results presented inthis paper are numbered The main
feature of the Hellenic Power system model is that more
than 6O% of its generating capacity is provided by four
coal-fired power plants situated close to each other in
the North of the country (nodes A, B, C and D). Almost
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another fifth of the total power is generated by three
hydroplants (nodes E, F and G) situated in Western
Greece. On the other hand, more than one third of the
total load of the system is concentrated in the Athens
region, where there is only one nearby oil-fired power
plant. A strong 4OO kV transmission network,
superposed and interconnected with the older 15O kV
transmission lines, is in operation to provide the
necessary power flows. In the following simulations the
load is represented at the transmission network level
(15O kV).

The Graphics Aided Interactive Network Analysis
(G.I.N.A.) package [6] developed at the Electric Energy
Systems Laboratory of the National Technical University
of Athens is used for the subsequent time domain
simulations. The disturbance simulated is a step 4O MW
load increase at node H. The following sequence of
events is specified interactively:

Time O.O-O.l sec
Time O.1-O.5 sec

No disturbance
Step 4O MW load increase
at node H

5. SENSITIVITY TO LOAD CHARACTERISTICS

As discussed in (3 and 5] the dynamic behaviour of the
loads represented at the transmission network levell
comprises the dynamics of loads a^ the distribution level
and the dynamics of the system control, principally the
automatic OLTC control of the transformers. The first kind
of dynamics depend on the type of load and can be
modelled analytically for motors by differential
equations. Static loads are frequently approximated by
polynomials with suitable factors including constant
power loads (e.g. constant energy controlled loads).
Transformer OLTCs acting to maintain voltages at the
distribution level side ai pre-disturbance values tend to
causp loads to exhibit constant power characteristics.

5.1 Simulation Results

A first order AVR model for all generating units is
assumed. The excitation ceilings are included in the
simulation.

in order to assess the dynamic response of the system
as a function of the model used for the loads the
following three cases are examined:

CASE A

1OO% Constant Active and Reactive Power Loads, i.e,

P=conMant, Q=constant

CASE B
50% of the load as constant Active and Reactive
Power Loads and 5O% as constant Admittance Loads,
i

P = O.5 Po + O.5 Po (V/Vo)2

Q - O.5 Qo - O.5 Qo (V/Vo)2

,where Po and Qo the nominal active and reactive
power provided in the load data and Vo the voltage
magnitudes obtained in the load flow run.

CASE C
9O% of the load as constant Active and Reactive
Power Loads and 1O% as constant Admittance Loads,
similarly to Case B above.

The response of the system is shown by the time graphs
of the voltage magnitudes at the 15O KV buses H and I.
and of the generator 28 bus angle. It should be noted
that at 1 the steady state prefault voltage at steady
state is well below its nominal value (O.87 pu). In Figures
5-7 the response of the system for the load
representation corresponding io case A, in Figures 8 and
9 corresponding to case B and in Figure 1O
corresponding to case C respectively, is shown.

5.2 Discussion of Results and Comments

i) Constant Power Loads

If the constant power load representation is used, the
system exhibits voltage instability, as shown by the
response of the system in the relatively minor
disturbance considered. It should be noted that the
system does not suffer from angle instability, as shown in
Fig. 7.

ii) Mixed Load representation

If the 5O% constant power - 5O% constant admittance
load representation is used, the system does not exhibit
voltage problems. In the 9O% constant power - 1O%
constant admittance case the voltage oscillates before
reaching its steady state value.

It should be noted that for the transient voltage collapse
case simulated, the representation of loads as constant
power loads assumes OLTCs operating "instantly". Since
tap-changer operating time is typically 4 to 7 seconds
per tap change [5], this modelling is clearly unrealistic. It
gives however an indication of the OLTCs effects in
longer term events. Modelling of loads as mixed type
represents dynamics of loads without the dynamics of
the system control. In Fig. 8 - 1O the stabilizing effect of
blocking OLTCs in this particular system is clearly shown,
even with loads of low constant admittance
composition.

6. EFFECT OF GENERATOR EXCITATION SYSTEMS

In [5] the effect of generator excitation systems in improving
transient voltage stabiity is discussed.

6.1 Sensitivity to AVR excitation system dominant time

The loads at all buses are now considered as 1OO%
constant active and reactive power loads. A first order
AVR model with a gain Ke and a time constant Te for all
generating units is assumed. The excitation ceilings are
included in the simulations.
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Fig. 5 Voltage Magnitude at I for Constant Power Loads
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Rg. 8. Voltage Magnitude at I for 5O% Constant Power -
5O% Constant Admittance Loads
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Fig. 9. Voltage Magnitude at H for 5O% Constant Power -
5O% Constant Admittance Loads
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Fig. 7 Generator Angle at bus 28 for Constant Power Loads 1O% Constant Admittance Loads
(No angle instability)

In order to assess the effect of the time constant Te on Case C. Very fast (Static) AVRs. All Te = O.O5 sec.
voltage stability the following cases are examined:

The response of the system is shown by the time graphs of
CASE A. Slow AVRs. Different time constants ranging from the voltage magnitudes at L In Figures 5, 11 and 12 the
O.4 to 0.6 sec. response of the system for the time constants

corresponding to cases A, case B and case C respectively,
CASE B. Fast AVRs. All Te = O.I sec. is shown.
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Fig 11 Voltage Magnitude at I assuming Fast AVRs.
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Fig 12 Voltage Magnitude at I assuming Very Fast AVRs.

6.2 Discussion of Results and Comments

With slow AVRs the voltage collapse is immediate as seen
in Fig. 5. In Fig. 11 the immediate collapse is avoided,
however the presence of unstable voltage oscillations
eventually leads the system \o collapse. Finally, in Fig. 12 it is
shown that very fast voltage regulation that could be
achieved using static excitation systems decreases the
voltage oscillation amplitude and can keep the system in
operation. Care should be taken for corrective actions
however, since the system is still at the verge of voltage
collapse.

7. CONCLUSIONS

In this paper the effect of constant power load versus
rnxed constant power-constant admittance load
representation is studied based on the simulations of a
transient voltage collapse on a large scale model of a
realistic power system. It is shown that if the constant
power load representation is used, the system exhibits
voltage instability, as shown by the response of the
system in a relatively minor disturbance. In the 50%
constant power - 5O% constant admittance load
representation case, the system does not exhibit
voltage problems, while in the 9O% constant power -
10% constant admittance case, the voltage oscillates
before reaching its steady state value. The projection
of these results provides a clear picture of the stabilizing
effects of OLTCs blocking, when voltage stability
problems are faced by the system. In ddition, the effect
of generator excitation systems is investigated. It is
shown that the use of static AVR types can provide an
efficient countermeasure to transient voltage collapse.
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Abstract
This paper presents a method to include a radial distribu-

tion system, with cascaded tap-changers, in voltage stability
studies. A rural distribution system, including the 50 kV,
20 kV, 10 kV and 0.4 kV levels, has been studied. A detailed
model of the network down to the customer level, with all
lines and transformers explicitly represented, has been com-
pared with a simple model consisting of an impedance in se-
ries with a modified tap-changer. The response to a step
change in the transmission system voltage, has been studied
for the entire distribution system as well as for the model
derived. The series impedance of the model is based on the
losses in the distribution system, and the equivalent tap-
changer is derived from the behaviour of the real tap-changers
which operate in series and in parallel. The detailed network
has also been compared with other methods of including the
distribution network in voltage stability studies. From the
detailed model of the network an equivalent transfer function,
describing the ratio of the equivalent tap-changer from
130 kV down to 0.4 kV, is derived.

Keywords
Distribution system, modelling, voltage stability, tap-changer.

1 Introduction
Voltage stability studies performed by power companies

today, often include just the transmission system and the
subtransmission system. The distribution system is quite often
included in the load on the low voltage side of step down
transformers connected to the subtransmission system. The
influence of the distribution system on the voltage stability
might therefore not be fully taken into account. One of the
main reasons for this kind of proceeding is the reduction of
data involved in the case. It is necessary to do some sort of
data compression, since it is impossible to take all the distri-
bution systems into consideration, due to simulation time and
computer capacity.

Paper SPT PSP 07- 05- 0357 accepted
for presentation at the IEEE/KTH
Stockholm Power Tech Conference,
Stockholm, Sweden, June 18-22,1995

The voltage stability problem has been investigated for
some years and efforts have been made to derive more reli-
able load models, some of which even include the effect of
on-load tap-changers (OLTCs), see for example [4]. So far.
researchers and power companies have paid little attention to
the impact of distribution systems for voltage stability studies.

The aim of this project is to find a method to include the
effect of the distribution system, with tap-changers operating
in series and in parallel, taken into account. The way to ac-
complish this is by reducing a large radial distribution system
from the low voltage side of the step down transformer con-
nected to the subtransmission system down to the 0.4 kV
level, and thereafter transform it into a single impedance in
series with a modified OLTC, see Fig. 1. Hence the equiva-
lent model will reflect the active and reactive power con-
sumption, as a function of the voltage for the combination of
the distribution system, the OLTCs and the loads. The aim is
to find a method that can be used for distribution system
reduction for more reliable voltage stability studies.

130 kV

Radial
Distribution'

Network
including

OLTCs

Distribution System
Loads

130 kV

Equivalent
Distribution
Network

Equivalent
OLTC

Sum of Loads

Fig. 1. The distribution system and its equivalent model

2 Structure of the Distribution System Model
An equivalent model that includes the essential effect of

the distribution system for voltage stability studies is derived
in this section. The transient behaviour of the network is
analysed with dynamic simulations in section 3.

2.1 Network Reduction Method
The active and reactive losses in the distribution system,

given by a load flow calculation, are used to find an equiva-
lent impedance with the same losses, see Fig. 2.1. In this way
a 0.4 kV system has been modelled in detail and reduced to a
single line equivalent. The load of this single line equivalent
has been based on the sum of the loads in the unreduced
system. The reduced network has then been placed on all
10/0.4 kV transformers for the 10 kV system supplying the
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first O.-J kV network, see Fig. 2.2. The 10 kV system, which
has been modelled in detail with all its lines and transformers
has ihen been used to derive a new single line equivalent from
the losses. On a par with the described proceeding, the load of
this single line equivalent has been based on the sum of the
loads of the unreduced 10 kV system. This new model has
then been placed on all 20/10 kV transformers for the sup-
plying 20 kV system, see Fig. 2.2. Thus the method has been
used to reduce the whole distribution system, from 0.4 kV
right up to 130 kV, into a single line equivalent. Finally this
single line equivalent is included in trie transformer impe-
dance. A more mathematical method for reducing a distribu-
tion system into a single line equivalent has been worked out
by Jasmon and Lee [1].

©

Fie. 2.1 Technique for impedance calculation.

/•/'t;. 2.2 Reduction technique applied to the distribution
system.

2.2 On-Loud Tap-Changer Model
To be able (o control the voltage on the low voltage side

of (lie step down transformer a tap-changer has to be added to
(he model. Due to tap operations the current on the low vol-
tage side will also change, and consequently the losses in the
distribution system model will change. To compensate for this
an impedance correction table is used for the transformer
model, during load flow calculations. This impedance correc-
tion table makes it possible to adjust the transformer impe-
dance with respect to the tap position, see Fig. 2.3. The pur-
pose is to obtain the same losses for both the model and the
unreduced distribution system after the load-flow solution.
When this is solved, the impedance is locked at the reached
\alue. fhis value is then used in the dynamic simulation.

Fig. 2.3 Reduced distribution system including an equivalent
tap-changer.

The tap-changer control model used in this paper is based
on the ABB RXCE 41 operating in pulse mode and inverse
time characteristic. This gives the secondary voltage a fast
initial recovery, but this gradually slows down when the vol-
tage approaches its desired magnitude.

The relay timer starts when the voltage magnitude exceeds
the dead band, and resets when it is within the return ratio,
see Fig. 2.4.

\bltoge
VSHX

iDead band

_^ Set point whage

Relay timer slant Relay timer resets

Fig. 2.4 The ABB RXCE 41 tap-changer control system.

2.3 Dynamic Load Model
Based on a load-flow, the transient behaviour after a step

change in the supplying voltage has been studied. The dy-
namic load model used for these simulations has been derived
from field measurements [3]. The model captures the load
recovery due to thermostat controlled heating and can be
described as follows.

HP
A(V)=PU

V

- <

T
dt V..

K
This load model has been implemented in the PSS/E pro-

gram by Johansson and Sjögren [2]. In this implementation,
all load- voltage dependence and recovery time constants can
be set by the user from the dynamic data file, but the initial
pre-fault values are derived from the load-flow calculation by
the program.

The values of the load-voltage dependence and the reco-
very time constants used in this paper are all based on the
measurements in [3]. In the reactive power recovery model,
the values of the constants P s and Pt have always been
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equally set, and the recovery time constant Tqr has been set to
1000 seconds. This is due to the fact that there is no reactive
recovery in the load devices for the long time frames studied.

3 Distribution System Model Evaluation
For the static and dynamic analysis of the network, the

commercially available PSS/E program from PTI (Power
Technologies, Inc.) has been used.

A step change in the transmission system voltage of about
10% has been performed by increasing the system impedance.
This procedure corresponds to a tripping of one transmission
line in a meshed system, and has been used for simulating a
step change in the supplying voltage for the dynamic simula-
tions in this paper.

In Fig. 3.1, the response to a step change in the supplying
voltage for both the model and the unreduced network is
shown. The deviation of active and reactive power between
the model and the unreduced network is less than 2 %. Hence,
the model captures the essential behaviour of the network
with the tap-changers included.

In the distribution system studied there are three levels of
cascaded tap-changers. The time delay of the tap-changer
control has been set in two different ways. In the first method
all the time constants are equally set to 60 seconds, and in the
second method the delay times are set to 120 s for the
20/10 kV, 60 s for the 50/20 kV and 30 s for the 130/50 kV
transformer. In this way the risk for voltage overshoot on
customer level after a voltage dip in the bulk power system is
limited.

Both these methods have been studied for the Tomelilla
distribution system. The model and the unreduced network
have been plotted in Fig. 3.1, where the time constants of all
OLTCs have been set to 60 seconds. The active and reactive
power in the main supply transformer are shown in Fig. 3.1a.
The load voltage and the main supply transformer primary
side voltage are shown in Fig. 3.1b. The load voltage of the
unreduced network is shown as an average.

i i i i

! 1

i i i

TlWllICDNSJI . 01C Bl 1*14 ) 4 t ( )

Fig. 3. la The active and reactive power flows in the main
supply transformer. File: Resultat_4 shows the unreduced
network and File: Resultat shows the model.
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Fig. 3.1b Per unit values of the load voltage and the main
supply transformer primary side voltage. File: Resultat_4
shows the unreduced network and File: Resultat the model
derived.

In the first simulation, with all time constants of the tap-
changers equally set, the losses of the unreduced network
have been placed in two equivalent transformers of the model,
see Fig. 3.2.

138 kV 20 kV 0 4kV

£ loads

Fig. 3.2 Equivalent model for the unreduced network with all
the time constants of the tap-changers set to 60 s.

The losses have been equally split on the two transfor-
mers. In reality the losses of the unreduced network are di-
vided in much the same way, with half the losses appearing in
the 50-20 kV systems and the other half in the 10-0.4 kV sys-
tems. This separation has thus been carried out to get a more
accurate model that can reflect the overshoot in the load vol-
tage in a realistic way. The step size of both &e tap-changers
of the model are equal to the step size of the :ap-changer of
the main supply transformer, but they have more steps.

In Fig. 3.3, the same distribution system as described
above and its model derived have been plotted, but the time
constants of the tap-changers have been set to 30, 60 and 120
seconds, starting with the shortest time constant on the main
supply transformer. On the next transformer level, which is at
a lower voltage level, the time constant has been set to 60
seconds. The longest time constant has been set on the trans-
former level rated 20/10 kV. The equivalent transformer of
the model has been represented with only one transformer and
the time constant of the tap-changer has been set to 30 se-
conds, see Fig. 3.4. The step size of the tap-changer of the
equivalent transformer is equal to the step size of the tap-
changer of the main supply transformer, but it has more steps.

A comparison between Fig. 3.1b and Fig. 3.3b clearly
shows an overshoot in the load voltage when the time con-
stants of the OLTCs have been equally set. This leads to an
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overshoot in both active and reactive power flow through the
supplying transformer, see Fig. 3.1a.

r-

LL!
no, btc 01 in* mi l

Fig. 3.3a Active and reactive power in the main supply
transformer.
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(•'ig. 3.3h The load voltage and the main supply transformer
primary side voltage in per unit.

13b kV 04 kV

Fig. 3.4 Equivalent model for the unreduced network with the
time constants of the tap-changers set to 120 x, 60 s and 30 s.

When the models derived from the 0.4 kV networks of
Östra Tommarp have been compared with the real system, the
divergence between the power recoveries of the model and
the networks after a step change in the supplying voltage, is
found to be negligible. Hence the active and reactive losses
can be used for the reduction of the 0.4 kV distribution sys-
tem.

In the simulation of the iO kV distribution system of Östra
Tommarp. the model of the 0.4 kV networks have been ap-
plied to reflect the essential effect of the 0.4 kV subsystems.
The model of the 10 kV distribution system has been based
on the losses of the unreduced network. If a comparison is

made between the 10 kV distribution system and its model,
both containing blocked tap-changers, it can be concluded
that they are almost identical, There is a small mismatch bet-
ween the model and the network in the active and reactive
power recoveries. This is due to a mismatch in the load-flow
calculation.

In the 20 kV distribution system of Järrestad the model of
the Östra Tommarp 10 kV system has been applied to model
all the 10 kV subsystems. The unreduced 20 kV network has
been compared with the two models, reflecting the essential
behaviour of the unreduced network after a step change in the
supplying voltage. In the first model, the influences of the
tap-changers have been excluded. In the second method the
OLTCs have been included. In this simulation, the time con-
stants of the tap-changers have all been equally set. The
model captures the essential behaviour of the network when
the OLTCs are unblocked.

The supplying transformer of the 50 kV system has two
secondary sides. Both subsystems have been reduced and
compared with their respective unreduced network. The entire
unreduced network has partially been built upon the networks
previously reduced, to model the subsystems of the entire
network. The unreduced network and the corresponding
model respond almost identically.

Tomelilla 130 kV is the same system as Tomelilla 50 kV,
although this time the simulations of the system have been
studied on the primary side of the main supply transformer.
The studies of the network have been performed after a step
change in the supplying voltage, and the results have been
compared with three different types of models. In the first
comparison, the tap-changers have been blocked. The devia-
tion between the model and the unreduced network is negli-
gible. Fig. 3.1 shows the second comparison between the
network and the model, in which the tap-changers have been
unblocked. In this simulation, the time constants of the
OLTCs for both the model and the network have been equally
set to 60 seconds. As can be seen in Fig. 3.1, the model of the
unreduced network, with its two tap-changers, captures the
essential behaviour of the network. The third and last com-
parison has been made between the same network as de-
scribed above, and its model. This time the time constants
have been set based on a method with the shortest time con-
stant set at the highest voltage level, and longer at lower
levels. However this time, the equivalent transformer of the
model only contains one transformer. As previously, this
model also reflects the essential behaviour of the network
after a step change in the supplying voltage, see Fig. 3.3.

4 Other Methods for Including the Distribution System
When power companies in Sweden today perform voltage

stability studies, they often model the 400 kV and the 130 kV
systems in detail. The distribution systems are usually neg-
lected or included in the loads placed on the 130 kV level.
The methods of including the distribution systems in the
simulations are of many different kinds.
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In [51 four methods frequently used have been studied and
compared with the Tomelilla distribution system. Here, the
models have been simulated after a step-change in the sup-
plying voltage, and plotted together with the unreduced net-
work, simulated after the same step-change. The load of the
distribution system models consists of the sum of all the loads
and losses from the entire Tomelilla distribution system.

4.1 Static Study with Constant P and Q Load
The static analysis has been performed in the PSS/E load-

flow program. The load of the model consists of constant
active and reactive power.

In this study, there is no time simulation showing the be-
haviour of the network after a voltage step-change. Since the
losses are proportional to the square of the load current, this
model does not relied the variations of the losses, due to
voltage variations in an accurate way.

4.2 Dynamic study with dynamic load
This dynamic study has been performed with the model

consisting of a dynamic load, described in section 2.3. The
voltage dependence and recovery time constants applied, are
the same as in the simulations made in section 3, except for
the reactive load voltage dependence constants. The new
values have been taken from [3].

The model does not reflect the increased active and reac-
tive power consumption, due to a voltage step. This is due to
the restoration of the load voltage made by the tap-changers.

4.3 Dynamic Study with OLTC and Constant Impedance
Load

This dynamic model consists of a tap-changer and a con-
stant impedance load. The tap-changer model is the same as
used before, i.e. RXCE 41, with inverse time characteristic.
The impedance of the transformer has been kept low. The
time constant of the tap-changer has been set to 60 seconds
and the step si/.e has been 1.67 %, which is the same size as
the supplying transformer of the unreduced network.

Nor this model, which contains a tap-changer and a con-
stant impedance load, reflects the essential effect of the dis-
tribution system.

4.4 Dynamic study with OLTC and dynamic load
This model consists of a tap-changer and a dynamic load

model.
The load-voltage dependence constants have remained the

same as in the simulations of section 3, except for the reactive
load-voltage dependence constants which have been taken
from [3). These constants are the same as the ones used in
section 4.2.

The active power recovery of this model almost reflects
the increased active power demand of the network, but this is
not the case for the reactive recovery. The decrease of the
voltage on the high voltage side of the transformer is almost
in accordance with the primary side voltage of the unreduced
system, but the load voltage does not increase as much in the
model as it does in the network. Hence, neither this is an ac-

curate model of the distribution system for voltage stability
studies.

5 Equivalent Transformer Transfer Function
It would be convenient if the models describing the

Tomelilla distribution system could be reduced to one model,
reflecting both types of time-settings of the tap-changers. The
transfer function for the Tomelilla distribution system, has
been plotted from the load voltage side to the transformer
primary side voltage for the both time-setting methods. The
load voltages have been plotted as an average and divided by
the high voltage magnitude of the transformer, see Fig. 5.1.

i

n o . Die oi

Fig. 5.1a The ratio between the load voltage and the trans-
former primary side voltage of the unreduced network, with
all the time constants of the OLTCs set to 60 s.

Fig. 5.1b The ratio between the load voltage and the primary
voltage of the supplying transformer, with the time constants
of the tap-changers set to 30, 60 and 120 seconds.

In the figures above it can be seen that the time deriva-
tives of the curves are zero for about 10-20 seconds, then they
softly increase for 40-60 seconds and finally slowly decrease
until they return to zero again. In Laplace form, the equivalent
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transformer tiansler function describing this behaviour can be
written as:

G(.s) = A-B-
sTj'd +

where A is (lie initial ratio, and A-B the final ratio when the
lime moves towards infinity. Tj and T2 are two time con-
stants which, together with the exponent N, will affect the
delay time and the rate of change of the equivalent transfor-
mer ratio. In Fig. 5.2, the function has been plotted for N=l
up to 3, with A=l, B=0.8 T|=20 and T2=50. The parameters
A and B are shown in per unit, and the time constants in se-
conds.

60 100 150 200 250 300

Fig. 5.2 A voltage step for the transfer function with A=l,
li=0.8. 77=20 and 72=50. For the solid line N=l, for the
line marked ' * ' N=2. and for the last curve marked ' + '
N=3.

Fig. 5.2 shows that the exponent N affects the delay time.
If a steeper slope is wanted, the two time constants should be
drawn closer together.

If the lime constant Tl is kept at 20 seconds, and T2 is in-
creased in steps of 10 seconds, from 30 up to 100 seconds, it
can be vhown that the curve slope will smoothly decrease.

6 Conclusions
It is shown in this paper that a large radial distribution

system can be accurately modelled with a number of cascaded
transformer models for voltage stability studies. The number
of cascaded transformers in the model reflects the number of
cascaded transformers in the real system. The short circuit
impedance of the transformers in the model reflects the losses
in the distribution system.

It is also shown in the paper that the method devised is
much more accurate than methods frequently used so far,
•.uch as including the distribution system in the load or inclu-
ding the effect of the tap-changers in the load recovery.

A transfer function liom the subtransmission system level
voltage to (he load voltage is also derived. The parameters in
'he transfer function reflects the aggregate effect of the num-
ber of cascaded tap-changers, the delay time of the tap-
chanuer i-rntrol and the load recovery.

Acknowledgement
The authors wish to express their sincere thanks to Mr Hans
Gjöderum and Mr Jan Nilsson for their kind assistance during
the data collection phase of the study.

References
[I] Jasmon, G. B.; Lee L. H. C. C , Distribution network re-

duction for voltage stability analysis and load flow calcu-
lations. Electrical Power & Energy System, Feb. 1991,
vol. 13, No. I, pp. 9-13.

[2] Johansson, S.; Sjögren, F.; Karlsson, D.; Daalder, J.,
Voltage Stability Studies with PSS/E, Bulk Power System
Voltage Phenomena - Voltage Stability, Security and Con-
trol, August 1994, Davos, pp. 651-661.

[3] Karlsson, D., Voltage Stability Simulations Using De-
tailed Models Based on Field Measurements, Technical
Report No. 230, 1992, Department of Electrical Power
System, Chalmers University of Technology, Sweden,
ISBN 91-7032-725-4.

[4] Karlsson, D.; Hill, D., Modelling and Identification of
Nonlinear Dynamic Loads in Power Systems, IEEE
Transactions on Power Systems, Vol. 9, No. I, February
I994.

[5] Lind, R., Distribution System Modelling - Method for
Distribution Network Reduction for Voltage Stability
Studies, Master Thesis, Department of Electric Power
Systems, Royal Institute of Technology, Sweden, 1995.

Biography
Rikard Lind received his Master's degree (Electrical Engi-

neering) from Royal Institute of Technology, Sweden in
1995. He carried out his graduation work at the Power System
Analysis Group within the Operation Department at Sydkraft.

Daniel Karlsson received his Master's degree (Electrical
Engineering) and degree of Licentiate of Engineering
(Electrical Engineering) from Chalmers University of Tech-
nology, Sweden in 1982 and 1985 respectively. In 1992 he
received the Ph.D. degree in Electrical Engineering from
Chalmers University of Technology, Sweden. Since 1985 he
has been an analysis engineer at the Power System Analysis
Group within the Operation Department of Sydkraft, the lar-
gest private power company in Sweden. His work has been in
the protection and power system analysis area and the re-
search has been on the voltage stability and collapse phe-
nomenon with emphasis on the influence of loads, on-load
tap-changers and generator reactive power limitations. In
1992 Dr. Karlsson was appointed principal engineer at Syd-
kraft.

2 2 0



Behaviour of generator current limiters near the point of voltage collapse

Fredrik G. A. Sjögren
fredrikScks chalmers.se

Stefan G. Johansson
stcfan@eks.chalmers.se

Jaap E. Daalder
daalder@eks.chalmcrs.se

Department of Electrical Power Systems
Chalmers University of Technology
S-412 96 Göteborg, Sweden

Abstract

Voltage instability and system collapse could be ascribed to the
inability of a power system to sustain the load. Analysis of the
problem over the years has strongly focused on the significance of
reactive power and its repercussions on voltage. This paper has a
different approach where the collapse phenomenon is treated as a
current problem and is related to the current limiter behaviour of
generators. The effect on the system differs drastically depending
on whether the field or the armature current limiter becomes
active. An illustration of how a field current limited generator
exposed to a voltage drop will reach the armature current limit is
made. It will also be shown that the relation between changes in
current and voltage (AI/AU) as a function of different disturbances
gives valuable information on the onset of voltage collapse.

Keywords

Voltage instability, voltage collapse, armature current lim-

iter, field current limiter, current-voltage trajectory.

1. Introduction

There are several approaches to voltage stability problems.
One approach might be to divide the power system into three
parts: the transmission system, the distribution system which
includes the electrical load demand, and the generation system.
These three sub-systems interact with each other and voltage
stability problems can originate in any of these sub-systems.
For transmission systems, increased reactive power demand
can cause a voltage stability problem. In distribution networks,
stalling asynchronous motors, air-conditioning systems and
electrical heating appliances are examples of dynamic loads
that can give rise to voltage stability problems. Voltage prob-

Paper SPT PS 07- 06- 0492 accepted
for presentation at the IEEE/KTH
Stockholm Power Tech Conference,
Stockholm, Sweden, June 18-22,1995

lems can also be due to generators. A well known example is
the field current limiter (over-excitation limiter) [9]. However,
the armature current limiter affects the power system in an
even more drastic way. The armature current limiter is quite
often neglected in the analysis because it is not commonly
used. However, there are reasons to include it as an overcurrcnt
protection system. This paper analyses current limiter behav-
iour and its significance for system stability.

2. Generator current limiters

The interaction between the current limiters and the network
is studied using the following model of the synchronous gener-
ator (figure 1):

-fd Voltage regulator/
Current limiter

Figure 1 The synchronous round rotor generator wilh a iransmission link
and an active load demand.

The Voltage regulator/Current limiter1 [2] may operate in

one of three regulating modes:

• Regulating terminal voltage V, at a given set-point. This is

the normal operating condition.

• The field current If may be limited to avoid overheating of the
field winding. This corresponds to a constant voltage E and the
voltage regulation point V, disappears. The "synchronous
reactance" Xs can now be considered as a part of the transmis-
sion system. The value of Xs is not trivial. It depends on arma-
ture reaction, self-inductance (and resistance) of armature coils
and the pole shapes of the rotor and stator. The value of Xs is
therefore difficult to predict quantitatively (see ref. [7]).

' .•^EA»manu£actured bv ABB.
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Note that the relation between E and If is nonlinear due to
saturation, which is evident when the machine is light
loaded. For a machine connected to a lagging load, the
armature reaction will decrease the field and makes the rela-
tion more linear.

• The armature current Ia is limited if it exceeds a specified
level. This protection system avoids overheating of the
armature windings. In that case the generator loses all voll-
age regulating capabilities and becomes a constant current
source. The only way the protection system now can
decrease a too high Ia is by decreasing E. This certainly
stresses the voltages in a system.

If the generator is not equipped with an armature current
limiter, the generator is usually tripped by an overcurrerit
relay and all production is lost from that source, i.e. an even
worse situation for the system. Some large hydro-power sta-
tions in Sweden use this configuration whereas nuclear
power plants use armature current limiters.

If the regulator is working in a limiting mode, the most
severe limitation is valid. The system characteristics as seen by
the load are shown in figure 2 for the three modes.

Figure 2 Possible system characteristics as seen by the load (constant
power factor), depending on which mode the generator is work-
ing in. The shapes and slopes will vary with the power factor of
the load (Symbols from figure 1).
1: Voltage regulating mode (V, constant)
2: Field current limited mode (E constant)
3: Armature current limited mode (Ia constant)

2.1 The capability diagram for the generator

A capability diagram displays possible operating areas where
the generator thermal limits are not violated [1]. The small circle
in figure 3 corresponds to the MVA-rating of the generator, and
the circle-segment is the boundary due to field current limitation.

If the generator becomes field current limited and is exposed to
a decreasing voltage Vt, it will end up as armature current limited.
In the capability diagram this can be seen since the small circle
"shrinks" and the large circle segment "moves" to the right.

= Maximum armature current

Figure 3 The capability diagram for a generator. The working point must
be inside both circles. Only the thermal constraints of the gener-
ator are indicated. Prime mover restrictions may be added to the
capability diagram. (For symbols: see figure 1).

2.2 The interaction between the current limited generator
and the load characteristics

If the load P| in figure 1 is increased from zero, one of the
following sequences will occur:

• The voltage V, is kept at the given set-point until the trans-
mission system will be unable to transmit the power over Xj
at a viable voltage U and comes into voltage stability prob-
lems due to lack of transmission capacity.

• The field current limiter is activated after further load
increase. The reactance in the system increases and this
might cause a voltage collapse in the same way as the trip-
ping of a line in the network can cause a collapse. The sys-
tem may also survive with this increased reactance but at a
lower voltage U. The load increase causes a lower voltage
V, at the terminal. This may activate the armature current
limiter (figure 5) or causes an non-viable voltage U.

• The armature current limiter becomes activated before the
field current limiter. At this point the outcome depends only
on the load characteristics (see chapter 2.2.2).

Usually, generators are designed such that they are field cur-
rent limited before they reach maximum armature current.
However, efficiency improvements on the turbine side may
increase the active power output and thereby move the genera-
tor working point closer to the armature current limit. This is
valid for several of the Swedish nuclear power plants.
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2.2.1 The influence of the field current limiter 2.2.2 The influence of the armature current limiter

It is interesting to consider a real field current limiter [2] with
delayed operation and to study how it is interacting with a
dynamic load. By including delayed operation the transient load
characteristics appear when the limiter drastically changes its
operating mode (figure 4).

Different load characteristics

System characteristics
with field current limit

Initial system
characteristics

02 0.4 0.6 o.a 1.2

Figure 4 A load increase with a delayed field current limiter. In point A
Ihe limiter comes into action and a continuous transition to the
new system characteristics will occur. It then depends on the
load characteristics if the system will find a stable operating
point (I) or become unstable (2).

Depending on the values of the systems components, it is possi-
ble for the system to be unstable due to the fact that the working
point is on the lower side of the UP-curve. Certain types of loads can
be unstable on the lowers:!- ..f the UP-curve (See rcf. [3] and [8]).

V,i>V,2

V Field current limit fo

Figure 5 The capability diagram for two different voltages V ^ V Q for a
field current limited generator. The dotted line is active power
delivered from the turbine to the generator. The small arrow in-
dicates how the working point can become armature current
limited when the terminal voltage decreases. Note that the reac-
tive power out from the generator increases for a field current
limited generator exposed fora voltage drop.

When the armature current limiter becomes activated, the
load behaviour is important and is going to decide if the small
system will be stable or not. In figure 6, two possible load char-
acteristics, I and II are shown.

Figure 6 Armature current limiter and load interaction. Two possible
load characteristics 1 and II are indicated.

A general expression for the load can be given by:

U

Here the value of a is of particular significance in case of
armature current limitation and will be analysed further on.
The armature current limiter divides the UP-plane in two
zones, where the right one is not a possible stable operating
area with regard to thermal heating of the generator. The output
power from the generator into the load follows the relation
P, = 7 5 • U • I$ i.e. a straight line in the UP-plane (in case of
no reactive load as in figure 1). If the operating point enters the
unstable half, the only possible protection action of the current
limiter to decrease Ia is to decrease E (i.e. decrease the field
current If).

Case A: An increase of load demand and a>l:

We will have the following situation:

Load characteristics

Load P.

Figure 7 Armature current limiter and load interaction when c o l .
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A load increase where the character of the load does not
change (same a) can be expressed as an increase of Po in equa-
tion (1). At the beginning the system is located at point A in
figure 7. After the load increase the system moves to C. The
stator current limiter either prohibits that movement in B or
starts its timer for a delayed operation [2]. The armature limiter
then forces the system operating point to D, which is a stable
operating point.

Case B: An increase of load demand and a<I:

-j? Load characteristics

Figure 8

Load P,

Armature current limiterand load interaction when a< l .

The system is located in A in figure 8 (stable operating point
between the UP-curve and the load characteristic). We increase
Po. The system wants to move to C. When it passes B the cur-
rent limiter cither stops the armature current increase or starts
its timer for a delayed action [2]. The only possible direction
for the syslcm is to decrease the voltage but this means an even
larger violation of the armature current and an even lower volt-
age E. The voltage collapses since there is no intersection
between the system characteristic and the load characteristic.
This also indicates that ihe voltage decline during a collapse
can be very fast in the final phase.

The condition for returning to a stable situation is that the
load current (=Ia) decreases below Ia|jmj|. For the load end we
can calculate the current in figure 1:

T — _J
a ~ u

and using equation (1), gives

au u
( c x - l ) - U

,a-2

(2)

(3)

The system will find a stable operating point at Iaiimji when
cx>l and it will be unstable for cx<l. This should be compared
with the cases A and B, respectively. It can be seen that the
combination of an armature current limiter and a negative
d y d U can be interpreted as a stability criterion for the simpli-
fied system in figure
while 3la/9U<0 leads to an unstable situation.

. A 3la/3U>0 gives a stable situation

Since the property of 3I/3U seems to contain valuable infor-
mation on an impending voltage collapse in a small system, a
simulation study has been made to analyse the 3I/3U relation in
a more general sense. The simulated quantity in this paper is

(4)

A similar study [4] has been made using the CIGRÉ Swed-

ish testsystem [6].

31
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3. Simulations

The simulations are made on a simple power system consisting
of one dynamic load, two generators, and four transmission lines
connected as shown in figure 9, (see appendix for network data).
Generator Gl is to be regarded as an infinitely strong power
source, while G2 is a small generator. The dynamic load is based
on parameters taken from field measurements [5].

'10 50

P.Q

Figure 9 A simple power system

The model used to analyse the AI/AU signal is implemented
as a "user-written" model in the PSS/E1 program. As shown in
figure 10 there are two possible outputs: one continuous output
named AI/AU value, and a discrete one named AI/AU signal.
The latter is used in these studies. The values of AI/AU arc cal-
culated for each current flow at each node.

Figure 10 The AI/AU model. There are two possible outputs: A continuous
one named AI/AU value, and a discrete one named AI/AU signal.

1. Power System Simulator for Engineers, by PTI (US)
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Case I: One of the two lines between V30 and V40 is discon-
nected after 1 s and the voltages decrease instantaneously.
Then a dynamic process starts where the generators quickly try
to restore the voltages whereas the load dynamics restore the
load in the time frame of 4-5 minutes. After about 6 minutes
the system has found a new stable operating point. The course
of events can be studied in figure 11 where the discrete AI/AU
signals in combination with the node voltages are shown. The
current limiters and the dynamics in the OLTCs are not acti-
vated. In this case the AI/AU signals give a warning at three
nodes after about 25 s. At the V|Q node there is just a short dip
depending on the voltage oscillations in combination with the
load recovery. But at the other two nodes, V40 and V50. there
are negative AI/AU signals as long as the dynamic load is in the
recovering phase. This means that these two nodes are weak-
ened but the system survives and the AI/AU signals return to
their original zero level.

1.0
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V511
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.11 AU \\f lul
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'voltage weak' which means that here the AI/AU signals
become negative there first. The AI/AU signals near the strong
generator become negative a few seconds later, but they will
return to the original zero level since generator G1 sustains the
voltages. After 200 s the armature current limiter at G2
becomes activated and the voltages at the weak nodes V30,
V40, and V50 decline even more until the simulation is stopped
at 0.7 p.u.
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Figure 11 Case I: Voltages and AI/AU signals

Case 2: This case has exactly the same conditions as the first
case except that the field current limiter of G2 is activated after
14 s. After 200 s the armature current limiter becomes acti-
vated. In this case, the system will not find a stable operating
point and the AI/AU signals become negative at every node. A
close look at figure 12 shows a spreading in time in which the
AI/AU sianals become ncsative. The nodes close to the load are

Figure 12 Case2: Voltages and AI/AU signals

4. Discussion about the IU-trajectory

It is generally agreed that the frequency is stable to a point
very close to the occurrence of a voltage collapse. Therefore
we can assume that the load is satisfied with respect to the
active power demand. Hence the limiting parameter will be the
load current which is supplied from the generators and the
reactive sources in the system. There are two scenarios that
limit the current in an impending collapse situation: a) The
transmission lines are not able to sustain the load and relays
will trip the current overloaded lines and a voltage collapse
may occur, b) Generators reach their thermal limits and
become current limited. It is obvious in these cases that, as
long as the currents increase and the voltages decrease, the
system will run into trouble sooner or later. By following the
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direction of the trajectory of I and U it is possible to gain more
information about the systems state. In other words, a continu-
ously negative sign of AI/AU predicts that we are moving
towards a voltage collapse.

A power system which load are increased will naturally have a
decreasing voltage. In order to avoid AI/AU signals during normal
load conditions there is a voltage deadband in time. The voltage
must decrease faster than a certain amount or in other words
AU/At must exceed the deadband as shown in figure 13, indicat-
ing a stressed system. If this is valid, the current change is studied.
If the current has decreased this might indicate a voltage fluctua-
tion and should not be dangerous for the system. But if the current
has increased this indicates a load increase or some sort of limita-
tion in the system which is dangerous, especially as the voltage
support is weak already.

Figure 13 The marked area symbolizes a dangerous direction for the sys-
tem and the marked line symbolizes the dead band used in the
simulations.

Another interesting observation is the geographical spreading
of the negative AI/AU signal. Simulations show how an increased
number of nodes receive negative signs of AI/AU after an initial
disturbance which ends up with a collapse. These observations
indicate where the network has been weakened and where reactive
support is needed.

In combination with other indicators, the AI/AU signal could be
a valuable indicator of an emerging voltage collapse. A suitable
application would be in a system emergency protection scheme. In
addition, currents and voltages are easy to measure in a power
system.

Issues that have to be studied more are appropriate dead bands
and time constants for the filters to avoid that transients from gener-
ator swings causing too much signals. No atlention is given to the
AI/AU-value (i.e. the amplitude). This will be an objective for future
work. An extended discussion about AI/AU can be found in [4,
Chapter 6].

5. Conclusions

When studying voltage collapse phenomena it is important to
notice how generator current limiters may affect the characteristics
of the system. It is worth to notice that a field current limited gen-
erator becomes armature current limited if the terminal voltage

declines. This implies that it is necessary to model the armature
current limiter, since this limitation is more severe for the system.
Current limiters can, in combination with load dynamics, explain
why the voltages have decreased so fast in several collapse situa-
tions. Another current limiting aspect of the collapse problem is
the decreasing transmission ability in the case of declining volt-
ages in combination with recovering loads. This situation can lead
to erroneous trippings of lines and in that way cause a voltage col-
lapse. In combination with other criteria the sign of AI/AU might
be a valuable indicator of an imminent voltage collapse.
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Appendix

Network data
Dynamic load data [5]:

Line data:

Transformer data:

Al/AU-Dala

cts=0.38, a,=2.26, Ps=5.22, P,=2.68, Po=0.8
p.u., Q0=0.03 p.u.,Tp =127.6 s,Tqr=75.3 s.

R10.20=0.08 p.u., X,o.2o=O'8 P-"-. Bio-
20=0.1 p.U., R20..-10=0-04 P-u- X20.30=0-4

p.u., B2O.3O=O.O5 p.u.
Xl0-20=°-1 P-U- X40.50=0-l P ' u " XG2
included in generator G2
Filter time constant 5s, Deadband -0.00004
pu/s, At=ls
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Abstract - In this paper, the voltage stability problem
is addressed by use of static methods, through application of
the singular value formulation to the Chilean (SIC) and the
Swedish interconnected power systems. The studied systems
represent two geographically extended longitudinal networks.
The presented analysis is carried out using a detailed mod-
elling of generation, transmission and subtransmission systems
together with corresponding components constraints.

The use of realistic network models, with emphasis given to
studies of stressed power systems, shows the potential and ad-
vantages of the singular value formulation for voltage stability
assessment. A heuristic approach to install shunt capacitors
to improve voltage stability in the SIC system is described.
Results are also presented from studies of load shedding and
setting of transfer limits on models of the Swedish network.

Keywords - Voltage Stability, Reactive Power, Stressed
Systems, Singular Value Decomposition, Load Shedding

I. INTRODUCTION

The aim of this paper is to present experiences of static
voltage collapse assessment by use of the singular value
formulation on two large longitudinal power systems.

In the aftermath of several occurred system incidents
(all over the world during the last decades), associated
with voltage instabilities, studies of voltage collapse and
instability problems have become an interesting area of
research and studies [1] - [11]. A state-of-the-art descrip-
tion including recommendation of tools and methods for
voltage stability analysis is provided by [12].

Phenomena of voltage collapses can be related to high
active and reactive power loading, operation of tap-
changers, stator and rotor current limiters of synchronous

Paper SPT PS 07- 07- 0612 accepted
for presentation at the IEEE/KTH
Stockholm Power Tech Conference,
Stockholm, Sweden, June 18-22,1995

generators, inadequate reactive power reserves, load char-
acteristics at low voltage magnitudes, 'natural' load re-
covery and operation of relay protection [6, 9].

Problems related to phenomena of voltage instabilities
aie today, in many countries, a major area of concern
during planning and operation of power systems. In par-
ticular, in those countries where privatization of electric-
ity (i.e. generation, transmission and distribution) has al-
ready taken place (i.e. Chile, Great Britain, Argentina,
Peru, etc.) or is planned to take place (e.g. Sweden) and
where the trend seems to be to operate power systems
closer to their maximum available capacity (before new
investments are implemented on the system), the voltage
stability problem is a key technical issue.

The following section presents the method of analysis;
a brief presentation of the singular value formulation is
given in the Appendix. The third section presents the
studied Chilean and Swedish power systems, for which
simulation results are given in the following sections. The
first part deals with a strategy for shunt reactive power
compensation in the Chilean power system, followed by
results obtained from studies on two models of the Swedish
network. Finally, some conclusions are offered.

II. METHOD OF ANALYSIS

The used network modelling and proposed analytical
techniques are based on power flow computations, and are
suitable for studies of long-term voltage stability condi-
tions in power systems by use of static methods. The pro-
posed method of 'scanning' the minimum singular value
by plotting it against increase in loading or transfer across
important network sections will, apart from giving a pro-
file of the voltage collapse, also give valuable information
about when reactive power resources are exhausted.

To capture relevant phenomena of voltage instabilities,
it is of importance that the power system model contains
nonlinear active and reactive power equations, reactive
power limits for generators, models for transformer tap-
changers and relevant load models. An important aspect
for modelling is to try to avoid use of too simplified net-
works, where important reactive power losses in e.g. sub-
transmission transformers may not be considered.
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The purpose of a static voltage stability index is to
quantify how 'close' a particular operating point is to the
point-of-collapse, i.e. to estimate the 'distance' between an
operating point and the static voltage stability limit. The
minimum singular value of either the full power flow Jaco-
bian matrix, J , or the related submatrix G5 will be used
as a static voltage stability index. The submatrix Gs, see
Appendix Eq. (4), is a matrix indicative of steady-state
voltage stability problems, which for small disturbances
describes the effect on the voltage magnitudes of purely
reactive power changes in the network.

For large and sparse power flow Jacobian matrices, the
minimum singular value can together with the correspond-
ing singular vectors be computed fast and efficiently, with
an earlier proposed numerical algorithm based on inverse
iteration [13], It has been shown that indices based on the
minimum singular value, together with the singular vec-
tors, contain substantial and important information about
proximity to the voltage stability limit and also about crit-
ical nodes and disturbances [7, 9].

III. STATEMENT OF THE PROBLEM

The Chilean Central Interconnected System (formerly
known as SIC), is a longitudinal power system running
from the city of Taltal in the north, to Chiloé Island in
the south, a distance of over 2000 km. The total demand is
approximately 3150 MW and it has been growing at a rate
of 8 % during the last four years. The main load centre is
in Santiago (Chile's capital) with a load of approximately
1300 MW. The main generation centre is located 500 km
south of Santiago, where the main part of the hydro power
is generated. Two 500 kV circuits are used to transfer this
power up to the load centre in Santiago.

The singular value formulation has been applied to the
SIC, considering two operating conditions observed during
1992, i.e. minimum and maximum demand. In both cases,
a detailed model of this power system with 330 nodes and
470 transmission and subtransmission lines as well as 117
transformers was used. The system load in the minimum
system demand scenario was 1200 MW, while the maxi-
mum demand corresponded to a load of 2800 MW.

Computer results (presented in next section) confirmed
Die stressed condition under which the SIC is operating.
For the studied minimum demand and dispatch scenario,
it was found that it only allowed an increase of the power
demand up to a level of 5 %, while the maximum demand
scenario only allowed an increment of 4.5 %. In addition,
weak nodes in the system have been identified.

Two models of the Swedish power system have also been
studied. A large portion of the generation in the Swedish
system is in the northern part of the network, while the
main par!, of the load is in the southern part. This can
(e.g. during spring flood conditions) lead to a large trans-
fer of power from north to south through the Swedish
main transmission grid. This transfer of power is today
limited due to the risk of voltage instability. A common
feature for both the Chilean and the Swedish systems is

consequently the dependence on transfer of power from
generation areas situated far from load centres.

The first study dealt with establishing a procedure of
where to perform load shedding based on information
available from the proposed singular value formulation,
while the second study dealt with the setting of a transfer
limit between two regions in a smaller equivalent model
of the Swedish power system. The (exact) network data
used was not chosen to represent a completely 'true' pic-
ture of actual conditions in the Swedish network, but to
show on possibilities opening up by use of the singular
value formulation for voltage collapse assessment.

IV.l STUDY OF THE CHILEAN SYSTEM

The full SIC representation described above was consid-
ered for both minimum demand and maximum demand
scenarios. A factor 'fc' was used as a multiplier to modify
the loads (both active and reactive power) as well as the
generation of active power at the system nodes.

SN(J) INDEX (MIN DEMAND)

000069

Figure 1: a,,(J) for Minimum Demand scenario

SN(J) INDEX IMAX. DEMAND)
0 02

0.002
0.92

Figure 2: crn(J) for Maximum Demand scenario

Figures 1 to 3 show the indices <rn(J) and <rn(Gs) for
the studied minimum and maximum demand scenarios.
The jumps in the numerical value of the minimum singular
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Figure 3: Minimum and Maximum Demand scenarios

values are due to that PV-nodes are changed into PQ-
nodes when limits for the reactive power generation are
hit. This will increase the size of the Jacobian matrix,
which in turn results in a reduction of the numerical value
of the studied index; see Appendix for more information
concerning the singular value formulation.

The minimum singular value of Gs is more sensitive to
show the inability of the system to supply the required
reactive power. It must be emphasized the SIC system
presents two critical characteristics:

• An important deficit of reactive power; and

• A radial topology where the principal generators are
situated far from the load centre.

Figures 1 to 3 show that the SIC system was operating un-
der very stressed conditions, since an increase in demand
of just 4 % or 5 % produces significative changes in the
indices. Actually, recent black-outs confirm the stressed
condition in which the SIC system is operating.

In fact, the strong changes of the indices are due to
some important generators in the SIC reaching their lim-
its of reactive power supply. Furthermore, the associated
singular vectors show for both scenarios the same set of
nodes as the more affected. This set of nodes supply a
total load of 100 MW at 110 kV, located approximately
400 km to the north of the system load centre.

IV.2 SHUNT REACTIVE POWER STRATEGY

To improve the SIC actual situation a heuristic strategy
to connect shunt capacitors at some particular nodes was
performed. Five nodes were selected based on the follow-
ing technical aspects: a) their 'electrical distance' to im-
portant loads, and b) the availability of tertiary windings
to connect shunt capacitors. A heuristic analysis allowed
to choose the best nodes where to connect capacitors.

To assess the performance of the SIC system with the
new shunt reactive power support, a parameter D which
considers the SIC 30 most sensitive nodes to reactive
power injection was defined and evaluated. The node volt-
ages obtained from a scenario corresponding to a 5 % total

demand increase was compared with the base case and the
30 nodes experiencing the largest voltage deviations were
chosen as the set A; for which the index D was defined as

D =

where:
Voi = Voltage (p.u) at node i (base case scenario)
Vi = Voltage (p.u) at node i (new scenario including shunt
compensation and 5 % demand overload)

0.14

0.12

0.1

0.08

SN(GS) INDEX

0.02

1 1.02 1.04 1.06 1.08 1.1
Ic

0.92 0.94 0.96 0.98

Figure 4: Path of er,,(Gs) for Minimum Demand scenario
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Figure 5: Path of <xn(Gs) for Maximum Demand scenario

Figures 4 and 5 show the path of crn(Gs) when shunt
reactive power support is varied in the SIC system.

Figure 4 corresponds to the minimum demand scenario,
where the base case had a total shunt reactive support of
25 Mvar. The enhanced reactive scenarios considered an
additional 55 Mvar (D=0.05) and 115 Mvar (D=0.11),
respectively. Figure 5 corresponds to the maximum de-
mand scenario and it shows a significative improvement
of up to 20 % of the SIC maximum demand. The total
shunt reactive power for the maximum demand base case
was 740 Mvar, while the enhanced scenarios included an
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additional reactive power support of 660 Mvar (D=0.31)
and 1640 Mvar (D=0.82), respectively. This study on the
SIC system has shown that is possible to achieve significa-
tive improvements in voltage stability by implementing an
adequate strategy of shunt capacitors connection. The ad-
ditional shunt reactive power support was for all enhanced
cases, in both the minimum and maximum demand sce-
narios, distributed among the selected five nodes.

V.I STUDY OF LOAD SHEDDING

A study of load shedding was performed on a network
model with 2227 nodes and 2785 branches, giving a de-
tailed representation of the Swedish power system and
synchronously connected countries, i.e. Norway, Finland
and Denmark (excluding Jutland). The main voltage lev-
els in the Swedish part were 400, 220, 130 and 70 kV. All
loads were modelled as constant power loads, and auto-
matic tap-changing was allowed at 206 transformers.

The following 'physical' interpretations for the singular
vectors corresponding to an were made in [7, 13]: The
right singular vector, vn , corresponds to sensitive voltages
(and angles) and the left singular vector, un , indicates the
most sensitive directions for changes of active and reactive
power injections, i.e. the most severe disturbances in form
of changes in load or generation at individual nodes.

0.25,
un(Gs) 2227-node nctwoik

800 1000 1200 1400 IGOO 1800 2000

Figure 6: Elements of the left singular vector, un(Gs)

Figun: fi shows the elements of the left singular vector,
u,i(Gs). The studied situation on the 2227-node network
represented a severly stressed situation, close to the point
where the used power flow program no longer converged.
As can bo seen from Figure 6, there exists a relatively
large difference in magnitude between different elements
of u,,(G.s); each element corresponds to a PQ-node in
the power (low formulation. These differences were below
used to identify areas where load shedding would have
most beneficial effects on system conditions.

Results from the performed study of load shedding are
presented in Table 1, where the first column identifies the
case and the second gives crn(Gs). During the reference
case ('REF'), a total of 600 MW and 30 Mvar was shed
at three nodes on the southern part of the border between

CASE

REF

A
B
C
D
E
F
G
H

crn(Gs)

0.06126

0.05603
0.05592
0.05549
0.05542
0.05390
0.05320
0.05251
0.05077

Table 1: Results from a load shedding of 600 MW at
different nodes or areas in the 2227-node network

Sweden and Norway. These nodes were identified by the
elements around position 1300 in Figure 6, and the shed
load was less than 1 % of the total system loading.

The cases denoted A to H studied alternative nodes
or areas where to perform load shedding in an effort to
evaluate the usefulness of information obtained from the
left singular vector. The amount of load to be shed was
the same for all cases. In case H the load shedding was
performed by a proportional decrease of all loads in the
network. The study confirmed that the usefulness of shed-
ding a specified amount of load is strongly dependent upon
the location where the load is shed [9]. Use of informa-
tion from the left singular vector u,, could, as shown in
the above study, provide a useful way of minimizing the
inconvenience for customers when load shedding is used
as a countermeasure against voltage instabilities.

V.2 STUDY OF TRANSFER LIMIT

The second study was performed on a 90-node model
of the Swedish network, with nodes represented on the
400, 220 and 130 kV levels. During the presented study,
the loading in the southern half of the network was in-
creased in small steps with a constant power factor, for
the incremental part, of approximately 0.71. A propor-
tional increase in active power generation was made at
hydro power plants in the northern part of the system, in
an effort to achieve a realistic dispatch. All loads were
modelled as constant power loads and no provision was
made for automatic transformer tap-changing.

Figure 7 shows the active and reactive power losses plot-
ted against the increase in active power transfer across a
vital network section, APsect, in the 90-node system. The
rapid increase in reactive power losses around 1200 MW
can be explained by several important generators hitting
their reactive power limits at about this point.

The minimum singular values of G5 and J together with
voltage magnitudes at two nodes on the 130 kV level are
plotted against APsect in Figure 8. The minimum singu-
lar value will diminish when the size (dimension) of the
studied matrix is increased [14], this will result in sharp
changes in <rn when generators hit reactive power lim-
its; see also Appendix. When orn(Gs) was equal to 0.62,
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• 1000

sect

Figure 7: Active and reactive power losses in the 90-node
system vs. increase in transfer of active power

Minimum singular values

sect

Figure 8: Minimum singular values of Gs and J and two
voltage magnitudes (in p.u.) plotted vs. power transfer

where 19 out of 35 generator (PV) nodes were operating
at their reactive power limits, the network was operating
under very stressed conditions.

The result confirms that the profile of the voltage col-
lapse obtained by plotting the minimum singular value
against the parameter of interest, gives a good indication
of points where important reactive power resources are ex-
hausted. The recommendation from this study would be
to keep the increase in active power transfer over the stud-
ied network section somewhat (including an appropriate
security margin to allow for uncertainty in data etc.) un-
der 1200 MW for the studied system configuration.

VI. CONCLUSIONS

This paper has clearly demonstrated the suitability of
the singular value formulation for static assessment of
voltage stability by presentation of results from studies on
realistic models of two large longitudinal power systems.

Use of the singular value formulation will not only
provide information about the distance to the point-of-
collapse, but also say something about the mechanisms of
voltage instability by providing information about critical
nodes (voltages) and disturbances from a voltage instabil-
ity point of view as shown by the presented case studies
on the Chilean (SIC) and the Swedish power systems.

A heuristic strategy to connect shunt capacitors along
the SIC system has been assessed through an index D.
This index reflects the voltage deviations of a particular
set representing the most sensitive nodes. The described
heuristic approach to install shunt capacitors in the SIC
system has been tested with very good results.

The studies of load shedding and setting of transfer lim-
its in models of the Swedish network confirmed that the
singular value formulation is an efficient and reliable tech-
nique to identify, assess and correct voltage stability prob-
lems in stressed systems. The proposed singular value for-
mulation could become a valuable tool for power system
operators and planners, to avoid voltage instabilities.
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APPENDIX

SINGULAR VALUE FORMULATION

The purpose of a static voltage stability index is to quantify
how 'close' a particular operating point is to voltage collapse.
Use of the singularity of the power flow Jacobian matrix for
this purpose was first pointed out by Venikov et.al. [15].

One proposal for a static voltage stability index is to use
the minimum singular value. The use of the minimum singular

value of the power flow Jacobian matrix, obtained from a (full)
singular value decomposition of this matrix, was first proposed
and studied by Thomas and Tiranuchit [4, 16],

If the matrix A is an n x n quadratic (real) matrix, then the
singular value decomposition is given by [17]

where U and V are n x n orthonormal matrices and S is a
diagonal matrix with

i = l , 2 , . . . , n (2)

where a, > 0 for all i. The diagonal elements in the matrix £
are usually ordered so that O\ > a? > . . . > an > 0. If the
tth singular value is denoted cr,-, then the vectors u; and v,-
are called the ith left and right singular vectors, and are the
columns of U and V corresponding to a;, respectively.

A fast method of calculating the minimum singular value
together with the corresponding left and right singular vec-
tors, based on inverse iteration, has been developed [13]. The
proposed numerical method was implemented in a production
grade program package for power flow calculations, and results
have been reported in [7, 9]. The main advantages of the de-
veloped algorithm are the small amount of computation time
needed, that it only requires information available from an or-
dinary power flow computation and has the same possibilities
in the modelling of components as in the power flow calculation
prior to the calculation of the minimum singular value.

Let the linearized power flow equations be written as

[ AF ] _ [ Pa Fv 1 [ Aa 1
[ AG J [ Go Gv J [ AV J (3)

where F and G refer to the active and reactive power equa-
tions with the variables a and V representing node angles and
voltage magnitudes, respectively.

Since there is a relatively strong coupling between reactive
power and voltage magnitudes, the first choice for a matrix to
base a static voltage stability index on would probably be Gv .
But, since the coupling between reactive power injections and
node angles could become of importance for studies of stressed
systems, the matrix G s (defined below) was introduced and
proposed for static voltage stability studies [7]

One physical interpretation for the submatrix G j could be
found by setting AF = 0, in Eq. (3).

AG = (Gv - GOF-' Fv) AV := Gs AV (4)

The matrix Gs will, for small disturbances, describe the ef-
fect on the voltage magnitudes of purely reactive power changes
in the network. This suggests use of the minimum singular
value of G 5 as a static voltage stability index.

A property of the singular value decomposition which could
be worth noticing is that by adding a column to the studied
matrix the largest singular value will increase and the smallest
singular value will diminish [14]. The size (dimension) of the
power flow Jacobian matrix will increase with one row and one
column each time a generator (PV) node hits a limitation for
the reactive power capability and changes into a PQ-type of
node. This change in dimension results in jumps for the static
indices, and the scale of the minimum singular value to be used
as a voltage stability index is thus system dependent.
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Abstract — Power system operating conditions vary
with system configurations and loading conditions. Co-
efficients in nominal system model change in a complex
manner with different operating point and so does sys-
tem dynamic behavior. With the aid of unstructured and
structured uncertainty descriptions, the worst system vari-
ations can be estimated and formulated into two different
uncertainty models in frequency domain: multiplicative un-
structured uncertainty in the form of transfer function and
structured uncertainty with the parametric uncertainty de-
scription. The uncertainty descriptions are then incorpo-
rated into system nominal model to perform Woo and fi
based robust power system stabilizer (PSS) design. Both
approaches to the PSS design enable the power system to
remain stable over a wide range of system operating con-
ditions but the different performance can be observed due
to the inheritance of the ways to handle the system uncer-
tainty.

I. INTRODUCTION

One of the most important features of electric power
systems is that they not only are highly non-linear but
also constantly experience changes in generation, trans-
mission and load conditions. Conventional linear control
design method for PSS requires the nominal structural
model to be formulated as a linear, time invariant sys-
tem. Therefore, there are some uncertainties present in
the system model due to approximate knowledge of the
system parameters, neglected high frequency dynamics or
invalid assumptions made in the model formulation pro-
cess even under the nominal operating condition. Fur-
thermore, changes in working environment bring discrep-
ancies between mathematical model of the power system
and the real physical structure. Enhanced damping tech-
niques which indirectly provide certain degree of tolerance
to system variation are used in conventional linear stabi-
lizers design , but the major disadvantage of the design
is that it can not guarantee system overall stability under
varying operating conditions and sometimes it involves te-
dious parameter tuning process when applying to the real
system.

Although the cause of power system perturbation is
in a rather complex manner due to the nature of power
system operation in which the external impedance of sys-
tem connection, unit commitment, depressed or decaying
voltage, loading condition, etc. vary continuously and si-
multaneously, this variation is always bounded with the
lower and upper limits within the system operating range
Paper SPT PS 08- 02- 0121 accepted
for presentation at the IEEE /KTH

of interest. In this paper two general ways, unstructured
uncertainty and structured uncertainty, are used to model
power system perturbation in terms of multiplicative un-
certainty using the form of frequency domain transfer func-
tion. Taking into account these uncertainty models, a
comparison is made of the "Ht» optimal control method
and a ^-synthesis approach respectively to cope with sta-
bility problem in PSS design in the face of system uncer-
tainty, system uncertainty here implies the various oper-
ating conditions of the power system. Both approaches to
the PSS design enable the power system to remain stable
over a wide range of system operating conditions but the
different performance levels can be observed due to the
inheritance of the ways to handle the system uncertainty.

II. SYSTEM DESCRIPTION,

AND PSS DESIGN
UNCERTAINTY ANALYSIS

A single-machine infinite-bus system which consists
of a generating unit connected to a constant voltage bus
through two parallel transmission lines is considered in the
paper. A linear, time-invariant nominal design model Go
is obtained by linearing around system nominal operating
point [1]. The block diagram of the mode, is shown in
Fig. 1, where the parameter expressions of K\, Ki,..., #6
are given in the Appendix of [1].

Figure 1: Block Diagram of Simplified Linear Model

It is obvious that this linearized system model lacks
some information about system nonlinearities, high fre-
quency dynamics and unmodeled dynamics which are due
to the assumptions used in model derivation. Also, the
system dynamics is subject to power system network con-
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figuration, system loading ..., etc. Changes in operational
environment sometimes bring large variations to nominal
system model. To perform Woo optimization and fi based
robust control design, an uncertainty description is desired
to model power system perturbation.

A. Uncertainty Uncertainty Modeling

Generally, the difference between a system mathemat-
ical model and its physical plant can be approximated as a
norm bounded, frequency domain error with the following
statement format

with

w > 0

(1)

(2)

where /m(w) is a positive scalar-valued function. This
equation confines G to a normalized neighborhood of Go
with the normalized bound lm(u). This error representa-
tion does not imply a mechanism or structure of SQ which
may be caused by parameter changes, or by neglected dy-
namics, or by a host of other unknown effects. There-
fore, these kinds of uncertainties are collectively referred
to as "unstructured uncertainty" [2]. A typical behavior
of unstructured uncertainty which represents input-output
characteristics of variation around nominal system model
is shown in Fig. 2

Figure 2: Unstructure Uncertainty Modeling

where lm is the uncertainty weighting function which
encapsulates the system variation over certain frequency
range in which the uncertainty most likely occurs and A
is normalized to |A| < 1.

Generally, an unstructured uncertainty description
provides variation information at the system level and it
is likely to get upper-bound of the variation throughout
uncertainty analysis. The advantage of this uncertainty
modeling technique is that it is very easy to conduct the
uncertainty analysis at system level with system input-
output description and the worst case of system variation
can be obtained. However, when applying Tioo theory to
perform robust controller design with this uncertainty de-
scription, the results, in general, may be arbitrarily con-
servative [3]. This additional conservativeness can severely
limit the performance of the control design. What is really
desired is an exact analysis of the original simultaneous
independent perturbation problem which can reduce the
overhead caused by lumping various uncertainties into a
single perturbation.

B. Structured Uncertainty Modeling

Basically, there are two characteristics associated
with uncertainty description: magnitude and location.
The first tells how large the uncertainty is and the second
gives where the uncertainty occurs. Although the unstruc-
tured uncertainty sometimes gives the information about
the location of system perturbations, it fails to deal with
the structured information inherited with the physical lo-
cation within the general framework of H M optimization.

Consider the inside structure of the system whose dy-
namic behavior is defined by a set of parameters K\ K&
[1] which in turn also are the functions of system operat-
ing conditions. Unlike the input-output description of the
system uncertainty, the structured uncertainty can be rep-
resented as parametric perturbation

where K{ is the nominal value of the system parameter
and fin expresses the upper bound of its variation. The
different locations of K{ indicate the structure of the sys-
tem variation.

A:
,r Ki

Figure 3; Parametric Uncertainty Modeling

Inside the Fig. 3, the A,- is normalized to |A,| < 1
and this representation is equivalent to mathematical de-
scription of Equation 3.

In Fig. 1, each individual parameter K\, K^, ..., K$
is replaced by its corresponding parametric uncertainty
described in Fig. 3. Then the nominal system with para-
metric uncertainty descriptions is shown in Fig. 4. This
uncertainty description plots a clear picture of how the
power system varies with different perturbations located
at various physical locations. This uncertainty model de-
scribes the power system perturbation behavior in the way
much closer to its real system compared to the single input
multiplicative uncertainty model.

It is worthy of note that the uncertainty occurs, and
is represented, inside the power system rather than at the
input and/or output. In contrast to single input/output
uncertainty models, structured uncertainty can not only
address the multiple simultaneous perturbations but also
preserve the structure information of uncertainties.

In the real physical system, the variation of the lin-
ear model of the system change in a rather complex man-
ner due to the nature of power system operation in which
the external impedance, unit commitment, depressed or
decaying voltage, loading, etc. change continuously and
simultaneously. Instead of truly uncertain system, we are
interested in problems for which the model of the causes of
uncertainty are available. Once the causes are identified,
uncertainty analysis is performed on the system nominal
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Figure 4: Power System Structured Uncertainty Model

model with each individual cause [4, 5]. Although in a real
system, the uncertainty may be caused by correlated in-
dividual uncertainties, a worst case of uncertainty can be
obtained very likely by using this method. In this way, the
worst system variation /m and parametric perturbation Ski
can be predicted.

C. Robust PSS Design

With the standard Woo control synthesis setup shown
in Fig. 5, the design problem is to choose a controller K
that meets the nominal performance (NP) specification,
which is the weighted Woo norm of the transfer function
from the disturbance w to the desired output z, such that

\\WP(I-GK) - i i < 1 (4)

and at the same time keeps the closed-loop system stable
over all bounded uncertainties Ru, which is the robust
stability (RS) requirement,

\\GK(I-GK)- i i < 1 (5)

where, G is the interconnected system model which
consists of nominal model Go and unstructured uncer-
tainty estimation lm. Weighting function Wp can be
viewed as the performance index to specify the distur-
bance attenuating level. An Woo control law is synthesized
by using the two algebraic Riccati equation approach [6].

= 0)

Figure 5: General Interconnection Structure for 7it0 and/J Synthesis

The /{-synthesis is also based on this standard setup,
but the uncertainty model in Fig. 5 is replaced by struc-
tured uncertainty description

A = diag(Ai )A2l... )A6) (6)

Ideally the goal is to find a controller K such that

where

Fi(P, K) = Pn - P22K)-1P2l (8)

Therefore, the closed-loop system satisfies both robust sta-
bility (RS) and robust performance (RP) conditions [7].
The interconnected structure P consists of system nominal
model, parametric variations and weighting functions.

The robust PSS design based on W^ optimal con-
trol theory (HPSS) [4] and /i-synthesis (UPSS) [5] is con-
ducted with unstructured uncertainty and structured un-
certainty respectively. The control objectives are to meet
system performance requirement in terms of disturbance
attenuation and in the meantime to retain system robust
stability requirement in the face of system uncertainties.
The design process incorporates linear system nominal
model with system uncertainty descriptions which give the
boundary of system variation. The control laws are ob-
tained to guarantee system stability and performance for
the worst case within the predefined uncertainty descrip-
tions.

III. SIMULATION RESULTS

Simulation studies have been performed to evaluate
the performance of the proposed Woo based power sys-
tem stabilizer (HPSS) and p based PSS (UPSS). Time
responses of system with HPSS and UPSS are compared
with those obtained with the IEEE standard conventional
type PSS1A power system stabilizer (CPSS) [8]. In order
to compare the dynamic performance of power system with
HPSS and CPSS, the suggested parameters of CPSS are
carefully tuned [2] to yield a performance level as close
as possible to the proposed HPSS under normal system
operating condition.
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A. Dynamic Stability Limit Test

Results of the dynamic stability margin test are shown
in the Table 1. It can be seen that both HPSS and UPSS
can improve the system dynamic stability margin further
than the conventional PSS (CPSS) does and also with the
about same level of system uncertainty description, their
dynamic stability margins are about the same.

Table 1: Dynamic Stability Limit

Max. P
Max. 6

OPEN
1.10 pu

1.26 rad.

CPSS
3.15 pu

2.22 rad.

HPSS
3.41 pu

2.49 Tad.

UPSS
3.43 pu

2.52 rad.

B. Long Transmission Line Test

A long transmission line of rt = 0.125 pu and xe =
0.75 pu is connected to the generator in this test instead of
the nominal one given in Appendix. In this case, the power
system damping ratio [1] is significantly reduced. With the
system operating under a load condition of 0.95 pu power
at 0.9 pf lag, a 0.05 pu step increase of input torque
reference is applied at time 1 second. Time response of
rotor speed deviation with UPSS, HPSS and CPSS un-
der the above conditions is shown in Fig. 6. The response
of generator with the UPSS, HPSS and CPSS shows that
there exists a pair of dominant complex conjugate roots.
However, the UPSS and HPSS can provide extra damping
to make the system return to its operating point smoothly
compared with that of CPSS. The test shows that the both
UPSS and HPSS can withstand system structure variation
better than the CPSS can do and also the UPSS can pro-
vide better performance than HPSS.

0.15 r

% 0.1

a.
c

10.05
O)

o
•§
g. 0
w

-0.05

Il \u
l/l\

\\

i

UPSS
HPSS - - -
CPSS

-

2 3 4 5 6
Time (sec)

Figure 6: Long Transmission Line Test with Torque Change

C. Leading pj : factor operation test

i ,.ie generator in a power system may work
at a leading power factor condition in order to absorb the
capacitive charging current in a high voltage system. In
this case, a stringent controller is necessary to guarantee

stable operation of generator because the stability margin
of the generator is reduced.

A leading power factor operation test with generator
operating at a power of 0.3 pu, power factor 0.9 lead is
conducted. At the time 1 second, a 0.15 pu step increase
in voltage reference is applied to the system with nominal
transmission line. The time responses of the system with
UPSS, HPSS and CPSS are shown in Fig. 7. It is obvious
that UPSS and HPSS provide an effective way to improve
generator stability margin under the leading power factor
operating condition. Also, it is evident that performance
with the UPSS is better than with the HPSS because the
unstructured uncertainty model associated with the HPSS
is somehow conservative due to the lack of precise infor-
mation about the real structure of system uncertainty.

0.2

0.1

S -0.2
Q

1-0.3
Q.

-0.4

-0.5

/

I

UPSS
HPSS ••—• .
CPSS

1 2 3 4
Time (sec)

Figure 7: Leading Load Test with Voltage Reference Change

D. Fault Test

A major perturbation of 100ms three phase to ground
short circuit fault is applied to verify the performance of
the proposed PSS under transient conditions. Responses
of the system with UPSS, HPSS and CPSS are shown in
the Fig. 8. It is evident that performance with the UPSS is
better than with the HPSS because the unstructured un-
certainty model associated with HPSS design is somehow
conservative due to the lack of precise information about
the real structure of system uncertainty.

IV. CONCLUSIONS

The main contributions of this paper are: (1) a com-
parison of two well-defined systematic design method-
ologies incorporated with two uncertainty modeling ap-
proaches are presented. This may be extended to other
similar system control synthesis process; (2) it is shown
that the control design objectives: stability and perfor-
mance, can be easily fitted into either Ti^ optimal control
or /^-synthesis framework; (3) the design process guaran-
tees that the closed-loop power system is stable with the
prespecificed system uncertainty which implies the pos-
sible system operating condition. (4) differences in the
performance achieved by the two design methods are dis-
cussed and structured uncertainty description can reduce
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Figure 8: Three Phase to Ground Fault Test

the conservativeness of the unstructured uncertainty mod-
eling which limit the performance of the control design.
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APPENDIX

Parameters used in the simulation studies

ra =
rkd

xd -
xmd

*kd

Kd-
T t =

Tc =
T C 1

Tp:
TA-
V/JM

: 0.007
= 0.023
= 1.240
= 1.126

= 1.1500
= 0.0
:0.05
= 0.0
= 0.1
= 0.0

= 1.0
= 0.01
UN = -999

VUMW = -999
VRMJJV = -6.7

VVEL - -999
a =
T\ -
Ti--
Tb--
Ai ••

-0.001328
= 0.15
= 0.15
= 2.5
= 0.0

VsTMIN = -0.1

TJ = 0.000S9
rkq = 0.023
i , = 0.74300
x m , = 0.6262
xj,, = 0.625
tf = 4.0
xe = 0.3
Xc = 0.0
TB = 0.03
TBl = 0.0
K> = 0.05
KA = 200.0
VIMAX = 999
VAMAX = 999
VRMAX = 7.8
VOEL = 999
6 = -0.17
Ti = 0.03
T4 = 0.03
T6 = 0.005
Jl2 = 0.0
VsTMAX = 0.1

X, :

Kc

TR

K.

= 1.33

= 0.08

= 0.00

= 5.0

All resistances and reactances are in per unit and time
constants in seconds.

K e y w o r d s : Power System Stabilizer,
Structured Uncertainty, Unstructured Uncer-
tainty, Woo Optimal Control, fi-Synthesis
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Abstract: This paper presents a numerical
optimization method, using the H» norm as an
objective function, to tune robust, existing fixed
structure PSS. The optimization method is based on a
constrained Sequential Quadratic Programming
algorithm. The main constraint is the required
damping of the mechanical mode oscillation. It is
shown that the controllers tuned using this method
are more robust than conventional power system
stabilizers.

1. Introduction

In modern power systems, the generator excitation
system consists of high speed voltage regulators
and supplementary excitation controllers in the
form of lead/lag Power System Stabilizers (PSS).
The traditional method of obtaining the
parameters of the PSS is by making use of phase
compensation. This method is based on classical
linear systems theory and is valid for only a small
region about the operating point [1], This implies
that a change in operating conditions can cause a
well tuned CPSS to become ineffective.

Recently, optimal H» control theory has been used
for the design of supplementary excitation
controllers. The control problem is the
minimizing of the sensitivity of the system to
changes in plant parameters thus achieving
maximum robustness of the closed loop. There are
however, several problems associated with
standard optimal PL control which need to be
addressed before implementation is deemed
feasible [2]. In this paper, we address two of the
problems.

Firstly, the optimal H» controllers are of the same
order as the plant. In power systems, the existing
PSS arc usually second order controllers [1],
Thus, if we wish to implement the H« controllers,
we would need to replace all existing PSS with
new high order supplementary excitation
controllers. This is not a practical solution to the

problem of damping electromechanical
oscillations.

Secondly, the optimal //» controllers cancel the
undesirable plant dynamics by inverting the stable
part of the plant while inverting the reflected
unstable part of the plant. Therefore, these
controllers affect the observability of the open
loop poles while leaving the damping of these
poles unaffected. The pole-zero cancellation
associated with the Ricatti-based synthesis method
used in [2] degrade the internal dynamics of the
system.

Therefore we need to develop a method of
improving the damping factor without change the
structure of existing PSS. The tuning of PSS using
numerical optimization is based on formulating
the PSS tuning problem as an optimization
problem. In this formulation, the PSS with the
unknown parameters is placed in a feedback
control path with an open loop plant. The
resulting closed loop system contains the
unknown PSS parameters. The objective function
of the optimization problem is the H» norm of a
closed loop disturbance-related transfer function.
The constraints of the optimization problem are
based on the stability of the controller, limits on
the values of the parameters and the desired
damping of the closed loop system. The PSS
parameters are calculated using a numerical
optimization technique based on a Sequential
Quadratic Programming (SQP) algorithm.

2. System Under Investigation

In this paper we consider the following state space
description of a power system:

(1)

x(t)» Ax(t) + Bxw(t) + B2u(t)

Ut) = ClX(t) + Dnw(t) + D12u(

v(f) = C2x(t) + D2]w(t) + D22"(

where:
x{t) £ R" is the state vector

«(/) 6Ä™2 is the input vector

Paper SPT PS 08- 04- 0344 accepted
for presentation at the IEEE/KTH
Stockholm Power Tech Conference,
Stockholm, Sweden, June 18-22,1995
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y(t) e / i ' ' 2 is the output vector

w(t) GR"1* is the disturbance input vector

2j (/) E R Px is the performance output vector
n is the number of states of the plant
mj is the number of control inputs
m2 is the number of disturbance inputs
p1 is the number of performance outputs
p2 is the number of sensor outputs
A,.B1).B2,C1,C2,D11,.D12,D21 & D22 are constant
matrices of appropriate dimensions.

In the next section, we present the method of
tuning the PSS using numerical optimization. This
method is applied to a SMIB system and the
results are presented.

3. Tuning PSS using Numerical Optimization

In this section we present a new method of tuning
existing PSS using numerical optimization for
robust performance of the closed loop. The
method ensures that the controllers have a fixed
structure. In addition, the closed loop is
guaranteed to have sufficient damping of the
electromechanical oscillations. This means that
robust damping of the electromechanical
oscillations can be achieved without replacing the
existing PSS hardware.

We wish to damp the oscillations in the electrical
power output of the generator using control
through the voltage loop. Figure I illustrates the
control configuration under voltage loop feedback
control.

w

w
1

u

• u l
t —^

G(5)

PSS

J ,

'•

*.

= v ,

Figure 1: Control Configuration Under Voltage Loop Feedback
Control.

In Figure 1, Vrtf is the generator reference voltage,
VT is the generator terminal voltage, Pmcch is the
mechanical power and P,i the electrical power.
The disturbance-related variables, (wj,^) and
(w2>i=2), correspond to the voltage loop and
power loop, respectively.

In the traditional formulation of the PSS tuning
problem, we place a PSS between the output P,i
and the input Vref such that the damping of the

oscillations in Pti is improved [1]. However, we
wish to extend the traditional formulation of the
PSS tuning problem. In addition to improving the
damping, we wish to maximize the robustness of
the multivariable system while using a PSS of
fixed structure.

For the 2-input, 2-output system illustrated in
Figure 1, we rewrite the open loop state space
description given by equation 1 as follows:

\w

[Dl2 (2)

C\

where:
B2 is the coefficient vector associated with the
reference voltage input Vrcf
B2 is the coefficient vector associated with the
mechanical power input PmtCh
C2 is the coefficient (row) vector associated with
the terminal voltage output
C2 is the coefficient (row) vector associated with
the electrical power output Pei

We make the assumption that the plant is strictly
proper i.e. D22 =0 .

Consider the following state space description of
the controller:

z->Ez+Fu.
(3)

where:
z G R"e is the vector of controller states
u GR™* is the controller input

vc G RPc is the controller output
nc is the number of states of the control ler
pc is the number of outputs of the controller
mc is the number of inputs of the controller
E,F,G and H arc constant matrices of
appropriate dimensions
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The parameters of the controller arc unknown and
are contained in the matrices E,F,G and H.

In order to obtain the closed loop description of
the system we have to connect the output of the
plant y to the input of the controller uc i.e.:

y = C2x + D2xw + £>22U = "c (4)

Thereafter we connect the input of the plant U to
the output of the controller i.e.:

w yc - Gz + Huc. (5)

The state space description of the closed loop
system can be expressed as follows:

(6)

where:

A + B^HC^

FC2

B\G

E

m[^-[ci + DaHCl DnG]

From the closed loop system given in equation
(5.6), we define the transfer functions H{s),
*ii(*). Ti2(s), T2l(s), T22(s) and T^s) as
follows:

(7)Tn(s) = Tw^ (s) = Cl

7"22 (*) = ̂  (s) = C/ (s/ - A)"1 Bt + ZV (10)

The transfer function Tu (s) (i = {l,2},; = {l,2})

gives the response of the performance variable % .-

due to changes in the disturbance variable w^.

The two variables ^ and wl are associated with

the voltage loop. The two variables §2 and w2 are

associated with the power loop.

The transfer function Tx(s) gives the response of
both performance variables | j and 5j2 due '°
changes in the disturbance variable w-,.

We wish to address the problem of maximizing
the robustness of the closed loop system to
changes in the plant parameters. We consider
three formulations of the //„ control problem.
These can be stated as follows:

(12)

(13)

(14)
Each objective function is subject to the following
constraints:

*;( / / (s))a*° (15)

Y;min s/>,SY;max (16)
Re(>j (fc(s)) < 0 (internal stability)

where:

X : set of parameters of the controller.
pt: \th unknown parameter.

Y;miD: lower limit of parameter pt.

Y/" 3": upper limit of parameter p-t.

^•(//(s)): damping factor of the Hit mode oiH(s).

*lr: minimum damping.
\ (k(s)): the i//i eigenvalue of controller k(s).

By finding the optimal solution to each of these
problems, we can obtain the optimal tuning of the
PSS.

In Cases 1 and 2, the optimal PSS maximizes the
robustness of the SISO transfer functions between
the input (Vr(,y) and the outputs (VT and Pe\)

respectively. In Case 3, the robustness
requirement is expressed in terms of the transfer
function matrix Tx(s). In this case, the optimal
PSS maximizes the robustness of the
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muhivariabie system between the input Vref and
the two outputs VT and Pe{. Thus, in this case we
wish to determine how much robustness we can
obtain for the multivariable system by using
feedback through Vref only.

In the formulation given by equations (12) to (14),
the controller with the unknown parameters has
been connected to the open loop plant to form the
closed loop system. This means that the objective
functions Jj to / j t contain these unknown
parameters. Thus, (12) to (14) describe numerical
optimization problems in the set of unknown PSS
parameters.

For each of the three cases, we obtain an optimal
PSS which maximizes the robustness of the
corresponding transfer function. For each PSS we
have values for fa , ( 4 , , fa^, |r21(s)|L,
and I^COlL' From these values, we need to
determine the optimal robust excitation controller.
We regard the optimal robust excitation controller
as the one which minimizes the sensitivity of both
output variables VT and Pei to disturbances in the
input variable Vref.

We define the sensitivity measure SM-j between
input i and outputs 1 and 2 as follows:

SM-j Pill 7), (17)

The optimal robust excitation controller is taken
as the one which minimizes the sensitivity

measure SM/ i.e.:

Kopl(s)*>minSM/ (18)
K

where K is the set of controllers obtained from
Case 1 to Case 3

In the next section, we apply this method of
tuning PSS for a SMIB system.

4. Case Study

In this section, we apply the method of tuning the
PSS using numerical optimization. The method
is applied to the SMIB illustrated in Figure 2.

The state space formulation of the SMIB system
can be expressed as given in eq.l.

We wish to improve the damping of the
electromechanical oscillations through
supplementary excitation control using a fixed
structure PSS. In order to do this, we need to
determine the parameters of a 2nd order controller
K(s) of the following structure:

K(S):
a(s +bs + c)

(19)
(s'+ds+e)

where a,b,c,d and e are the unknown controller
parameters.

The proposed method was applied to a SMIB

subsystem. The minimum damping W was taken
as 0.25. The PSS parameters were obtained for the
objective functions J, to J3 using the SQP
algorithm.

The PSS for Case 1 to Case 3 are as follows:

1.000(s2 +10.945 + 2.637)

s2+ 7509s +1229
1.024(s2-0.158s+ 0.957)

s2+1.764s+0.0771
? + 9243s+2S78)

Case 2: PSS2(s):

(19a)

(Mb)

Case 3: PSS2(s) (19c)

+7.821S+19.066
Table 1 provides the minimum Hx norms of the
transfer functions under investigation. The HK

norms obtained from the SQP algorithm are
compared to the Hx norms of a PSS tuned using
standard phase-compensation techniques [1], The
transfer function of the CPSS is given by:

KCPSS (s

2180(sz+lL760s + 34570)

(s2+20.001s+100.010)
(19d)

Figure 2: Diagrammatic Representation of SMIB System

The highlighted values in Table 1 correspond to
the optimal Hx norms of the transfer function
that was optimized. For instance, in Case 1 the

I »
TJJI is minimized to a value of 13.196.

Note that for Case 1 and Case 2, the highlighted
values are the smallest values in each column
since these are the values that are minimized in
the corresponding objective function. For
instance, in column 1, 13.196<43.211. This
means that for Case 1, the robustness of the SISO
transfer function Tn(s) is maximized if we use
the PSS given in equation (19a). For Case 2, the
robustness of the SISO transfer function Tl2(s) is
maximized if we use the PSS in equation (19b).
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Case No

1

2

3

CPSS

k.L
13.196

43.211

8.650

31.619

h.L
2.406

1.117

3.230

2.044

hi
7.206x10'"

4.590x10'"

7.40x10"

1.94x10'°

44.160

44.160

44.160

44.160

Table 1: Values of Minimum //^-Norms of the Transfer
Functions Under Investigation

For Case 3 the value that is minimized is the HK-
norm of the one-input, 2-output transfer function
Tx(s). In this case, the value of \TU§ is less than

the corresponding value of Case 1 (8.650 <
13.196). This means that the robustness in the
voltage loop will be better if we use the PSS given
by equation (19c) instead of the PSS given by
equation (19a). On the other hand, for Case 3, the

value of the 7*]21 is greater than the value

corresponding to Case 2 (3.230 > 1.117). This
means that the robustness in Pcj due to
disturbances in Vrer is maximized if we use the
PSS given by equation (19b).

We wish to select the controller which maximizes
the robustness of the output variables VT and Pel

due to disturbances in Vrer. From the foregoing

discussion, we deduce that by using the varies in
Table 1, we are unable to determine which PSS
needs to be selected since the PSS in Case 3 is the
best for minimizing 7"jJ while the PSS in Case

2 is the best for minimizing

Case
Casel

Case 2
Case 3
CPSS

Sensitivity Measure

15.602

44.328

11.880
33.663

Table 2: Sensitivity Measures for Case 1 to Case 4 Rorresponding
to V,ref

However, we can use equations (17) and (18) to
select the controller which maximizes the
robustness of the output variables VT and Pet due
to disturbances in Vrej. From equation (17), the

sensitivity measures for Case 1 to Case 3 and
CPSS are given in Table 2.

Using equation (18) we select the optimal
controller Kopt as the one which minimizes the

sensitivity of VT and Pet to disturbances in Vrey

(highlighted value in Table 2). Thus, the Optimal

Robust PSS (RPSS) is chosen as the one
corresponding to Case 3.

The results in Table 2 indicate that the controllers
obtained using numerical optimization are
effective for improving the robustness of the
transfer functions between the input Vref and the

outputs VT and Pel. This can be deduced from the

small values of KM/ for Case 1, Case 2 and Case
3 (15.602), (44.328) and (11.880). Thus, we can
increase the robustness of the Vrej- -* VT and

Vref -* Pei loops by using feedback into Vrej- i.e.

excitation control.

Figures 3 illustrates the response of Pe/ to a step
in Vref for nominal loading conditions using the

RPSS and the CPSS. From Figure 3 we note that
the Pej oscillations for the open loop is weakly
damped with oscillations persisting after 10
seconds. The closed loop system with the RPSS
has significantly improved damping of the Pet

oscillations. For the RPSS, the oscillations in Pej
settle within 2 seconds as opposed to 3 seconds for
the closed loop with the CPSS.

OpmLoop

A ClDttd Loop (with RPS3)

• Glowed Loop (with CP33)

4 6
Tim» («)

10

Figure 3: Responses of Pe/ Due to a Step in Vrer (Nominal

Loading)

Figure 4 illustrates the magnitude plots of the
transfer function between the output Pe) and the
input Vrer for nominal loading condition. The

plots for the open loop, RPSS and CPSS are
given. The peak value of each plot corresponds to
the Hm norm of the transfer function between Pe)
and Vref. From Figure 4 we note that the RPSS

reduces the peak of the magnitude more than that
of the CPSS. This means that the closed loop
system with the RPSS has a lower //„ norm than
that of the closed loop with the CPSS. Thus, the
system with the RPSS has better robustness than
the system with the CPSS.
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method presented in this paper is a viable solution
to tuning existing PSS.

Figure 4: Magnitude Plots of the Transfer Function Between the

Output Pei and the Input Vrer for (Nominal Loading)

We wish to investigate the robustness properties
of the RPSS and CPSS under different operating
conditions. In order to do this, we change the
loading conditions on the SMIB system and
compare the responses of Pet due to a step in

"re/
decreased loading (i.e. light loading). In this case,
the oscillations in Pet settle within two seconds
for the closed loop with the RPSS. On the other
hand, the oscillations of the closed loop system
with the CPSS persist after 3,5 seconds.

These results indicate that the procedure of tuning
the PSS using numerical optimization provides
damping controllers with robust closed loop
performance.

5. Conclusion

A numerical optimization method using an Hm

norm as the objective function was presented to
tune existing low order robust PSS. A damping
constraint was included to achieve the required
damping, since optimal //» control does not
improve damping. These PSS were shown to be
more robust than conventional PSS under
changing load conditions. We believe that the

Figure 5: Responses of Pe/ Due to a Step in Vfet (Heavy

Loading)

Figure 5 illustrates the responses of Pel due to a
step in Vrey for the subsystem with a 20 percent

increased loading (i.e. heavy loading). In this
case, the oscillations in Pei settle within two
seconds for the closed loop with the RPSS. On the
other hand, the oscillations of the closed loop
system with the CPSS persist after 3.5 seconds.

Figure 6 illustrates the responses of P^ due to a
step in Vref for the subsystem with a 20 percent <>. References
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Abstract - This paper addresses the issue of designing robust
supplementary damping controllers for interconnected power
systems, using FACTS devices. Performance objectives such as
damping requirements, controller bandwidth, and robustness
with respect to transmission line outages and variations in gen-
eration dispatch are taken into account in the design of the con-
trollers. Design examples of centralized and decentralized
controllers are provided on a sample system.

I. INTRODUCTION

The design of power oscillation damping controllers,
such as power system stabilizers and SVC damping controls,
has traditionally been performed based on single-loop classi-
cal design concepts. The uncertainty in the system operation
is normally accounted for by repeated testing and re-design.
The interaction between several controllers is generally ne-
glected in the design phase, but studied during the analysis
phase. This design methodology has served the utility indus-
try well in most cases, but might face difficulties in the near
future.

The utility industry in Europe and the USA is moving
towards a market-oriented industry which entails that the dis-
patch of the generation facilities and the flow patterns on the
transmission network might face more frequent and drastic
changes than are observed under a monopolistic utility struc-
ture. Furthermore, the difficulties facing the utility industry in
building more transmission lines are forcing more reliance on
control systems, such as FACTS. The proliferation of more
control systems combined with higher levels of transmission

Paper SPT PS 08- 05- 0370 accepted
for presentation at the IEEE/KTH
Stockholm Power Tech Conference,
Stockholm, Sweden, June 18-22,1995

loading will instigate higher levels of interactions between the
various control systems. This will challenge the current con-
trol design methodologies and might render them ineffective
in some cases. Consequently, an automated design method is
needed which is capable of accounting for interactions among
the various controllers and which can account for operational
uncertainty.

The issue of interactions among multiple damping con-
trollers is conceptually understandable, but computational
methods to quantify these interactions are lacking. This paper
proposes an index to quantify control interactions and classify
them as beneficial or detrimental. This index can be utilized
in selecting sites and feedback measurement signals for mul-
tiple damping controllers. Other indices based on controlla-
bility, observability, and inner loop gains [1] of power
oscillation modes are utilized in the selection of sites and
feedback measurements. A control siting table is proposed as
a tool to rank the effectiveness of several proposed
sites/feedback measurements in damping a user-selected set
of power oscillation modes.

In addition, this paper describes a method for designing
robust damping controllers. The method can handle opera-
tional uncertainty and is multivariable in nature. It relies on
He» and u.-synthesis optimization methodology [3]. The in-
novation in this paper lies in finding a procedure to cast the
user objectives in the standard 4-block format which facili-
tates the use of standard software tools to design the robust
controls. The methodology allows the user to specify desired
damping for several oscillation modes of interest, permissible
bandwidth for each controller, and expected deviations in
system topology and power flow. Both the analysis and con-
trol design are tested on a simplified model of a power system
and shown to be effective.

The rest of the paper is organized as follows: Following
the presentation of a brief background material in Section 2, a
control site-measurement table is proposed in Section 3.
Next, a new control interaction index is introduced in Section
4. A robust damping control design methodology is intro-
duced in Section 5, and demonstrated in Section 6 by design-
ing both centralized and decentralized robust controls for a
sample test power system.
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2. BACKGROUND MATERIAL

The analysis and design algorithms that are presented in
this paper rely heavily on a characterization of the power
system in modal form. Through a partial multi-modal de-
composition (MMD) [1], the model of a large-scale power
system can be arranged, in a computationally efficient man-
ner, into a form which reveals the influences of the control
inputs on the electromechanical modes of oscillation and on
the measurement outputs. Figure 1 shows graphically a
power system model in the partial modal form. Only the
electromechanical modes of interest are pulled out explicitly,
while the remainder of the modes including the electrical dy-
namics are lumped in the "rest of dynamics" block. The con-
nections between the modes of interest and the control inputs
(Kci(s)) measure the modal controllabilities while their con-
nections with the measurement signals (K,,((s)) are the mo-
dal observabilities. The direct connections between the
control inputs and the measurement signals, not involving the
modes of interest, are the inner loop gains and usually limit
the control performance, and can lead to control instabilities.

The maximum damping influence of a control channel
involving one control input and one measurement signal can
be estimated by [1]:

j (1)

This index approximates the distance the mode of inter-
est may be shifted to the left in the complex plain while
maintaining a stability gain margin of 10 dB. The optimum
phase compensation for the controller transfer function is
given by:

CPI(i) = -ZKci (jo)i) - ZKoi (jo i) (2)

3. CONTROL SITE-MEASUREMENT TABLE (SMT)

The siting of damping controllers in a power system
typically is dictated by factors other than damping considera-
tions. Such factors involve the control of steady-state volt-
ages or power flows. However, in situations where multiple
sites are candidates for power oscillation damping, then a
procedure is needed for evaluating the effectiveness of each
site and for selecting the best location. The control designer
typically has some freedom in the choice of feedback meas-
urement signals. In almost all cases these measurements are
local to the installation site and involve basic quantities such
as voltages, line current, line power, or bus frequencies. The
selection of a suitable site and feedback measurement signals
should be robust under the expected changes in system op-
erating patterns. For example, if the required phase compen-
sation of a control channel varies by 180 degrees between two

Fig. 1. Modal Decomposition

Table 1: Sample SMT

Location
1
2
3
4

Model
0.5
3.2
0.05
0.6

Mode 2
-0.2
0.05
2.4
-0.2

Mode 3
0.7
1.3
-0.3
0.1

operating conditions, then this control channel cannot be ro-
bust and another channel should be chosen if possible.

A Site-Measurement Table (SMT) is proposed to aid in
the selection process. The table describes, in a convenient
manner, the simultaneous effect of each control channel on all
the power oscillation modes of interest. For multiple operat-
ing conditions and contingencies, the table is constructed us-
ing averaged controller phase and damping indices.

For each candidate location and selected measurement
pair, the MDI is calculated for all modes of interest. Let the
CPI corresponding to the mode where the device exhibits the
largest MDI be denoted CPI*. The effect of the controller
with phase compensation C?I* is then calculated for each
mode k of interest as follows:

MDr (*) = MDI(/fc) cos(CPI(*) - CPI*) (3)

These modified MDI values are then collected in a con-
venient Site-Measurement Table (SMT). A typical table is
shown in Table 1.

Interpreting the table, it can be seen that selecting loca-
tion 2 is good for damping modes 1 and 3, whereas choosing
location 1 will improve the damping of modes 1 and 3 while
deteriorating the damping for mode 2.

When many candidate control locations and measure-
ment signals are being considered for a system with many
modes, the SMT is a valuable tool for quickly extracting from
all the MDI and CPI data the choices which are likely to have
the most overall damping benefit for the power system.
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4. CONTROL INTERACTIONS a = (max(eig(OejCPIK,u(M))))"' (6)

For many practical problems, more than one controller
will be required to obtain acceptable damping performance.
While the SMT is a useful tool for determining the controller
locations, it does not calculate or take into effect any benefi-
cial or detrimental interaction between multiple controllers.
This section defines a new measure called the Control Inter-
action Index which quantifies the effect of controller interac-
tion.

A proposed measure of control interaction, for damping
purposes, between two controllers is the ratio between the
maximum achieved damping from the joint operation of both
controllers and the sum of the achieved damping from the
individual operation of each controller alone. This ratio is
called the control interaction index (CII). If CII > 1, then
more damping is expected due to the joint operation of both
controllers and the control interaction is called beneficial. If,
on the other hand, CII<1, then a reduced performance is ex-
pected from the joint operation of both controllers, and the
control interaction is called detrimental. If CII=1, then no
control interaction is expected.

When more than one controller is in use,
Kci(s)and Koi(s)become vector transfer functions, and the
inner loop transfer function Km(s) is a square matrix. It is

easy to show that the effective control transfer function be-
comes

Kei(s) = Kci(s){l-Kcm,(s)KIL(s))~]Kaml(s)K(li(s) (4)

In this formulation Kcml (s) is a diagonal transfer func-
tion matrix relating the measured signals to control inputs. As
above, for maximum damping at the mode of interest the
transfer function Kei(s) should be real, negative and have the

largest gain possible at the frequency of interest. The limiting
factor on the choice of controller gain is instability of the
controller inner loop determined by

l-Kcont (s)K1L(s) = 0 (5)

If it is assumed that each controller has phase equal to
its CPI at the mode of interest, and that instability will occur
at a frequency near the mode of interest, then the maximum
control gains can be estimated as follows. Let
<J> = diag(9ii<p2,-".l)be a diagonal matrix with non-negative

elements representing the ratio of relative control gains. Then
for a given O, the controller Kcom(s)is represented at the

mode frequency as Kcnnt(j(Oi) = aOei , where

! , . . . )and a is a positive scalar. An

estimate of the maximal control gain is then given by

Finally, the MDI for the ith mode and k controllers is
approximated as

MDI(/,c1,c2i...,c j t) =

By comparing the ratio of multi-controller MDI to the
sum of the MDIs for each of the isolated controllers, the ef-
fect of control interaction may be examined. This ratio is
defined as the Control Interaction Index (CII):

; q.)
(8)

i=l

With the CII available as an analysis tool, the effects of
control interaction may be quantified and studied.

5. ROBUST COORDINATED CONTROL

The previous section discussed methods for determining
site location and interaction effects for damping control of
electromechanical oscillations, all of which are implemented
in a new software package called POWRDSGN. In addition,
POWRDSGN offers an automated procedure for robust co-
ordinated design of the damping controllers. The control
design engineer has great flexibility in assigning specifica-
tions in the following areas:

• Damping Performance Minimum acceptable damping
ratios are assigned for one or several modes of interest.

• Control Bandwidth Limitations The bandwidth,
maximum gain and low-frequency roll-off characteristics
for each controller are assigned. Specification of such
parameters ensures the damping controller will neither af-
fect steady-state behavior of the system nor excite high
frequency modes of oscillation.

• System Uncertainty Rather than design for a fixed
nominal system, the user has the option to specify a set of
models which describe the power system under a variety
of operating conditions and network topologies. The re-
sultant control is designed to provide robust performance
for each of the systems specified.

• Centralized / Decentralized Contra! Both multi-
variable, centralized control designs and decentralized
controllers are designed using the POWRDSGN package.
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The POWRDSGN package uses a design engine based
upon modern H ^ and u.-synthesis techniques. These control

techniques begin the design by augmenting the plant design
model with additional weighted inputs and outputs used to
specify performance objectives and admissible system uncer-
tainty. Below are outlined the additional inputs, outputs and
weights used to design controllers which meet the required
specifications.

Damping Performance: The swing mode of a single-
machine system has frequency (än and damping ratio £ if the
accelerating torque and mechanical torque exhibit the follow-
ing (approximate) relationship:

Tacc(s)
(9)

These torque quantities have direct analogs for each
swing mode when the system is decomposed into its MMD
format. The plant input/output structure is augmented to re-
veal these 'torques', and the transfer function weight for each
design mode is determined by the relationship above for
mode frequency 00/ and desired damping tj;.

Control Bandwidth: An additional input / output pair is
added for each controller. The control signal can be made to
roll off below frequency co/ and above frequency CO/, with
maximum midband gain Kmax by weighting the path from
control back to output with the following weight:

Ui(s) _

l+s/(Oh

(10)

System Uncertainty: For power system robust control ap-
plications, a simple additive or multiplicative uncertainty
model relating only control inputs and outputs either results in
unstable perturbations (which are not allowed in H r o design)

or exhibit resonance at swing mode frequencies. To alleviate
such difficulties, uncertainty modeling is applied directly to
the multi-modal decomposition. The multimachine system
after Multi-Modal Decomposition (MMD) can be rewritten as

^21

z = f(8m,com,z,u)

}'-[Cm\ Cm2 Cm3.

0

(ID

CO. Du

where 5mand£0mare the modal angles and speeds, respec-
tively. Te is a modal equivalent to electrical torque, and is a
function of control inputs and the rest of the states in the
multi-modal decomposition. In this form, any system other
than that used for nominal design can be described by

0

' m j L'4"i21

z = f(Sm,wm,z,u)

0
-7;(z,M)-A7;

- [Cm\ C
m2 CO,, (12)

in a manner which is a multimodal application of the uncer-
tainty modeling used in [2]. In particular, the uncertainty is
decomposed in terms of modal angles, modal speeds and
control inputs:

(13)

The various transfer function perturbation matrices are
determined by curve fitting for all systems of interest; see [2]
for details. For most applications, this method of uncertainty
modeling yields the necessary stable perturbation matrices
without resonance.

6. EXAMPLE

A. Description and Analysis

The 4-machine system shown in Fig. 2 is used to illus-
trate the features of the robust damping control design meth-
odology included in the POWRDSGN package, as outlined
above. The nominal operating conditions used describe a 500
MW power transfer from west to east across the intertie line.
Three potential sites for control are illustrated: (1) a static var
compensator labeled SVC-1 at bus 5; (2) a static var compen-
sator labeled SVC-2 at bus 10; and (3) a thyristor controlled
series capacitor labeled TCSC on the intertie line between
buses 8-9. The following measurement signals were consid-
ered:

SVC-1: Magnitude of line current on line 5-7;
Absolute real power flow on line 5-7;
Voltage magnitude at bus 5;

SVC-2: Magnitude of line current on line 9-10;
Absolute real power flow on line 9-10;
Voltage magnitude at bus 10;

TCSC: Magnitude of line current on line 8-9;
Absolute real power flow on line 8-9;
Voltage magnitude at bus 9.
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Table 2: Swing Modes of 4 machine system
10000 MVA

140l 4 MVA

Fig. 2. Example 4 Machine System

Elementary analysis on a linearized model of the system
reveals three electromechanical modes which are labeled and
described in Table 2. Modeshapes are displayed in Fig. 3.

Calculation of the MDI and CPI indices for all three
modes and for a number of different operating conditions
were used to form the Site Measurement Table shown in Ta-
ble 3. The table reveals that, in general, line current is a better
choice of measurement signal for this system than is power
flow for each controller. With line currents as measurement
signals, the table reveals that SVC-1 can offer damping for
both modes 1 and 2. SVC-2 offers good damping for the
lightly damped mode 1, but at the same time negatively af-
fects mode 2. Bus voltage offers good damping only for the
TCSC; however, additional studies not shown here reveal the
phase compensation (CPI) for controllers using bus voltage to
be highly sensitive to varying power flow. Thus, line current
magnitudes are chosen to be the measured signals for control.

The Control Interaction Index (C1I) was calculated us-
ing current magnitude as input signal for simultaneous appli-
cation of two controllers. For brevity, only results for the
lightly damped Mode 1 are shown; the results are shown in
Table 4.

B. Control Design

Case 1: Multiple Controllers

The first of two control examples considers using SVC-
1 and TCSC as the chosen controller locations with line cur-
rent magnitude as the measurements signals to enhance
damping on the lightly damped 0.38 Hz mode. Two designs
were performed; first, a centralized design was constructed
from the design specifications using the multivariable HM

techniques outlined above. Then, a decentralized design was
constructed using a recently developed algorithm [4], Note
that because in general only local measurement signals are
available for control purposes, only the decentralized control-
ler is practically implementable. The decentralized control
design procedure uses the centralized design as

Mode#
Frcq. (Hz)
Damping

1
0.38

2.63%

2
1.38

9.37%

3
1.58

12.60%

Table 3: Site Measurement Table

Cont. Signal Model Mode2 Mode3
SVC-1
SVC-2
TCSC

SVC-1
SVC-2
TCSC

SVC-1
SVC-2
TCSC

1! (5-7)1
11(9-10)1
II (8-9)1

IP(5-7)I
IP (9-10)1
IP (8-9)1

IV(5)I
IV(10)l
IV(9)I

1.06
1.74
0.46

0.43
0.76
0.39

0.07
0.09
2.26

3.34
-0.11
0.13

0.12
•0.11
0.15

0.02
0.02
-0.05

0.04
0.33
0.28

0.01
0.16
0.27

0.00
0.01
0.67

Table 4: Control Interactions

Controllers
SVC-1, SVC-2
SVC-1, TCSC
SVC-2, TCSC

CII
0.74
0.74
0.85

MDI
2.80
1.10
2.80

Table 5; SVC-1 and TCSC Control

Specification

Damping
Control Low
Freq. Roll-off
Control
Bandwidth
Control Max
Gain

Desired

15%
>0.I

rad/scc
<5Hz

<1

<1

Centralized
Controller

15%
OK

OK

OK

1

Decentralized
Controller

15%
OK

OK

OK

1

Table 6: Effect of Uncertainty Modeling on System Damping

No Uncertainty
Model
Uncertainty Model

500 MW
transfer

10.7%

20.9%

200 MW
transfer

7.0%

12.1%

I
Variable 0.38 Hz 1.383 Hz 1.581 II;

Angle I

Angle 2

Angle 3

Angle 4

Fig. 3. Modeshapes for Example System

I •
• I
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an initial starting point, and thus inclusion of the results for
the centralized controller is useful for comparison purposes.

The damping achieved by the two controllers is given in
Table 5. Observe that both controllers achieve the desired
damping of 15% at the mode of interest. The last row, labeled
[i (called the maximum structured singular value), requires
some explanation. For purposes here it suffices to say that n
is an index returned by the design procedure which indicates
the success of the control design. A value of \i near or below
1.0 indicates that all design specifications have been met. For
both the centralized and decentralized design, this was the
case.

Case 2: Operational Uncertainty

A second design example illustrates the ability of the
POWRDSGN package to design controllers which offer per-
formance for more than one set of operating conditions. Two
designs were performed. In the first, 10% damping was re-
quested and only the nominal system (500 MW transfer) was
included for design. In the second design, in addition to the
nominal system described above with 500 MW transfer from
west to east, the algorithm was also used to consider the sys-
tem with 200 MW transfer across the intertie and include the
appropriate uncertainty model. Only one controller, SVC-1,
was used for design with a requested damping of 10% and the
same control bandwidth specifications as in Table 5.

Table 6 lists the results of the second design example.
With no uncertainty modeled, the algorithm achieved the re-
quested 10% damping at the 0.38 Hz mode. However, the
200 MW transfer model does not show sufficient damping
with this design, and clearly the uncertainty modeling is nec-
essary. With the uncertainty model, the algorithm designed a
controller able to achieve more than sufficient damping for
both operating conditions.

7. CONCLUSIONS

Hoo controller design techniques are used in this paper

to design supplementary centralized and decentralized con-

trollers for interconnected power systems. The primary con-
tributions of the paper are in introducing new procedures for
the incorporation of performance weights for control specifi-
cations such as damping of critical modes, controller band-
width shaping, and system uncertainty in the standard 4-block
format. Multimodal decomposition techniques are used to
specify these quantities. In addition, the paper proposes a
control siting and measurement table (SMT) to rank quickly
the effectiveness of several damping controllers. A new con-
trol interaction index is also proposed. A computer-aided
menu-driven design package called POWRDSGN has been
developed to perform controller design based on either cen-
tralized or decentralized methods.

The methods are illustrated on a 4-machine power sys-
tem, equipped with two SVCs and a TCSC. The results indi-
cate the effectiveness of the design techniques in meeting
control specifications.
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ABSTRACT - This paper provides a procedure for designing the
flexible controllers, based on the minimization of a modal
performance index. After a state-space modelling of the flexible
power system stabilizer (PSS), an optimization method is used to find
the optimal parameters. On a sample 4-machines Hydro-Quebec
plant, the simulation results illustrate that the oscillating modes are
well damped. Time-response simulation of the closed-loop system
confirms that the flexible controller achieves a better damping, when
compared to a conventional PSS.

Keywords: optimization, decentralized control, power system stabilizer,
dynamic stability.

I. INTRODUCTION

Unstable or poorly damped electromechanical modes arise in
large power systems. Strategies to increase these modes
dampings through decentralized control include static VARs,
synchronous compensators, superconducting magnetic energy
storage units (SMES) and series condensers [1]. More recent,
the H°° controller is winning substantial credits in decentralized
control schemes [2, 3]. Many studies have also been done on
conventional power system stabilizers (PSS): eigenstructure
assignment algorithms, pole-placement methods [4-7] and
optimization of parameters settings [8-10]. The basic structure
for a speed-sensitive conventional PSS is represented by the
following transfer function:

PSS(s) = K
sT»

\+sTn
(1)

However, a conventional PSS may fail to stabilize a power
system when a slight change occurs at the operating point.
Therefore, it betters the overall system damping at the expense
of transient stability [11-12]. Grondin and al in [12] have
proposed a novel compensator structure that is a combination of
high-, intermediate- and low-pass frequency filters. They have
found out that the proposed heuristic design results in a
satisfactory behavior for all frequencies, from 0.01 Hz to 2 Hz.
In discussion to [2], it appears that an improved form of the
heuristic design proposed in [12] outperforms the H°° controller.
In this paper, we intend to provide a convenient way to optimize
the performance of the three-stages heuristic controller, so
called the flexible controller.

Paper SPT PS 08- 06- 0373 accepted
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Stockholm, Sweden, June 18-22,1995

I. K a m w a , Member, IEEE
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For a flexible controller with fixed time constants, the non-
linear equation approach [5] becomes linear and a solution to the
eigenvalue assignment problem is not ensured. Also, pole-
placement methods do not guarantee the overall system stability
[6] and the decentralized modal control in [7] cannot be
forwardly extended to the flexible controller. The modal
performance measure [8] turns out to be the convenient
algorithm in order to optimize the behavior of the flexible
controller. Optimizing the performance of the closed-loop
system is achieved through decoupled-stages gains design.

Section II describes the behavior of the decoupled flexible
controller and its state-space modelling. In section III, the
optimization procedure for the heuristic and conventional PSSs
is presented for comparison purposes. A sample four-machines
model of Hydro-Quebec plant is used in section IV to illustrate
the effect of optimization on oscillating modes and the benefit of
the flexible PSS when compared to the conventional PSS.

II. FLEXIBLE CONTROLLER MODELLING

A. Structure

Fig. 1 points out a schematic diagram of the flexible
controller. The controller figures out three decoupled stages, a
ow, an intermediate and a high stage, synchronized to separately
damp the 0.05 Hz, 0.3 Hz and 1 Hz frequencies respectively. The
use of differential filters is necessary in order to compensate
these modes in a network with spread spectrum of oscillation
modes. Each transfer function results from the product of three
lead-lag blocks or less.

Speed Sensor

0),

FLT(s)

FBl(s)

FB2(s) Low Frequency

FHl(s)

Intermediate

Frequency

VSLH

FH2(s) High Frequency

Fig.l Schematic Diagram Of The Flexible Controller
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B. Frequency response C. State-space modelling

Fig. 2 displays the frequency response of the decoupled
stages of the flexible controller, compared to a conventional
PSS response. The frequency responses are examined for a
unitary gain at the low, intermediate and high stages of the
flexible controller, as well as a unit gain for the conventional
PSS. Flexible PSS typical time constants are reported in the
appendix. The synchronized frequency band, as illustrated
on fig. 2, are O.OSHz, 0.3Hz and lHz. In addition, the
frequency response at each stage can be shifted on the
frequency axis by a factor of x, towards left or right, if the
typical time constants of the desired stage are multiplied by
the same factor.

For the conventional PSS, typical parameters are:
Tw=20 s, Tl=0.118 s, T2=0.044 s.

These parameters, according to fig. 2, are suitable to damp
oscillation modes in the range of 0.01 Hz - 1 Hz.

1.5

I O-Sr

y

. v'\,. ... t

!:.:v:: /
•:p-
• / : • • : / .

:::::!y
:-:;f:::-\
-/

/ •_.

]V\S : : :

. • v:::\ : \

• f
\ \

• r ; ' V ; : ; ; i ; ; ; ; ; ; ; i ^ ~ -

•rr::™^"!

/ 3 • • • •

«.••?•••••

r "'10"' 10
Frequency in Hz

10' 10!

50-

S1

e

-50

10"

..

...

—*

.-iVvX
\ N

\

i !.•:•::•

2

•0

. - . • • . \ . . . .

: : : : : : : \

:;A::
\

: • . • . • . • . • . • . • . \

,_; . . . . . t . : : : : : : : i

\\

' v V

. . , ,s

::::::!

*

•

—•. • r*.' r r *

•
V

10" 10'

1 Conventional PSS
2 Low-Frequency Stage
3 Intermediate-Fre- - Intermediate-Frequency Stage

High-Frequ;ncy Stage

The schematic diagram of a flexible controller is
equivalently represented by the functional diagram of fig.3,
where:

H (s) = K[KLFHLF (j) + KIFHIF (s) + KHFHHF ( J ) ] (2)

speed sensor

1
•

(0

Fig.3 Flexible Controller Equivalent Schematic Diagram

We assume a unit overall gain, K=l. Let Hjrfs) be the
transfer function of a decoupled stage. It can be expressed as
follows:

j=L, I, H stands for low-, intermediate- and high-frequency.
Since KJFI ~ KJFI and is designed to achieve a unit

maximum magnitude for a given frequency stage, the
following substitutions are made:

and KJF~ KjF\Kj
(4)
(5)

where Kj refers to Kv K,, KH (fig.l).

For any frequency stage, we have:

(6)

At the low- and intermediate-frequency bands, two lead-
lag blocks are sufficient to achieve the desired damping
purpose. Equation (6) then reduces to:

' : : ' S
2 - 1

HjF(s) = ;= l
IV*
/ = 1 (7)

. 2 - '

1 = 1 1 = 1

At the high-frequency band, it becomes:

3-i 3
S s

. 3 - 1

1 = 1
We then derive the following state-space model for a

given frequency stage j [16]:

"cl"

(9)
(10)

Fig. 2 Frequency Response Of A Decouplcd-Stagcs Flexible Controller _ , , , . ,. , , ,
w . i . . . i •. -- • A.r~ I.C. A J . . I >.^ • >̂ .= me. - For the l o w and intermediate bands , the s tate-space
With A Unit Gain At Each Stage And A Unit Gain Conventional PSS . . . , . . , . ,

matrices take the following form:
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°cj=biockdiaÅ r ° ' i , r _ ° _ M

-bj2 -b (11)

Qcj = [o i o i]T

For the high-frequency stage, we have:

scj =

Pcj = blockdiag
0 1 0
0 0 1

Caj3 ~ajl ~aj\i

0 1
0 0

Qcj = [ 0 0 1 0 0 l ] = \B

Taking into account the speed sensor that is added in
series, the state-space model of the i-th flexible controller is
derived as:

z, = Pcz, + Öcw. (13)

"ci = «cM C4)
where

1
T

mw

0 0 0

cL

Q cH

0 0

PcH\

7

öc = \j- 0 0 0]

(15)

R = ScI 0 RcI 0

scH 0 0 « c /

Kci =

The matrices Pc, Qc and Rc are identical for all flexible
controllers and only depend on the time constants. Kcj
contains the gains for the i-th controller.

HI. OPTIMIZATION PROCEDURE

A. Problem formulation

Consider the following multi-input-multi-output (MIMO)
model of a linearized network:

x = Fx + Gu
y = Hx + Ju

(16)
(17)

where u = \uc urj\ • uc ls m e input from the controllers
and uref is the reference voltage inputs.

Let (0 be the subset of y containing the per unit speed
deviations of the network generators to which stabilizers to

be optimized are connected. With the MIMO model, we
assume it is always possible to extract the transfer function
relating an input to any given output.

The optimization goal is to design each flexible controller
gains such that the control law

uc = D{s)u (18)
minimizes a modal performance measure J, where D(s)
contains the dynamics of all flexible controllers and also the
gains and uc is the vector of all controllers outputs Vso

(fig.l), and corresponds to the reference voltage inputs of the
linearised network generators.

State-space model of the stabilizers, derived through (2)
to (15) are in the form:

z =
= KRz

(19)
(20)

P, Q, R depend on the flexible controllers constants and K is
made of controllers gains.

By combining (16), (17), (19) and (20), the closed-Jooop
state-space model of the linearized network is derived as:

= \ F GKR
[QH P + QJKR]

(21)

(22)

The modal performance index J, used in this study, is
derived in [8] as the weighted sum of squares of the modes
that appear in the outputs y of the linear system. This modal
performance measure represents the sum of areas under the
envelopes of the states trajectories.

For a conventional PSS, the goal is to find out the
parameters K, Tw Ty, T2 of (I) that minimize the modal
performance measure. Each lead-lag block compensation in
this case is limited, for pratical reasons, to a maximum angle
of 9m=60" [13]. Therefore:

s in(9J = Tl+T2
(23)

B. Solution Technique

Unlike in [8], where the steepest descent algorithm is used
to solve the optimization problem, we propose a sequential
quadratic programming (SQP) method. In this method, a
quadratic programming (QP) subproblem is solved at each
iteration. An estimate of the hessian of the Lagrangien is
updated at each iteration using the Broyden-Fletcher-
Goldfar-Shanno (BFGS) formula [14-15].

The problem, so far formulated, is solved using the
MATLAB package. The equations to express the
performance index gradient as well as the useful steps in the
parameters optimization are suitably documented in [8].
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IV. RESULTS D. Eigenanalysis

A. Sample Power System

The sample network considered in this paper is a
prototype of Hydro-Quebec plant, reduced to four generators
and a 14-states state-space model. This model, derived in
[17], is obtained through the Eigensystem Realization
Algorithm (ERA) for pulse data processing and the
Numerical algorithms for Subspace State-Space System
Identification (N4SID) for random responses exploitation.
The generators are: Bersimis (979 MW), Manic-5 (1496
MW), Churchill (5714 MW) and LG2 (5920 MW). The
output for each generator is the per unit speed deviation and
the input is the reference voltage.

B. Flexible Controllers Optimal Gains

The solution of the optimization problem are shown in
table 1. The values of the gains are obtained for each stage of
each generator. It is assumed a unit overall gain K for each
flexible controller (fig. 1).

Table 1: OPTIMIZED GAINS

Bersimis Manic-5 LG-2 Churchill
Bound

U p p "
Bound

KB

KI

KH

19.6

18.8

32.2

19.4

23.6

37.6

22.7

19.4

23.1

26.5

18.4

26.5

5 30

5 30

5 60

C. Conventional PSS Optimal Parameters

Conventional PSS parameters are optimized under two
hypotheses. Tn the first case, both the gains and the time
constants are considered as unknown parameters. The results
obtained in this case are shown in table 2. These parameters
are obtained while taking into account the pratical
conditions stated at (23).

In the second case, only the gains are optimized. Typical
time constants of fig. 2 are assumed to provide suitable
phase compensation. Table 3 figures out the optimal gains.

Table 2: OPTIMAL PARAMETERS - CASE NO I

K

Tw

Tl

T2

K

Tw

Tl

T2

Bersimis

6.23

13.42

0.001

0.0044

Table 3:

Bersimis

10.93

20

0.118

0.044

Manic-5

42.09

19.65

44.70

30.73

LG-2

71.67

20

1.38

6.03

Churchill

16.91

14.65

4.43

61.7

Lower
Bound

0.1

1

0.001

0.001

OPTIMAL PARAMETERS - CASE NO I

Manic-5

9.70

20

0.118

0.044

LG-2

34.55

20

0.118

0.044

Churchill

53.89

20

0.118

0.044

Lower
Bound

0.1

Upper
Bound

100

20

100

100

Upper
Bound

100

Table 3 summarizes the eigenvalues, the corresponding
frequencies and the damping ratios of the modes under
interest, for the 14th-order model. The damping ratios of
these oscillation modes are greatly improved with the use of
PSS parameters set through the optimization procedure.
Interarea mode 1 as well as the local modes are well damped
with the insertion of PSSs. Mode 4 constitutes an exception,
its damping ratio remaining almost constant.

This high frequency mode appears to be uncontrollable;
neither the optimal conventional PSS nor the optimal
flexible controller has an effect on this mode.

E. Impulse Response Of Closed-Loop System

Fig. 3 represents a time-response simulation of the closed-
loop system, compared to the open-loop response. An
impulse is applied to the reference voltage input of the
generator at Churchill. Per unit speed deviations are
illustrated for all the generators.

The simulation confirms the eigenanalysis results. In
addition, the mode 4 small damping appears to have little
effect on the outputs. It should be a case of nearly-fixed
decentralized mode. Although the oscillations at the outputs
die out rapidly in all the closed-loop cases, fig. 3(a) shows
that a better performance is achieved with the flexible
controller. The tendency observed with an impulse at
Churchill, remains unchanged with the application of an
impulse at Bersimis, Manic-5 or LG2.

Table 4: DAMPING OF SLOW MODES

Mode

1

2

3

4

5

6

7

<J±j(O
f(Hz)

E

c±jco
f(Hz)

E

o±jco
f(Hz)

E

c±jco
f(Hz)

E

a±ju
f(Hz)

E

a±ju
f(Hz)

E

O±JM
f(Hz)

E

Without PSS

-0.067±j0.346
0.055
0.190

-0.559±j4.613
0.734
0.120

-0.652±j5.554
0.884
0.117

-0.308±j6.935
1.10

0.044

-0.011±j6.965
1.11

0.002

-0.952±j7.870
1.25

0.120

-0.834±j8.208
1.31

0.101

With
Conventional

PSS
CASE No 1

-0.157+J0.511
0.081
0.293

-1.132±j3.896
0.620
0.279

-3.739±j6.251
0.998
0.513

-0.307±j6.392
1.02

0.048

-2.395±j6.561
1.04

0.343

-7.545±j8.528
1.38

0.662

-1.380±j7.665
1.22

0.177

With
Conventional

PSS
CASE No 2

-0.219±j0.393
0.063
0.487

•0.946±j4.044
0.644
0.228

-I.751±j7.758
1.24

0.220

-0.331±j6.273
0.998
0.053

-0.869±j7.O34
1.12

0.123

-7.514+J0.876
0.139
0.993

-3.65 I±j9.185
1.46

0.369

With Flexible
Controller

-0.170±j0.437
0.070
0.363

-0.894±j4.010
0.638
0.218

-4.541±j7.671
1.22

0.509

-0.305±j6.406
1.02

0.048

-4.416±j8.478
1.35

0.462

-6.129±j9.111
1.45

0.558

-2.673±j9.766
1.55

0.264
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(a)

(b)

(c)

(d)

ODS

-O 05

-0,1

-0.15

\ i
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* / : • " i

Tim* m Sacond*

Open-loop response
• Closed-loop response wilh conventional PSS

Closed-loop response wilh flexible controllers

Fig.3 Per Unit Speed Deviation After An Impulse At Churchill

a) at Benimis cj at LG2

b) at Manic-5 d) at Churchill

V. DISCUSSION

Fig. 4 shows out the speed responses at Bresimis,
following an impulse at Bersimis, at Manic-5 and at
Churchill. When comparing the closed-loop system
responses, better behavior is achieved with the flexible
controller. Among conventional PSSs, case 2 seems to
ensure a better overall system perfomance. For an impulse at
Churchill, the result of conventional stabilizer gain
optimization is analog to the flexible controller. This is
achieved at the expense of a high gain at Churchill (table3).

The issue of robustness, with respect to non-linear
transient stability, was not investigated. However, due to its
frequency band, the conventional PSS of case 2 may provide
a good behavior compared to case 1. On its own, the flexible
controller offers the best structure for anticipating the
damping of a mode that may arise under certain operating
conditions, even if this mode is not present in the linearized
model used for the stabilizers design.

(a)

Tim* In Seconds

(b) „..

(C)

Tkn« In Saconda

with conventional PSS: case 2
with conventional PSS: case 1
with flexible controllers

Fig.4 Per Unit Speed Deviation At Bersimis After An impulse
o) at Benimis b) at Manic-5 c) at Churchill
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V. CONCLUSION

The optimal performance measure greatly improves the
damping ratios of controllable and observable modes. Used
to design a flexible controller, the solution proposed in this
paper provides a tool for optimal stability enhancement in
large power systems. Also, as far as dynamic stability
analysis is concerned, the flexible controller results in a
better performance, in comparison to a conventional PSS.
This good behavior is due to its structure.

From the optimum point of view, and as it often occurs in
multivariable non-linear optimization, the optimal gains as
well as parameters found may correspond to local minima of
the performance index. However, the method achieves
considerable improvement in the system damping. Its main
advantage resides in the need not to define the closed-loop
poles locations in advance. While a robust controller was
proposed in [8] to supplement the optimal conventional PSS,
optimizing the flexible controller should be sufficient
according to its structural properties.
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VII. APPENDIX

A. Controller Data

Table 5: CONTROLLER DATA

j

Tjl

Tj2

Tj3

Tj4

Tj5

Tj6

Kjl

LF

2.574

3.146

2.574

3.146

0

0

30

IF

0.429

0.524

0.429

0.524

0

0

30

HF

.1719

.1980

.1719

.1980

.1002

.0589

39

j

Tj7

Tj8

Tj9

TjIO

Tjll

TJ12

Kj2

LF

3.146

3.8451

3.146

3.8451

0

0

30

IF

0.524

.6404

0.524

.6404

0

0

30

HF

.1980

.3145

.3740

.3145

.1000

.060

39

Tm w =0.020

B. Conventional PSS State-Space Model

The conventional PSS model is derived as:

where:

x = Px + Q(o
u = Rx + Sa

P =

(A.1)
(A.2)

S = Kw—
T22

-JL o 0

0 1

0 0 - '
Tl

R =

Kw Tw-T\ 2

~Tw{Tw-Tl'

KwTw(T2-T\)2

T24(T2-Tw)

KwTl2 KwTw(J2-7i)2

T2{
Tw - n ,

72 "Tw-T2'
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Abstract - This paper deals with the coordinated design
of controllers for Power Systems ( PS's ). The nonlinear-
ities of the PS are considered as uncertainties in a linear
model and a decentralization constraint in this model al-
lows the representation of the different controllers. A de-
centralized control design method suited to this modeling is
presented, as well as its application to the design of Power
System Stabilizers ( PSS's ) for a benchmark system. The
design of the controllers by this method ensures the sta-
bility of the system for all operating conditions belonging
to a previously specified set. Eigenvalue analysis and sim-
ulation results support this claim and also show that PSS's
designed by classical methods are not able to maintain the
system stability for all these conditions.

I. INTRODUCTION

The stability is a major concern in the operation of a
Power System ( PS ). In order to regulate the system vari-
ables while maintaining the system stability, several con-
trollers are used. These are local controllers in the sense
that they are neither provided with information about dis-
tant parts of the PS nor allowed to act over these parts.
In practice, these controllers are designed separately, one
at a time, not taking explicitly into account the inter-
action among them. Besides that, the design is carried
out using classical control methods. This implies that

Paper SPT PS 08- 07- 0417 accepted
for presentation at the IEEE/KTH
Stockholm Power Tech Conference,
Stockholm, Sweden, June 18-22,1995

the PS is modeled as a linear time invariant dynamic sys-
tem for design purposes, while PS's dynamic behaviour
is nonlinear in nature and time-varying due to the topo-
logical changes ocurring during the operation. This con-
trol design approach suffices in most Cases and indeed has
been successfully applied by the electric industry for many
years.

However, current power systems are required to oper-
ate under increasingly stressed conditions, thus demand-
ing increasing performance from PS's controllers. On the
other hand, modern power electronic devices such as static
VAr compensators ( SVC's ), thymior controlled series
compensators ( TCSC's ) and electronic phase shifters
( PIIS's ) can be applied to improve the power transmis-
sion levels of electric energy systems. These devices pro-
vide an additional means to improve the dynamic perfor-
mance of power systems by the addition of supplementary
controllers. The benefits for the dynamic stability of a
whole generation of power electronic devices are available
to the extent that control strategies can be applied to ex-
tract all the potential of these devices. The complexity of
the control scheme involving all these controllers, together
with the increasingly tight operation requirements of PS's,
raises the question of coordination and robustness of the
controllers, demanding a more systematic design proce-
dure. The fact that the usual approach to PS's controllers
design considers neither the interaction among the differ-
ent controllers nor the nonlinear time-varying nature of
the PS dynamics limits the system performance to a cer-
tain degree. The application of methods that explicitly
take into account these issues in the controllers design in
an a priori manner is therefore in order. In this way, the
exploitation of the whole potential of the available con-
trollers leads to an enlargement of the system's stability
margins.

Recent papers have presented applications to power sys-
tems control that explicitly consider either coordination or
robustness in the design. The optimal control theory has
provided the possibility of designing coordinated power
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system controllers [1], however not taking into account the
robustness issue. On the other hand, several authors have
presented the application of the Hoo and /i-synthesis tech-
niques to the design of power system controllers [2,3,4,5].
However, these techniques do not consider the design for
multimachine models. In this paper, the use of an aug-
mented Riccaii equation approach that satisfies simulta-
neously the coordination and the robustness issues in the
design is presented.

The paper is organized as follows. In Section II the PS
modeling is presented. The robust decentralized control
design method is given in Section III. The design method
described has been applied to the coordinated design of
robust Power System Stabilizers ( PSS's ) in a bench-
mark system, the New England power system. The sys-
tem and design objectives are described in Section IV and
the results obtained are presented in Section V. Results
obtained with the application of PSS's designed by the
classical method, widely applied by the electrical indus-
try, are also presented for comparison. Finally, in Section
VI, the conclusions are presented.

II. POWER SYSTEM MODELING

The PS comprises several machines, each one modeled
by a set of nonlinear differential equations. Putting the
equations of each one of the machines and the network
equations together, leads to a singular system description
for the whole power system:

i = f(x,z,u)

0 = g(x,z,u)
(1)
(2)

where
x G 3?" is a vector of state variables,
z £ 9?' is a vector of algebraic variables,
u e 0£m is the input vector,
/(•, •, •) : 3?" x 3i' x 3T -» 3J" is a vector field,
(/(•,-,•) : 3fn x 5ft' x 3im - • 5ft' is a vector of nonlinear
functions.

Linearizing the equations (1) and (2) around an equi-
librium point, a linearized singular system is obtained

A i
0' ] • [

h
h

Ax
Az H B2

Au (3)

with obvious definitions for J i , J2% ^3 and J4. The vari-
ables Az can be eliminated from (3) and dropping A in
order to simplify the notation, the system equation is •

x = Ax + Bu (4)

where A = J\ — J2J4
1J3 and B = B\ - J2J^1B2.

Since a PSS design is to be considered, the input vector
is given by the supplementary signals applied to the AVR's

of each machine. The state and input vectors in (4) are
therefore given by

x =
T T

x{ x{

xt = [ E'qi ut 6i Eji ) T

II å [ VPSSI VPSS2 . . . VPSSq f

where the subscript 1 means that the variable is referred
to the iih machine, E'q is the internal machine voltage, w is
the shaft speed, 6 is the load angle, Ej is the field voltage,
Vpss is the supplementary signal applied by the PSS and
q is the number of machines.

The entries of the dynamic matrix A in the design model
(4) are clearly functions of the system's operating point,
reflecting the variation of the system's dynamic charac-
teristics as the operating conditions are changed. If a
controller is to be effective for many different operating
conditions, this variation must be taken into account in
its design. A way to accomplish this is presented in the
next section.

III. THE ROBUST DECENTRALIZED CONTROL
DESIGN

A. The Theoretical Background

Let ,/V be the number of operating conditions for which
the controller is supposed to be effective. For each one of
these N conditions, the linearization of the system model
yields a different linear one. In this way, the variation of
the dy lamics of the system is modeled as time-varying
uncertainties in a linear model. There are different ways
to take into account these uncertainties in a controller
design.

Suppose that the linearization of the system in the dif-
ferent operating conditions causes the uncertainties to ap-
pear only in the dynamic matrix A, and not in the input
matrix B. Let p be the number of uncertain elements in
the dynamic matrix and let AQ be the matrix formed by
the average values of these elements. The set of N lin-
earized systems can be overbounded by the set of models
defined by the following equation:

x = [A0 + AA(r(t))]x + Bu (5)

where the vector r(t) belongs to the compact set

ftå{reK" : | r , ( t ) | < l , * = 1,2 p}

and is Lebesgue measurable in time. According to this
notation, the uncertainty matrix A^4(r(/)) may be repre-
sented by

1 = 1
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where the matrices A'{s have only one non-zero element
each, namely, the one which is considered to vary at this
time. The value of this non-zero element is the maximum
allowed deviation from its respective value in the nominal
system (/l0)- Every matrix AA that can be obtained in
this way is called an admissible AA. In view of the rank-1
assumption of the matrices Ai, they can be written as

Ai = dieT f= l ,2 , . . . ,p

where dj and e; are n-vectors. Now, define

p p

i=\

Using these matrices, the main result of this section
may be readily stated. The design method proposed in
this paper is based on a fundamental property of the aug-
mented Riccati equation, which can now be presented as
a theorem.

Theorem 1 Consider the uncertain system model (5)-(6)
together with the control law u(i) = Kx(t) where:

K = --R'lBTP +
c (7)

// there exists a symmetric positive definite matrix P so-
lution of:

AlP+PA0-P[-BR'1BT-T]P+U+ (8)

+c{Q + 6R+ LTRL)

for some scalars c > 0 and 6 > 0, and L 6 3?mxn, Q =
QT > 0, R = RT > 0, then the uncertain closed-loop
system

x(i) = (Ao + AA{t) + BK)x{t)

is asymptotically stable for any admissible AA{t).

The proof of this theorem can be found in [6].
The decentralization constraint implies that the state

feedback gain K must satisfy the equation

D{K) = bloc diag{Kx I<2 ... Kq}-K = 0 (9)

where A',- € 5ftmiXni, rrij is the number ofinputs of the :""
sub-system, n,- is the order of the i"1 sub-system and q is
the number of sub-systems.

B. The Numerical Procedure

According to the result in the previous section, if ma-
trices P and L can be found such that the condition of

the theorem is satisfied and L = D{\R~1BTP), then the
state feedback K = -\R~lBTP + L satisfies the decen-
tralization constraint and, by Theorem 1, ensures asymp-
totic stability for the whole set of models. A numerical
procedure that iteratively searches the matrices P and L
is presented next. First, define

E(P) = PA0 - P[ -BR-XBT -T)P+U

Numerical Procedure:

• Step 1 - Initialize Q = QT > 0, R = RT > 0, e -• 1,
a<l,6>0,j = l=l,tol= 10-9

• Step 2 - Solve H(P]) = -e{Q + 6R)

• Step 3 - If there is no solution then e — ac else go
to Step 5

• Step 4 - If c < tol then STOP else go to Step 2

• Step 5 - Set K = -\R~lBTPi and y =|| K ||

• Step 6 - If j = 1 then j = j + 1, e = ae and go to
Step 2

• Step 7 - If 77j_i - 7}j > tol and jy > tol then c = ac
and go to Step 2

• Step 8 - Set L,+ i = D{\R-lBTPl)
If / = 1 then i//+1 =|| Li+i || and go
to Step 10 else i/1+1 = ^ ' 1 1

• Step 9 - If t>, - i/(+i < iol and vl+l > 6 then STOP

• Step 10 - If i/|+i < 6 then go to Step 12 else / = /+1

• Step 11 - Solve H(P,) = -e{Q + SR+LjRL,)
If there is no solution then STOP
else go to Step 8

• Step 12 - Set K = -$RrlBTP, + Ll+l

When the Procedure above suceeds, the gain K ob-
tained in Step 12, by construction, satisfies the decentral-
ization constraint and stabilizes the whole set of models
(5)-(6). Notice that the convergence of this numerical pro-
cedure is not proved. However, experiments have shown
that, in the case of existence of a control law with the
desired structure, its convergence is expected since all in-
volved functions are well behaved.

2 5 8



IV. THE TEST SYSTEM
Table 1: Operating conditions selected for the design.

In order to verify the efficacy of the proposed method
for the control of realistic power systems, the method is
applied to the design of state feedback PSS's on a bench-
mark system, the New England Power System. A set of
realistic operating conditions is selected for the design and
the PSS's are designed so as to provide enough damping
for all these conditions. In this section, firstly the test
system is presented and its modeling is discussed. The
set of selected operating conditions is then described and
the design objectives the PSS's are supposed to satisfy are
formally stated.

A. The New England Power System

The New England Power System is a benchmark for sta-
bility studies, as it presents stability problems and is com-
plex enough to exhibit the difficulties of applying control
methods to real power systems. It is a system with nine
machines and thirty-nine buses. The one line diagram and
machine data can be found in [7]. The operating condition
presented in that reference is taken as the base case in this
paper. The PSS's design is carried out assuming a third
order model, with a first order Automatic Voltage Regu-
lator, for all machines but the slack bus machine, which is
modeled as an infinite bus. All the machines are equipped
with PSS's, except the infinite bus. The design model is
therefore of order thirty seven ( four state variables for
each of the nine machines plus one variable for the infi-
nite busbar ). For simulation purposes the machines are
modeled by a more complete model, as decribed in [7].

B. The Control Design Objective

The Robust Coordinated PSS's design objective is to
provide a reduced-state feedback excitation controller that
ensures the stability of the system for all the operating
conditions belonging to a previously specified set.

Eight operating conditions are selected for the design.
These conditions include critical lines outages and changes
in the loading and generating patterns with respect to
those of the base case. These conditions are selected as
being extremely hard from the point of view of stability.
The selected set includes the base case plus seven other
operating conditions described by the modifications they
represent from the base case as seen in Table 1.

The system presents four unstable electromechanical
modes for all these operating conditions. The values of
the eigenvalues corresponding to these modes for the base
case are shown in Table 2.

Case

1
2
3
4
5
6
7

Load
Change

-
-

-30% all buses
+15% all buses
+20% all buses
-20% all buses

50% buses 16,21

Generation
Change

-
-
-
-

+20% all buses
-20% all buses

60% bus 7

Line
Outage
21-22
9-39

-
-
-
-

21-22

Table 2:
system.

Unstable electromechanical modes of the test

+0.0024 ±j 7.0606
+0.1261 ±j 6.0564
+0.0355 ±j 6.2696
+0.0683 ±j 4.0736

V. RESULTS

In this section, eigenvalue analysis and simulation re-
sults are presented that show the effectiveness,of the Ro-
bust Coordinated PSS's in damping out the electrome-
chanical oscillations in the New England power system
for a variety of conditions. It is also shown that PSS's
designed by the classical approach ( conventional PSS's ),
based on frequency response methods [8], are not able to
provide enough damping for such large variations on the
operating conditions.

A. The Robust Coordinated PSS's Design

The steps to be followed for the design of the Robust Co-
ordinated PSS's ( RCPSS's ) are now described. Firstly,
a load flow is runned for each case of the selected set and
the corresponding dynamic matrices are obtained. Matri-
ces Ao, T and U are then constructed and matrices Q > 0
and R > 0 are selected. The Numerical Procedure de-
scribed in section 3 is then carried out. It may happen
that this Numerical Procedure is not successfull. This is
usually not due to the numerical aspects of this proce-
dure, but due to the fact that Theorem 1 provides only
a sufficient condition for simultaneous stability, so that
( 8 ) may lack a positive definite solution even when there
exists a solution to the problem. In this case, the uncer-
tainty matrix AA can be scaled to reduce its norm until
a solution is found, with an a posteriori verification of the
stability for the actual uncertain system.
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Table 3: Least damped eigenvalues for the closed-loop sys-
tem with CPSS and RCPSS.

CASES
base
case 1
case 2
case 3
case 4
case 5
case 6
case 7

CPSS
-0.2016 ±j 3.8841
-0.0693 ±j 3.7126
-0.1816 ±] 3.0226
+0.3211 ±3 5.1288
+0.0568 ±3 3.5426
-0.0149 ±j 4.0360
-0.0954 ±3 4.2129
+0.1880 ±3 3.4429

RCPSS
-0.7707 ±3 7.4471
-0.7716 db; 7.4080
-0.7498 ±3 7.4566
-0.0120 ±3 2.2759
-0.7973 ±3 7.4364
-0.8463 ±3 7.4576
-0.7502 ±3 7.3268
-0.7978 ± j 7.4010

By applying the above procedure to the test system,
after a few trial and error iterations to choose the rank-
1 decomposition for the matrices Ai and the weighting
matrices that yield the best solution, the following reduced
state feedback gain matrix is obtained.

A' = bloc diag{K\ K2 . • • A'9 0}

A 3 =

A-< =

A's =

A'6 =

A'7 =

A'o =

[ -384.7

[ -239.8

[ -290.5

[ -347.1

[ -50.30

[ -236.0

[ -75.83

[ -159.8

[ -66.64

27.57 -73.54

19.59 -16.90

29.06 -7.268

27.22 0.7528

6.887 2.556

23.97 8.759

8.238 4.760

9.188 -38.31

8.154 13.57

-4.795 ]

-3.931 ]

-4.826 ]

-4.850 ]

-0.9800 ]

-2.681 ]

-0.9820 ]

-2.669 ]

-0.9822 ]

B. Eigenvalue Analysis

PSS's were designed for the base case using the clas-
sical design method. Although these conventional PSS's
( CPSS ) provide good damping for the case they were
designed for, they are not able to provide enough damp-
ing for all the operating conditions selected for study in
this paper. This can be seen by analyzing the eigenval-
ues of the closed-loop system with these PSS's for each
one of the selected conditions. For three operating condi-
tions, ( conditions 3, 4 and 7 in Table 1 ), the interarea
mode remains unstable. Meanwhile, with the Robust Co-
ordinated PSS's ( RCPSS ) all the closed-loop eigenvalues
have negative real parts. Table 3 shows the least damped
eigenvalue for the closed-loop systems obtained with the
aplication of the PSS's designed by the two approaches for
each operating condition of the selected set.

Figure 1: System response for the base case with CPSS's.

1 3 J 4 5 t

Figure 2: System response for the base case with RCPSS's.

C. Simulation Results

In order to verify the efficacy of the proposed RCPSS's,
linear simulations were performed. All the results shown
below concern the response to a sudden change of 1 pu
in the shaft speeds of all the generators. Each figure
shows the angle deviations of the nine generators. Figs.
1 and 2 allow a comparison of the performances of the
classical PSS's and the Robust Decentralized PSS's for
the base case. It can be seen that the RCPSS provides
better damping for this case, as could be expected from
the eigenvalue analysis. This analysis also shows that the
CPSS's are not able to stabilize the system in several criti-
cal operating conditions. Fig. 3 shows the response of the
system with the RCPSS's for case 7, which seems to be
the most critical case within the selected set. The result
shows that the RCPSS's provide good damping for this
condition. For the other conditions of the selected set the
results are similar.
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Figure 3: System response for case 7 with RCPSS's.

VI. CONCLUSIONS

The coordinated design of PSS's in a benchmark sys-
tem has been presented. The design method allows the
modeling of the nonlinearities of the PS as uncertainties
in a linear model. Eigenvalue analysis and simulation re-'
suits show that good damping is obtained for several op-
erating conditions corresponding to large variations of the
PS operating point. It has also been shown that conven-
tional PSS's are not able to perform the same task. The'
state-feedback structure adopted for the controller does
not present serious limitation to the application of the
method since a reduced state was considered for the de-
sign. Besides that, an output-feedback strucuture can also
be used. The method can also be applied to the design of
other types of PS controllers such as SVC's, TCSC's and
others.
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Abstract— New technologies such as power electron-
ics and information network have made it possible to
change continuously the impedance of a power system
not only to control power flow but also to enhance sta-
bility. A power system incorporating such technologies
is called VIPS (Variable Impedance Power System)
by the authors. This paper proposes a novel control
method of VIPS apparatus such as variable series ca-
pacitor and high speed phase shifter installed at an in-
terconnecting point for stabilizing the inter-area oscil-
latory modes. The proposed control design method is
based on Lyapunov function and is a kind of hierarchi-
cal decentralized control method of the interconnected
power system. Under the proposed control scheme,
each area can be stabilized independently by local con-
trollers such as AVR and PSS, and then the whole
interconnected system can be stabilized by VIPS ap-
paratus taking into account interactions between sub-
systems. The effectiveness of the proposed method is
illustrated by numerical examples with IEEE 39 bus
system.

I. Introduction

A large increase of load demand in the future makes it
necessary to construct many power plants and transmis-
sion lines. In Japan, as the power sources are far from

Paper SPT PS 09- 01- 0087 accepted
for presentation at the IEEE/KTH
Stockholm Power Tech Conference,
Stockholm, Sweden, June 18-22,1995

a large load center and it becomes very difficult to ob-
tain the right of way for new transmission lines, it is de-
sired to make use of the existing transmission lines ef-
fectively from viewpoints of transmission capability and
power system stability. In addition, as the interconnec-
tions between utilities become stronger, it is becoming in-
creasingly important to pay special attention to unstable
or poorly damped inter-area oscillation which may not be
suppressed effectively by the existing local generator con-
trollers such as AVR , PSS and speed governor.

On the other hand, new technologies such as power
electronics and information network makes it possible to
change continuously the impedance of a power system not
only to control power flow but also to enhance the sta-
bility [1-4]. The power system utilizing such technologies
is called VIPS (Variable Impedance Power System) by
the authors [3.4]. Possibilities are under study in Japan
to use VIPS apparatus such as variable series capacitor
(VSrC) and high speed phase shifter (HSPS) for long-
distance transmission lines or tie lines between subsys-
tems to enhance the power transmission capability. These
VIPS apparatus . if they are controlled appropriately, have
possibilities of stabilizing the unstable or poorly damped
inter-area oscillatory modes effectively.

Local controllers such as AVR and speed governor will
be used even when VIPS apparatus are installed in a
power system. Therefore, functions of these controllers
should be taken into account in designing a control sys-
tem of VIPS apparatus. This means that a control scheme
coordinating both local controllers and VIPS apparatus is
desirable.

This paper presents a novel control method of VIPS
apparatus for stabilizing the inter-area oscillatory modes,
especially power swing modes between subsystems in an
interconnected large-scale system. This method is based
on stability theory of interconnected largo-scale system
using Lyapunov function and utilizes local controller for
local stabilization and VIPS apparatus for global stabiliza-
tion. Effectiveness of the proposed method is investigated
by numerical examples.
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Fig. 1. Block diagram of control system of VIPS apparatus

II. Control System Design of VIPS Apparatus Based
on Decentralized Control Scheme

A. Linearized State Equation of VIPS

The linearized state equation of power system excluding
controllers of VIPS apparatus is described by (1),(2) and
(3):

BgAVg = CgLg (1)
(2)
(3)

where x_g is the state vector of generators including state
variables of local controllers such as AVR and speed gov-
ernor. V_y and lg are vectors of terminal voltage and out-
put current of generators, respectively. Matrix Y is the
reduced admittance matrix of the power system.

Let's assume that eacli controller of in VTPS appa-
ratus is represented by the first order model as shown
in Fig. 1. Gains of the controllers are denoted by
~I\'ijKvi(i = l,---,m,j = l,--',A r) and time constants
of the controllers by Tvi(i = 1, • • •, ;n). In this section, A',,;
are assumed to be unity for simplicity. The state equation
of the power system including controllers of VIPS appa-
ratus is given by following equation:

^ f A-\C9-BgY-lD3) A?BtY^Sv | | xg , (4)
-Tv'

where

r- A

-A'i i A't, i — A'i o A\,

"AnilAuni —Ami A,,

Tv = d iag. [Tvi ••• Tvm

Sv=[ S1Vg ••• SmVg ]

— Km N ^vm

(5)

(6)

(7)

x_v is the state vector of VIPS apparatus. The state vari-
ables of VSrC and HSPS are the equivalent reactance and

Fig. 2. Variable Impedance Power System (VIPS)

the voltage phase, respectively. 5/ is the sensitivity matrix
of the reduced admittance matrix 1' with respect to the
state variable of the ith VIPS apparatus (= dY/di-ci).

B. Decentralized Control Method using Lyapunov func-
tion

Consider an interconnected power system which consists
of n subsystems as shown in Fig. 2. Representing VIPS
apparatus by the (» + l)-st subsystem, that is subsystem u
in Fig. 2, the state vector jr, system matrix A and matrix
Ky in (4) are described as follows:

A r
•L = I -Li £2

.4 =
-4

21

-4] 2

-422 •• -42 , ,

(8)

AV = [-AV,

-4n] -4n2 " • " -4,in ^4;iu

— A*V2 • • • — A'\/ji ]

In (8), x_; (i = 1, • • •, »1. i>) is the state vector of subsys-
tem /.

Now, suppose that every subsystem described by i,- =
AiiZi-, where An is a block diagonal submatrix of system
matrix A, is controlled to be stable by using local con-
trollers such as AVR and speed governor. This means
that, there exist positive definite symmetrical matrices Pi
and Qj(i = 1,•••,«, v) which satisfy Lyapunov matrix
equation (9).

(i = l , . . . ,n, iO (9)

(10)

(11)

Lyapunov function V; of subsystem i is given by

Vi{xi) = £Pixi

Then, consider the following function V(x_).
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From (10) and (11), V(.r) is positive definite. Therefore,
if \'(-r) is negative definite, then V"(x) is Lyapunov func-
tion of the whole system and the interconnected system is
proved to be asymptotically stable.

Taking into account interactions between subsystems,
each subsystem is described by

h = AuZi + E j * Aijxj (i = 1, • • •, n, v) (12)

From (9) to (12), the following inequality holds [5]:

where
(14)

r.j;- ami P.,.. are real-valued diagonal matrices whose
(A1, A-) elements are respectively given by the following
equations:

k,k) I,H (15)

From inequality (13). if — Qi + P.i,- is controlled to be
negative definite for all ;', then V"(:r) is negative definite
and the interconnected system is asymptotically stable.

C. ContTol System Design of VIPS Apparatus

Gains -A',jA\,; and time constants Tvl of controllers of
the VIPS apparatus are included in submatrices Avj(j =
1. •••,«.(') in (S). It is shown from (15) that PAv}- and
P,\v: also depend on the control parameters. As a result,
from (13) and (14), the control parameters are included
in -Qi + PAi for all /.

Now decompose —Q; + P,u into the terms which de-
pend on the control parameters of VIPS apparatus and
the other constant term which is indicated by subscript
"c'1 as shown in (16).

-Q; + PAi =
(i?v)

(16)

where PAvv = P'Avv + PAvv. A* and Tv denote gains and
time constants of controllers respectively. PCl- becomes a
real-valued constant diagonal matrix. In this case, from
(4),(8),(U) and (15),

p
AvJ(k,k)

Qv(k,k)KV}(k,m)
(17)

If each element of submatrircs Kyj of matrix AV is posi-
tive, then PAvj is negative definite, because (A1, k) elements
of diagonal positive definite matrix Q,. are positive.

From the above, control parameters A'. Tv are chosen so
that -Qi + P.a is negative definite for all i. The algorithm
is as follows:

Step 1; Choose Tv and Qv so that Pcv + PAvv in (16) is
negative definite.

We can ignore PAv: in (16). because P\v: is negative
definite as mentioned above. Consequently, Tv should be
chosen so that Pcv + PAvv is negative definite. Note that
Qv can be chosen arbitrarily as far as there exists a posi-
tive and symmetric matrix Pv which satisfies (9). In prac-
tice, therefore, Qv and Tv are determined so that Tv takes
an appropriate value between 0.1 and 0.2 sec.

Step 2; Choose A' such that Pei{k,k) + PÄvi{k,k) (' ^ v)
is negative, where (A-, A-) diagonal element of Pci is
positive.

It is preferable that a larger gain is assigned to control
input which can change system matrix A and can im-
prove damping of the power system move effectively. As
it is not practical to calculate precisely the sensitivities of
eigenvalues with respect to various control inputs, the in-
dex utilizing the sensitivity matrix S,-, which is included in
system matrix .4, is used in the proposed control scheme.
Si is included in .4,t, (/ = 1, • • •, n) which is submatrix of

£ j-l - l (is)

in (4). From (7) and (18).

where T = A~xBgY~^ and e + j / is the vector of terminal
voltage of generators. As for control inputs from fcth gen-
erator, the sensitivities of admittance G^,i)iB{k,i){t T^ k)
between generators with respect to the state variables of
VIPS apparatus are important to examine the effect on
power swing modes. The index akj of the effectiveness of
the control inputs from the itth generator to the j'th VIPS
apparatus is defined as follows:

.£/* /

T{i:2k)^i))
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where Jj. is the set of suffixes of the control inputs from
ktli generator.

The control gains K are chosen by solving the following
minimization problem:

(21)

©

subject to

P —

/ = 1,•••,!». re{m:Pcl{mm)> -etr}

{}'l) = const. (for all / G Ik, all k, j)

ei,. is a small positive constant. Normally, it is set to
be 0 to stabilize the whole system. But, even if the power
system is stable without VIPS apparatus control, it is de-
sired to improve the damping of poorly damped oscillatory
modes. In such cases. e/r is chosen as a positive constant,
so that these poorly damped modes are improved by the
controller.

Note that the stability condition obtained by (13) based
on Lyapunov function is conservative. Therefore, we
choose control gains such that, the sum of the gains be-
comes minimum.

III. Numerical examples

To illustrate the effectiveness of the controller designed
by the proposed method, IEEE 39 bus model system as
shown in Fig. 3 is used. For simplicity, every machine
is modeled using the third order model [6] and AVR and
speed governor are modeled by the first order model. The
model system is decomposed into three subsystems. A
VSrC is installed at each tie line between subs}-stems. The
equivalent reactance of VSrCs are chosen as 0[p.u.] at the
operating point. Table 1 shows power swing modes of the
whole system without VSrC control.

Let matrix Q for each subsystem be a diagonal matrix
whose diagonal element is given as follows

Qu = 2.0 x 10- 4 (for all i) (22)

The model system is stable without VSrC control and
(13) holds for all i (i = 1,2,3, v). Consequently, the main
purpose of this control is to improve the damping of power
swing modes. Here, we use only Aw as control inputs to
controller of VSrC and e;r corresponding to Aw is chosen
as

eAu,, = 2.0 x 10~2 (for all i) (23)

whereas e/,. corresponding to other state variables are cho-
sen *n be 0.

Table 2 shows the control parameters of VSrCs obtained
by the proposed method. It should be noted that the gains

subsystem 1
.ub.yst.m2

Fig. 3. IEEE 39-bus system

Kv=l

-0.0015 -0.0010 -0.0005 0.0000

Real part of eigenvalue

Fig. 4. Loci of power swing modes for VSrC gain A\,

corresponding to the control inputs from generators 4, 5, C
and 7. which are located near VSrCs, ;ire relatively large.
This means that the index a is suitable for evaluating the
effectiveness of control inputs to VIPS apparatus. It is
also noted that the gains of VSrC at line 26-34 are small,
which means that this VSrC isn't so effective to stabilize
the power swing modes.

Fig. 4 shows eigenvalue loci of power swing modes for
the VSrC gain. The damping of modes 1,7, 8 and 9,
which are oscillatory modes between subsystems, is im-
proved well by the VSrC control. On the other hand, the
damping of modes 2,3,4,5 and 6 is not affected by the
VSrC control. Because these modes are oscillatory modes
in each subsystem and the damping of these modes should
be improve by local controller of each subsystem.

Figs. 5 and 6 show swing curves of generators after a
large disturbance. 3LG fault at node 15 of double circuit
line 15-16 at t = 0.1[sec] is considered as a disturbance
and the fault is cleared by one circuit open of line 15-16
at t = 0.2[sec]. Fig. 5 shows the swing curves without
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Table 1. Dominant modes of IEEE 39-bus system without VIPS apparat us control

Mode

1*
2
3
4
5
6
7*
8*
9'

Eigeiiviilue[p.ti.]

-4.1 x 10-°±j5.5x 10~J

-2.0 x 10- 4 ±j l .4x 10~J

-6.4 x 1 0 - ' ± j l , 7 x 10~J

-6.8 x 10" 4 ±j l .7x 10~J

-6.8 x 10- 4 ±j l .5x 10~-
-6.8 x 10~4±jl .2x 10~-
-7.4 x 10"4 ± jl.3 x 10-J

-8.2 x 10"4 ±jl.O x 10~J

-1.1 x 1Q- J±jl .9x 10—'

Mode shape
subsystcml

<3l( + )
G8(-),G9(+),G10(-)

G8(-),G10(+)
G2(+),G3(-)

G2(-),G3(-).G9(+)

G2(-),G3(-),G9(-),G10(-)
G9(-)

subsystein2
G4(-),G5(-)

G5(+)
G5(+)

G4(+),G5(+)

subsystcm3
G6(-),G7(-)

G6(-).G7(+)

G6(-),G7(-)

Oscillatory modi" between subsystems

Table 2. Control parameters of VSrC

Tie line
26-29
26-31
26-34

A'A-,

2.65
0.5G
0.04

A'A^.,

3.71
0.78
0.06

A'A-3

5.27
1.11
0.09

A'A.^

29.95
2.48
0.19

A'A^J

13.10
1.08
0.08

A'.w,
12.71
7.11
0.31

A ' A U < 7

0.87
1.70
0.44

A'A-,,

3.43
0.72
0.06

A'A^,,

3.58
0.76
0.06

A'A^,,»
4.85
1.02
0.08

T,.[sec]
0.2
0.2
0.2

1 2 3
timo [soc]

Fig. 5. Swing curves without VSrC control Fig. 6. Swing curves with VSrC control

VSrC control and Fig. G the swing curves with VSrC con-
trol (A\,, = 100, i = 1,2,3). The upper limit of VSrC
compensation rate is assumed to be 50 %. It is seen from

these figures that the controller designed b3' the proposed
method can suppress the peak of the first swing of gen-
erator angles and the clamping of the oscillations is also
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0 . 5 1 1.5 2 2 . 5 3 3 .5 4 4 . 5 5
t i n e ( sec ]

Fig. 7. Behaviors of VSrC

improved. Because the operating point of the system af-
ter disturbance is different from that before disturbance,
the compensation rate of VSrC at the equilibrium point
after disturbance is different from that of VSrC at the
equilibrium point before disturbance.

IV. Conclusion

This paper presents a novel control method of Variable
Impedance Power System to stabilize unstable or poorly
damped inter-area oscillatory modes in an interconnected
power system. This method is based on stability the-
ory of large-scale interconnected system using Lyapunov
function and is able to stabilize the whole system by us-
ing both VIPS apparatus and local controllers such as
AVR,PSS and speed governor. Under this control scheme,
each subsystem can be stabilized independently by the lo-
cal controllers based on optimal control [7] or eigenvalue
control [8]. and VIPS apparatus can be controlled so as to
stabilize the wliole system taking into account interactions
between subsystems.

Numerical examples for IEEE 39 bus model systems
have made it clear that the proposed control method is
able to stabilize the interconnected system effectively. The
results shows that the controllers designed by the proposed
method is able not only to improve damping of poorly
damped inter-area modes but also to enhance transient
stability of power system.

In the example shown in section III., VSrC is used as
VIPS apparatus. We have also examined the case in which
HSPS is used instead of VSrC and the results show that
the HSPS controller designed by the proposed method can
also improve steady-state stability and transient stability
of the model system well.
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DESIGN OF TCSC CONTROLLERS TO DAMP POWER SWINGS

BY USING EIGENVALUE ANALYSIS METHOD

X. R. Chen
N. C. Pahalawaththa
U. D. Annakkage
Department of Electrical and Electronic Engineering,
University of Auckland, Auckland,New Zealand.

1 Abstract

A procedure for determining the best location for in-
stalling a Thyristor Controlled Series Compensator (TC-
SC) in a meshed power system is studied in this paper.
Design of a TCSC controller which uses only the signals
local to TCSC location is also studied. The best loca-
tion is determined by analyzing the mode controllability.
The real and reactive power through the transmission line
in which the TCSC is installed are used for the TCSC
control. An eigenvalue method based on small signal sta-
bility analysis is used to determine the feedback gains of
the TCSC controller. Computer simulation of a multi-
machine study system is used to validate the proposed
TCSC controller.

2 Introduction

Flexible AC Transmission System(FACTS) concept pro-
vides an alternative for the physical expansion of pow-
er transmission systems by increasing the usable power
transmission capacity of the existing systems closer to
their thermal limits. This is achieved by improving the
stability of the power systems.

TCSC is one of the FACTS devices which improves
the power system stability by appropriately controlling the
effective reactance of transmission lines. The hardware de-
signs for TCSCs have been well established under an EPRI
project for FACTS application [1-3]. Presently, investiga-
tions on the design of TCSC controllers have being carried
out extensively. Previous research has shown the effective-
ness of TCSC controllers on increasing the damping of low
frequency interarea oscillations [4-6]. Most recently, the
systematic studies in reference [7] have presented a de-
sign procedure for TCSC damping controllers using the
traditional frequency domain methods.

This paper describes the design of output feedback
TCSC controllers by using state space techniques. Eigen-
value analysis based on a small signal perturbation model
is used for the TCSC controller design. Firstly in this pa-
per, the state equation for a multi-machine system with
TCSCs is developed. Then the natural oscillation modes
of the system are identified by eigenvalue analysis. The
objective of the TCSC control design is to increase the
damping of the dominant oscillation modes without signif-
icantly deteriorating the damping of the other oscillation

C. S. Kumble

TransPower New Zealand Ltd,
Wellington, New Zealand.

modes.
For a meshed power system, the selection of the

transmission line on which the TCSC is to be installed
is very important because the effectiveness of the TCSC
control varies with the TCSC installation location. In
this paper, the most effective location is determined by
analyzing the mode controllability of the system.

The TCSC controllers can be designed by using pole
placement technique if the global states are used as feed-
back signals. In this manner, all of the closed loop poles
can be shifted to the desired positions. But Since the
TCSC devices are installed on the transmission lines, con-
sidering the problems in data transmission, most of the
states can not be fedback to the controller. The feedback-
signals must be measurable in the vicinity of the TCSC
(locally measurable). In this paper, the real power and re-
active power at the TCSC location are used as the output
feedback signals. Two cases, a) using only the real power
as the feedback signal, b) using both the real and reactive
power as the feedback signals, are studied.

A nine bus meshed power system with six trans-
mission lines and three synchronous machines is used as
a study system to demonstrate the design of the output
feedback TCSC controllers. Simulation studies have been
used for validating the proposed controller.

3 The study system

The nine bus study system is shown in figure 1 [8]. The
parameters of the synchronous machines 1 and 2 are given
in Appendix A. Bus 3 is assumed to be an infinite bus.
The three longest transmission lines in this study system
are assumed to be the possible TCSC locations and three
case studies will be carried out in order to evaluate the
effectiveness of the TCSCs placed at these locations in the
power system. Figure 1 shows the system configuration for
case 1 where a TCSC is placed on the transmission line
5-7 (from bus 5 to bus 7). Similarly, a TCSC is installed
on transmission line 6-9 for case 2, and on transmission
line 8-9 for case 3.

This system can be modeled by the following state
equation:

AX = A A X + B A U ,

Ay = CAX,
(1)
(2)

Paper SPT PS 09- 03- 0399 accepted
for presentation at the IEEE/KTH
Stockholm Power Tech Conference,
Stockholm, Sweden, June 18-22,1995
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Table 2: eigenvalues of the study system

100MW4J35MVAR

O.OlO+jO.093

B/3=jO.O»«

90MW+30MVAR

0.017-fjO.O93

B/3=)0.079

330KV

Figure 1: The example system

Table 1: Variation of elements of A matrix with TCSC
locations.

TCSC location
line 5-7
line 6-9
line 8-9

"19
0.22
0.06
-0.07

"29
0.08
0.16
0.1

"39
5.87
3.2
2.62

"49
4.46
5.7

-1.31

0.1
0.03
•0.02

"69
0.06
0.1
0.05

where AX is a state vector of length n, AU is a control
vector of length m and Ay is an output vector of length
r. A, B and C are the corresponding coefficient matrices
of appropriate dimensions.

When the state variables are selected as changes in
the machine internal voltages, the machine excitor volt-
ages, the machine speeds, the machine power angles and
the TCSC reactance, the state vector is as follows:

AX = [Ae'j, Ae',2, AeJdi, Ae/rf2,

A matrix is:

, ASi, A52, A i c ] T ,
(3)

-0.55
0.18

-24.4
-7.53
-0.18
0.07

0
0
0

0.11
-0.65
-7.24
- 2 2
0.02

-0.28
0
0
0

0.17
0

- 2
0
0
0
0
0
0

0
0.17

0
- 2
0
0
0
0
0

0
0
0
0
0
0

377
0
0

0
0
0
0
0
0
0

377
0

-0.5
0.2

-2.86
2.5

-0.2
0.11

0
0
0

0.13
-0.6
-1.98
-9.02
0.044

-0.335
0
0
0

°19
°29
•39

1 49
«59
"69

0
0

- 2

where elements, a\g - 069, are dependent on the location
of the TCSC and are given in table 1 for the three cases.
B is independent of the location of the controller and is

given by:

B = [ 0 0 0 0 0 0 0 0 2.0 ] T .

The eigenvalues of matrix A are given in table 2.
As each pair of conjugate eigenvalues corresponds to an

oscillation mode, there are five modes in this study sys-
tem. Mode 1 and mode 2 are the rotor oscillation modes(
the electromechanical mode). Mode 3 and mode 4 are
electrical modes resulted from the electrical circuit of the
system. Mode 5 is the control mode determined by the

oscillation modes
mode 1
mode 2
mode 3
mode 4
mode 5

open loop eigenvalues
-0.2947 ± jll.7438
-0.2183 ± J7.9541
-1.0088 ± jl.8377
-1.0774 ± jO.9520

-2.0

Table 3: the controllability of TCSCs to mode 1 and mode
2

TGSC location
line 5-7
line 6-9
line 8-9

mode 1
0.0271
0.2483
0.182

mode 2
0.8062
0.3986
0.0334

device. It can be seen that the damping of the rotor os-
cillation modes is poor. Therefore, mode 1 and mode 2
are identified as the dominant modes of the system. The
objective of the TCSC control is to improve the damping
of mode 1 and mode 2 without deteriorating the damping
of the other modes.

4 The best TCSC installation location
The principle of using the TCSC controllers for power sys-
tem damping is based on their ability to modulate the
power flow of the transmission system [5]. One of the
important aspects of designing a TCSC controller for a
multi-machine power system is to identify the most effec-
tive TCSC location for required control objective. This
task can be accomplished by analyzing the mode control-
lability of the system.

Table 3 shows the results of a mode controllability
analysis, where the magnitude of $~ ! B is used to indicate
the controllability of the corresponding modes [9] (3? is the
modal matrix). Since'the control objective is to provide
additional damping to mode 1 and mode 2, only the con-
trollability of these two oscillation modes are needed to be
considered. The mode controllability in table 3 shows that
when a TCSC is installed in line 5-7, the controllability
for mode 1 is much smaller than those with the TCSC at
other positions, where as when a TCSC is installed in line
8-9 the controllability for mode 2 is much smaller. Only
when a TCSC is installed in line 6-9 the controllability for
both modes have reasonable values. Therefore, line 6-9 is
the best location.

A state feedback control scheme can be used to val-
idate the above analysis. A state feedback controller is
designed to move the eigenvalues of mode 1 and mode
2 to - 1 ± jll.7438 and - 1 ± J7.9541 respectively. The
eigenvalues for the other modes remain unchanged.

For simulation studies, a three phase fault is im-
posed on transmission line 7-8 at a position very close to
bus 8. The fault is cleared by disconnecting both ends
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time(s) time(s)

Figure 2: Performance of the TCSC on line 5-7 (case 1) F i S u r e 3 : Performance of the TCSC on line 6-9 (case 2)

of line 7-8 after 3 cycles(0.05s) and line 7-8 is successful-
ly reclosed after another 6 cycles(O.ls). Figures 2 and 3
show the angle oscillations of the machines and the action
of the TCSC controller for case 1 and case 2 respective-
ly. The results of case 3 is not given here since they have
properties similar to case 1. For comparison the system
performance with no control is also plotted for each case.
The results clearly demonstrate that the performance of
the controllers installed on lines 5-7 is not satisfactory, as
predicted from the mode controllability analysis. The per-
formance of the controller on line 6-9 is clearly superior to
the others. The mode controllability analysis has indicat-
ed that the controller installed on line 5-7 has a very small
influence in controlling the oscillation mode 1. Therefore
any attempt to damp this oscillation mode through this
controller would require a large control effort. However
such a large control action drives the controller actuators
beyond their capacity, thus saturating them for a long
period. This can be seen from the controller output re-
sponse (xe) in figure 2 and has been the major cause for
the deteriorated performance of the controller.

In the above case studies, the three TCSC con-
trollers are of the same capacity (±0.08pu). Therefore,
the difference in their performance indicates that the loca-
tion of the TCSC is important for obtaining economically
optimum performance.

5 The design of the output feedback con-
troller

The dynamics of the system represented by equations (1)
and (2) with output feedback control

AU = FAy, (4)

can be represented as

AX = (A + BFC)X,

Ay = CAX,
(5)
(6)

where F is the m x r gain matrix. The stability of the
control system is determined by the eigenvalues of (A +
BFC), which is dependent on the selection of the output
coefficient matrix/vector C and the feedback gain F.

5.1 The selection of the output feedback signals
The first step in the output feedback controller design is
to select the feedback output signals. For damping inter-
area oscillations, the area frequency difference has been
recommended as a suitable feedback signal for a TCSC
controller installed in the tie line [7]. In this paper the re-
al and reactive power flow through the TCSC device are
selected as the feedback outputs because they are easy to
measure and have good observability for both mode 1 and
mode 2. In general, the currents and voltages or other
signals synthesized from these locally measurable signals
are also possible output feedback signals.

When the real and reactive power are selected as the
feedback signals, for the study system, the output vector
Ay in equation (6) is:

Ay = [Ap96,Ag96]
7 (7)

where Aps6 and Aqae are the changes in the real power
and the reactive power flow through the TCSC device in
direction from bus 9 to bus 6. The matrix C is given by:

C =
0.35 0.835 0 0 0 0 0.49 0.995 -1.313

0.279 0.674 0 0 0 0 -0.083 0.246 0.196 ] • (8)
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Figure 4: Variation of the real parts of the eigenvalues

Table 4: the eigenvalues for the control system

oscillation modes
mode 1
mode 2
mode 3
mode 4
mode 5

closed loop eigenvalues
-0.5547 ± jll.45
-0.7771 ± J7.303
-1.002 ± jl.871

-1.0785± jO.9505
-9.3

openloop eigenvalues
-0.2947 ± jll.7438
-0.2183 ± J7.954:
-1.0088 ± J1.837V
-1.0774 ± jO.952

-2.0

The control law becomes:

Au = -(ki

where fci and &2 are feedback gains.

(9)

5.2 The real power feedback controller(PFC)

When only the real power is used as the output signal
for the feedback control, fco is equal to zero. Figure 4
shows the variation of the real part of the eigenvalues cor-
responding to the critical modes(mode 1 and mode 2). It
can be found that when k\ is about -3.4 the real parts
of the two eigenvalues reach their minimum. Therefore,
k\=-ZA is the feedback gain which makes the maximum
eigenvalue shift for mode 1 and mode 2. The eigenvalues
for &i=-3.4 are given in table 4. From this table, it can
be seen that the selected gain can shift the critical mode
eigenvalues to the left hand side without deteriorating the
damping of the other modes.

Figure 5 shows the performance of the proposed
PFC during a transient (a three phase fault at bus 8 for
0.05 seconds). Comparing with the no control case, it can
be seen that the damping of the system oscillation has
been significantly improved.

5.3 The real and reactive power feedback con-
trol ler(PQFC)

For the real power feedback controller(PFC), the real part
of eigenvalues shown in table 4 for mode 1 and mode 2 are
the minimum values. This implies that further improve-
ment on the damping of mode 1 and mode 2 is not pos-
sible. It will be seen that this barrier can be eliminated
by adding one more output signal to the feedback control
signal. In this study, the reactive power of the line is used
as the additional output signal.

B
o

io
n

ri
al

£̂)0.8

1 • :%- •'•

Vi
'i

the PFC
:: ;...... po control

: 1 p: F: i \: \l M V V V '"

[ 6 8 10 12 14
time

(a) the machine I

.5
-6 1.04
cd

6
'o 0.96
tio

'•§ 0.88

1
OJ 0.8

'bb

m 0.72

+3 0 2 4 6 8 10 12 14
time

(b) the machine 2

Figure 5: the oscillation in machine power angles when
using the power feedback controller

The best hi and &2 are those which can move the
eigenvalues of mode 1 and mode 2 as further as possible to
the left hand side without sacrificing the damping of the
other modes. Based }n this criterion, three dimensional
plotting can be used to find out the best ki and fcj.

Figures 6 - 8 show the variation of the real part of
the closed loop eigenvalues for mode 1, mode 2 and mode
5 with the gains k\ and fc2. The plots for mode 3 and
mode 4 eigenvalues are not given here since they would not
significantly affect the controller design described below.

It can be seen that the minimum occurs near the point
Jfcjzr-3 and £2=-10 for mode 1, &i=-3 and &2=-8 for mode
2. But at these points, the real part for mode 5 is larger
than the open loop value. To avoid sacrificing the damping
of mode 5, Ai=-3.8 and Jfc2=-7.6 are selected. The closed
loop eigenvalues for the selected gains are shown in table
5. It can be found that the real parts for mode 1 and
mode 2 are smaller than those shown in table 4 indicating
better damping of the oscillations.

Figure 9 compares the performance of the proposed
real and reactive power feedback controller(PQFC) with
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that of the real power feedback controller(PFC). It can be
clearly seen that the PQFC is better than the PFC.
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Figure 7: the variation in the real part of the mode 2
eigenvalue

Table 5: the eigenvalues for the control system

oscillation modes
mode 1
mode 2
mode 3
mode 4
mode 5

closed loop eigenvalues
-0.8244 ± jll.1623
-1.4754 ± J7.0408
-1.1575 ± jl.6336
-1.192± jO.7088

-4.89

openloop eigenvalues
-0.2947 ± jll.7438
-0.2183 ±j7.9541
-1.0088 ± jl.8377
-1.0774 ± J0.952

-2.0

6 Conclusions

This paper describes the application of TCSC to damp
out the power swings in a multi-machine power system.
The major contributions are:

• The development of a method for locating the TCSC
devices. This method is based on the analysis of mode
controllability which can indicate the most effective
location for controlling the critical modes.

• The design of decentralized output feedback TCSC
controllers to improve the damping of the critical
mode oscillations.

The designed controller can either use the real pow-
er only or both the real and reactive power through the
TCSC as feedback signals. This type of decentralized con-
trollers are practically more attractive as the control sig-
nals are local to the TCSC and thus no remote data trans-
mission is needed. The studies show that although both
the PFC and PQFC can significantly improve the damp-
ing of power swings, the latter can provide better damping
performance.
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Table 6: Generator and excitation system data
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Figure 9: the oscillation in the machine power angles when
using real and reactive power output feedback controller

Appendix

A Parameters of the example system
The example system is shown in figure 1. The terminal of
machine 3 is assumed to be an infinite bus with voltage
1.04z!0pu. The generator and excitation system data are
shown in table 6 in which reactance values are in pu on a
100 MVA base and all time constants are in seconds. The
time constant Tx of the TCSC is assumed to be 0.5s and
the capacity of the TCSC is assumed to be ± 0.08pu.
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Abstract—Controlled Active Loads (CAL) for damping of
electro-mechanical oscillations are studied. Resistive loads,
which can be modulated, are introduced in a two-machine
system. The generators are modelled both with and without
AYR. The damping ability of CAL is compared to that of SVC
and CSC, using eigenvalue analysis of the linearized system.
Proportional control using the angular velocity difference
between the machines is applied. The influence of transmission
line loading, load voltage sensitivity and the existence of voltage
control on CAL damping is small. To obtain a certain
damping, the rating of the CAL must be greater than that of
the CSC, but can be smaller than the SVC rating. The control
law design must take system structure into account, which is
shown by studying damping of a movable CAL. Since the
structure of the studied system is degenerate, no conclusions
regarding multi-machine systems can be drawn from this.

I. INTRODUCTION

One activity within Distribution Automation/Demand
Side Management is installation of Intelligent Meters that
communicate bidirectionally with the electric utility. This
meter performs several measurement tasks and normally has
a control output. With a relay connected to the output the
utility can switch a non critical customer load such as a
heater or boiler. This direct load control facility is mainly
intended for peak shaving, that is reducing peak load, which
previously was performed by disconnecting entire load
areas. Due to the inconvenience to customers, such load
control is very restricted. Distribution automation, on the
other hand, facilitates switching of loads in a selective and
non disturbing manner. This fact makes load control a new
control handle, that can be used not only in emergency
situations. Power electronic switches and high speed
communication, extends load control use to dynamic
problems. This paper considers control of active loads for
damping of electro-mechanical oscillations.

Controlling active loads for improving stability was
discussed together with dynamic braking already in 1968
[1], These two means for oscillation damping are in

Paper SPT PS 09- 04- 0620 accepted
for presentation at the IEEE/KTH
Stockholm Power Tech Conference,
Stockholm, Sweden, June 18-22,1995

principle equivalent, but advanced load control systems
have been much less economical than braking resistors. This
fact is now altered and motivates renewed interest in load
control.

II. OBJECTIVES

During system-wide electro-mechanical oscillations, the
swing energy flows through the power lines back and forth
between the rotating masses of the different generators with
a frequency of typically 0.1-1 Hz. In the case of insufficient
damping, small disturbances may trigger growing
oscillations, that lead to loss of synchronization between
groups of generators and possibly blackouts. In large power
system there are several swing modes; each with a specific
frequency, damping and participation of the different
machines. Damping of electro-mechanical oscillations is
therefore mainly a structural problem, once the damping
principle is selected. Quite a few damping methods have
evolved, of which the most important are briefly reviewed
below.

Most synchronous generators are equipped with damper
windings. This is done mainly to protect the rotor windings
in case of power system faults, but it also supports system
damping. Since damper windings rely on induction, they
can, however, not be considered effective at frequencies
below a few Hz. In general, damping is added by properly
modulating the active power flow between the swinging
machines. This is done by directly altering the load situation
or by manipulating voltages or transfer impedances. A
Power System Stabilizer (PSS) adds a supplementary signal
to the excitation system of a generator, to control active
power transfer. PSS is the most common damping
equipment. Mostly it is tuned based on local criteria only,
and may not improve damping of system-wide modes. Like
controlled active loads, High Voltage Direct Current
(HVDC) links directly control active power, and can
therefore contribute to system stabilization. Many resent
publications on power oscillation damping treat the Static
Var Compensator (SVC) and the Controllable Series
Compensator (CSC) [2], [3], [4], [5]. These components are
the most well-developed in the area of Flexible AC
Transmission Systems (FACTS). In order to be able to relate
to this material, SVC and CSC are chosen as reference
cases, when evaluating the performance of load control for
power oscillation damping. Except for estimating the
required rated power for a certain damping, this paper aims
at showing mainly qualitative differences and similarities in
relation to key parameters.

Damping ij only a secondary task for SVC and CSC
equipment. The CSC primarily improves the transfer
capacity of long transmission lines, while the SVC primarily
is used for voltage control. These primary tasks indicate the
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key parameters that determine the effectiveness of SVC and
CSC damping: CSC introduces damping by altering the
power transfer through a line, and therefore requires a line
flow in order to be effective. SVC on the other hand affects
power flow by changing the voltage at the neighbouring
buses. Due to this fact, SVC control is bound to interact
with the voltage dependence of the loads. In the comparison
between SVC, CSC and load control damping, these
parameters will be altered in order to show their influence.
The main characteristic of a controlled load is its location.
In a very simplified way this is demonstrated by studying
how damping is influenced by the electrical proximity for
the controlled load to the generators. This is the only
structural property studied here.

IE. TEST SYSTEM

Since the damping systems add complexity to the power
system, the studied power system is kept very simple. For
the same reason, classical generator models with fixed
internal voltage are typically used for damping studies. But
since SVC operation depends on voltage variations this may
not necessarily be sufficient. A model with voltage
dynamics is therefore used for comparison. Such a model
also enables incorporation of Automatic Voltage Regulator
(AVR) and PSS, which are known to affect damping. SVC,
CSC and load control dampers are all simultaneously
included in the power system model. The activity of each
damper is controlled by its feedback gain, which simply is
set to zero for inactivity.

A. Power system used for the studies

A two-machine system is studied. It comprises two load-
generation areas, which are connected by a long
transmission line.

Fig. 1. Test system with Controllable Active Loads (CAL)

We assume that the loads depend on voltage, but not on
frequency. Using per unit values and a nominal bus voltage
of 1 pu, the load of bus; can be expressed as:

(1)

j and Quo] constitute the bus load at nominal voltage,
while in determines the voltage dependence. For impedance
loads in is 2, while for constant current and power m is 1
and 0 respectively. Mixed loads at a bus render a non-
integer value of m. If the loads at the two buses are set
differently and the generator loads are chosen accordingly,
the system has pronounced generation and load areas
respectively. This is important when studying SVC
damping. The damping equipment is located in accordance
with the recommendation given in e.g. [6]. Both the CSC
and the SVC units are placed at the center point of the
transmission line. It is assumed that equally large controlled
active loads are available at each bus. As this is a significant

simplification, the case of an arbitrary position is studied in
section VII.

B. Machine models and parameters

Two different synchronous generator models are used.
The first is the classical model, which disregards EMF
dynamics, armature reaction and rotor saliency. The second
is the one-axis model, that includes the same phenomena.
The mechanical dynamics are described by (2) in both
models.

d8
dt

(2)
= 0)

where co and 8 denote angular frequency and torque angle
respectively, both measured relative to a reference frame,
which rotates with the nominal angular frequency ®R. The
inertia constant is denoted by H, while Pm and Pe are the
mechanical input power and the electrical output power
respectively.

The classical model [7] assumes that the main field
winding flux linkage and the associated EMF are constant
and neglects armature reaction. It is realistic if the machine
terminal voltage is uncontrolled or the exciter is slow, which
is not the case for modern excitation systems.

. dEa
Tdo~=Uf-Eq-{xd-xd)ld (3)

The one-axis model [7] includes the dynamics of E'q and
therefore contains an additional differential equation (3),
with terms for armature reaction and field voltage
dependence. In (3) T^o is the open loop time constant of the
magnetization circuit. Xd and x'j are the d-axis synchronous
and transient reactances respectively. Id is the d-component
of the stator current. The field voltage Ujr is governed by an
AVR to control the terminal voltage. The linearized one-
axis model is normally referred to as the Heffron-Phillips
model [8], [9], and is implicitly used here. The validity of
the one-axis model is verified in [10]. By a certain choice of
parameters, the classical model can be obtained from the
one-axis model.

The two machines are equal and have the following
parameters:

"N

TABLE 1.

100 MVA xd

10 kV x-d

314rad/s x0

MACHINE PARAMETERS

lpu

0.3 pu

0.8 pu

H

T'dO

6s

3s

C. Models of controllable components

The controllable components are all modelled as discrete
components with a selectable value. With uc denoting the
damping controller output the representations of Table 2 are
used.
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TABLE 2. DAMPER EQUIPMENT REPRESENTATION

Damper Controlled component Value

CSC

SVC

CAL

Reactance

Susceptanci:

Conductance

*uc=uC

IV. CONTROL SYSTEM

Provided a suitable feedback signal is available,
proportional damping controllers are sufficient for the
purposes in this study. A well designed damping systems,
should improve damping, regardless of changing
parameters. In this respect viscous damping is ideal. It can
be entered in (2) as a to-dependent term:

(4)

A positive D implies positive damping. To imitate this
behaviour the damping equipment should alter Pe with an
amount AP, which is proportional to co, or at least has the
same sign. In a two-machine system, one machine would be
accelerating and the other is decelerating. A better damping
is therefore obtained by letting AP of machine 1 be related
to co]-o)2. If 0)2 is not available at machine 1, which is
typical for a PSS system, only coj is used. The reverse
applies at machine 2. Table 3 shows all controllers. The sign
of the gains are selected according to line transfer direction
(CSC and SVC) and CAL location.

TABLE 3. CONTROLLER EQUATIONS

Type

AVR

PSS

CSC

SVC

CAL

Equation

Uj=Kmi(Vref-V-¥Vs) at each machine

Vs=Kpls(oai each machine

For CSC, SVC and CAL bang-bang control can also be
considered. It is more effective, but requires time
simulations to be analyzed, while linear control enables the
use of eigenvalue analysis, which is more suitable here.
Botli control strategies are realistic. SVC and CSC can be
controlled in both ways. Bang-bang load control means
simultaneous switching of all available loads in a certain
area, while linear load control corresponds to switching one
load at a time.

V. LINEARIZATION

Since electro-mechanical oscillations are often initiated by
small disturbances, the damping for small oscillations is the
most important measure of system stability. For small
deviations from a stationary point, a linearized model is
valid.

The entire power system can be described by a set of
differential machine equations and a set of algebraic

equations describing Id and the balances of active and
reactive power at each bus. An extended state vector z is
introduced. It contains all the dynamic states x of the
machines and all the required algebraic variables y.

» r 6T [7J (5)

V and 9 denote bus voltage magnitude and phase.
Similarly the input vector u is

(6)

By partial differentiation matrices F and B can be
determined so that the system is described by (7) around the
particular operating point, where the differentiation was
performed. The A of all variables denote deviation from this
point.

(7)dt
0

The algebraic variables in y can uniquely be expressed in
x and can therefore be eliminated, leaving a simple, but
complete state space description:

dAx
dt

(8)

The eigenvalues of A describe the system dynamics.
Since the system contains two third order machine models,
the number of eigenvalues is six. The electro-mechanical
mode introduces the only pair of complex conjugated
eigenvalues X] and Å2. Since all the other modes are well-
damped, the damping f of this pair is taken as the damping
measure for the entire system:

C = -cos[arg(A)] (9)

VI. EQUIPMENT COMPARISONS

When the influence of a parameter on system damping is
studied, the parameter is varied in steps with a certain range,
and for each step £ is computed. This includes solving load
flow to determine the stationary point, where the subsequent
linearization is performed. For all possible cases, both the
classical model and the one-axis model of the generators is
applied. This is mentioned explicitly only when the results
differ significantly. The feedback gains are kept constant
during all studies despite the note on sign-change in
connection to Table 3.

A. Influence of transmission line loading

By using equal and constant power loads at the two buses,
the system is symmetric except for the line loading. This
should minimize bus load influence on system damping.
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Fig. 2. Loading situation for line transfer study
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Fig. 3. Damping as a function of line transfer Pj with equal constant power

loads. Models with AVR (solid) and without (dashed) are used.

Fig. 3. shows that CSC and SVC dampings for a given
feedback gain are practically proportional to the
transmission line loading. In contrast to this, CAL damping
is hardly affected even by a reversal of the line flow. From a
safety point of view, this makes CAL more robust than CSC
and SVC, which require sign-changing logic in the
controller.

The major difference between classical and one-axis
machine models is the AVR's, which counteract bus voltage
variations. CSC and CAL dampings are not affected by this
difference, while SVC damping is greatly reduced by the
AVR. This makes sense as the SVC relies on voltage
manipulation in order to affect active power flow. Since the
AVR is a proportional controller, it will have a non-zero
steady state error. This error increases with the loading of
the machines, which reduces damping.

Without AVR, the voltage can be more easily changed at
heavy loading. The conductances of the CAL damper takes
advantage of this and improves damping. SVC damping
without AVR is also amplified. In the case of negative line
transfer this means even less damping.

B. Influence of loads and their voltage sensitivity

In order to maximize the influence of different load
voltage dependencies, the two loads are now markedly
different, Fig. 4. For positive line transfer the two buses
represent typical importing and exporting areas.

0.2

.5 0

J-0.2
-0.4

PLOI+JQLOI=°-2+JO.1 F

Fig. 4. Loading situation for voltage sensitivity study

CSC CAL

0.2

-0.2

-0.4

-0.5 0 0.5

SVC without AVR

-0.5 0

SVC with AVR

0.5

-0.4

-0.5

Fig. 5. Damping as a function of line transfer Pj with constant power
(solid), constant current (dashed) and impedance (dash-dotted) loads.

From Fig. 5, it can be concluded that CSC and CAL
damping are practically unaffected by the altered bus load
situation (cf. Fig. 3.).

For the SVC behaviour, the situation has changed
dramatically, regarding voltage variations. Provided the
loads are voltage dependent, an equal voltage decrease at
both buses will decrease the load at bus 2 more than the
other. Regardless of the line transfer, this counteracts the
damping actions of the SVC and reduces SVC damping in
proportion to the voltage sensitivity of the loads. This effect
is most pronounced for the case without AVR, but is also
visible when AVR is applied.

The asymmetrical bus load situation shifts the point where
the two generators are equally loaded. This now occurs for a
line transfer of 0.4 pu, which explains the strong asymmetry
in the graph for SVC with AVR. Note, that for large
negative line flows, generator 2 is extremely heavily loaded.

C. Required rating for a certain damping

From an economical viewpoint the rating required to
obtain a certain damping is of interest The procedure is to
find what feedback gain is needed for a certain damping,
and then convert the gain into a measure of power rating. By
assuming that load bus and SVC bus voltages are unity, and
that the transmission line current IT equals the line power
transfer Pjin pu, the following expressions are derived:

CSC: öcsc = W r = KcscAo/r - K^Aatf

CAL: Pcat = 8caiV
2 = KcalAcoV2 - K^Aco (10)

SVC: o™ = 6«V2 = 2
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Since the ratings will depend on the unknown angular
velocity deviation Acn, rated power will be computed
relative to this variable:

CAL

CSC: pi
err

CAL: ^-~Kcal

c\/f. Qsvc v
Aco

(ID

For a line power transfer of 0.5 pu and voltage insensitive
loads, the gains were selected to produce £=0.1 in the power
system above. This rendered CSC, CAL and SVC ratings,
which bad a 1:2:7 relationship. Due to the line power
transfer dependence, it is hard to draw any conclusions from
this, except that CAL is more effective than SVC for
damping purposes. The next economical key figure to be
considered is of course the cost per Mvar or MW power
rating. Here CAL will probably excel if utility controlled
load switching is already installed for other purposes.

VII. LOCATION OF CONTROLLED LOAD

The impact of a switched load is distributed to all
generators, and the portion affecting a certain machine is
mainly governed by the its electrical proximity to the load
[7]. Any load increase thus decelerates all machines, but
damping is achieved due to the pronounced difference in
proximity of the loads to each machine in the cases above.
In a real power system the distribution network and the
meshed transmission network must be considered in the
design of control laws for load control damping. This will
be demonstrated by concentrating the controlled load to one
bus with variable position along the transmission line. By
selecting a value of a in Fig. 6. between 0 and 1, the
electrical distance from the controlled load to the generators
can be altered, while the control l i A ^ K )

^\ 2

PLOI+JQLOI=0.6+JO,1 CAL PLoa+iQL02=°-6+j0.1

Fig. 6. Movable controlled load

The influence of CAL position is clearly seen in Fig. 7.,
where AVR is not used.

0.05'

-0.05

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
a

Fig. 7. Damping as a function of controlled load position with equal
impedance loads

It is clear that with equal electrical distance to both
generators and a control law using angular velocity
difference, no damping is achieved. With a distance
difference, the sign of the velocity difference must be
properly selected. A general rule might be to use only the
velocity of the electrically closest machine. This local
control strategy is successful in this simple system, as there
is only one swing mode. In a larger system, however, all
machines contribute more or less in all swing modes. Since
the machines swing with different phase in different modes,
local feedback may partly be destabilizing [11].

VIII. CONCLUSIONS

The use of controlled active loads has several advantages
over SVC and CSC, considering damping of electro-
mechanical oscillations. The most striking difference is the
small influence on CAL damping by direction and
magnitude of power flows. In contrast to CAL both of the
reactive compensation schemes require that the sign of the
gain changes with the active power flow direction. This has
important safety aspects.

The performance regarding load voltage sensitivity and
influence of voltage control can be summarized by Fig. 8. It
shows, for the load situation of Fig. 4 with Pj =0.4 pu and
different load types, a comparison of the treated damping
methods.

Constant power loads

§?0.2

I"

20.2

I0-1
D 0

.gO-2

Id

: •

i

No CSC CAL SVC
Constant current loads

1 '

No CSC CAL SVC
Impedance loads

No CSC CAL SVC
Fig. 8. System damping for constant power, current and impedance loads.

Results with (solid) EMF Dynamics/AVR and without (dashed) are shown.
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It is seen that CAL, like CSC, is equally effective for all
load types, while SVC is strongly depending on the load
type and its voltage sensitivity. The two models differ by
excluding and including AVR respectively. These are
extreme cases regarding voltage variations, since lack of
AVR gives excessive bus voltage variations, while AVR on
the load buses themselves is too restrictive. Thus, a realistic
measure of SVC damping is probably found between the
two extremes.

The CAL rating required for a certain damping is much
less than that of a SVC damping equipment. Considering
that CAL for damping purposes will be an additional use of
an existing system makes it even more economically
attractive.

Since loads affect the generators through the distribution
and transmission network, the power system structure is
crucial when CAL damping is applied lo multi-machine
systems. For a two-machine system control law design is
shown to be simple. As this structure is degenerate, the
results cannot be directly applied to multi-machine systems.
This will be further studied in the continuation of this work.
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Abstract - In this »ork the dynamic performance of FACTS
systems is analysed, with particular reference to first-swing and
oscillation damping effects on system under emergency
conditions. FACTS devices are modelled in terms of regulating
action (phase shifting, series and shunt compensation) and
transfer functions (which characterize the control strategies).
The effects of different regulating actions are compared,
including power considerations, in order to assess the most
adequate control characteristics with respect to network
configuration and requirements.

I. INTRODUCTION

Power transfers have increased on transmission systems
because of load growth and difficulties in locating new
generation plants, often remote from load centres. In
addition new power exchange between defined partners,
inside specific corridors, is expected as a consequence of
deregulation in electric power industry and many
transmission systems today have to operate nearer to stability
limits 11],

It is envisaged that the performance of such systems
may be greatly enhanced, in terms of transport capability
and control (of both active and reactive power flow), by the
use of FACTS devices. Of particular importance is the
possibility of controlling the power flow of parallel corridors
by altering the "natural" flow distribution (otherwise
determined by the system impedances), which would enable
to better exploit and protect the transmission lines.

Bearing in mind the above priorities, the question
arises of whether FACTS devices permits the existing
transmission facilities to be loaded, in the different cases,
without degrading system security under contingency

Paper SPT PS 09- 05- 0627 accepted
for presentation at the IEEE/KTH
Stockholm Power Tech Conference,
Stockholm, Sweden, June 18-22,1995

situations or furthermore whether the presence of these
devices on line may also permit actions in order to improve
stability performance of the system (such as oscillation
stability, transient or first-swing stability, ^synchronisation
transitions).

Although such solid-state based devices have a great
potentiality in (his respect, it is unlikely that control
strategics devised for power flow control, i.e. not necessarily
having an extremely fast time response, are adequate enough
for a fast and efficient action of the actuators in case of
sudden disturbances. More versatile control systems (transfer
functions), capable of suitably instructing the actuators
depending upon the network operating state (normal or
under emergency conditions) are then required.

In the past few years a number of FACTS arrangements
have been proposed - some of them have already been
realised in practice - while there seems to be a lack of
information regarding the control [2). [31.

Aim of this work is to identify control characteristics of
FACTS devices which may enable to enhance the stability
margins still respecting the physical constraints of the
actuators and the requirements set by the power transmission
system in all possible emergency configurations.

II. MODELLING OF FACTS DYNAMICS

A. Modelling FACTS actions

The function of a FACTS system is to control in real
time, concurrently or separately, the parameters which
determine the power flowing through a transmission line,
that is series impedance, magnitude of sending and receiving
end voltages and phase angle between the voltages
(transmission angle). In addition, the ability to control the
power flow rapidly can considerably improve both transient
stability and the of power oscillations.

However, although the actions which a FACTS should
perform are well defined - shunt compensation, series
compensation and phase shifter - their effects on the power
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system dynamics greatly depend upon the characteristics of
the controllers adopted.

The present work is based on detailed dynamic
simulations of a transmission system incorporating FACTS
and for the scope a generalized dynamic model has been
developed which is capable of reproducing the three
regulating actions of such systems.

The equivalent circuit of the model is reported in Fig.l.

Fig.l - Equivalent circuit ol'the FACTS model.

The variable admittance Ysh interprets a shunt
compensation modulated by the control parameter 4'. while
the control parameters otj and aj modulate respectively the
phase shifter transformer action and the series compensating
impedance Z s c .

The circuit of Fig. 1 can be represented by a 2-pon
trunk whose self and mutual admittances are respectively

y _ 1

,( (a,

,."'••

Z,,(cr:)-w;
y _
"

(1)

(2)

(on a per-phase basis Yt] * YJt because of the presence

of the phase-shifter).
This representation enables us to simulate the actions

of FACTS device and to study their effects on the
transmission system by means of a general purpose dynamic
simulation software, which has been developed at the
Electrical Engineering Department of the University of
Padova in collaboration with ENEL-CRA (Automation
Research Centre) [4] for simulating power system dynamics.

The regulating actions are governed by the control
parameters XI'. (xj and aj which, in turn, are determined
through suitable transfer functions (that interpret the
function of the controller) on the basis of system variables
such as voltages, currents, transmission angle, transfer
power etc..

Whereas a FACTS system is designed and used
primarily for real time control of the power flow on
transmission lines under normal operating conditions, it is
recognized that the same system, with the appropriate
control, may also be valuable for improving the transient

stability' margins under emergency conditions and for
damping power oscillations. For these latter actions, which
should be performed on a short lime basis and in strict
accordance with the prevailing system dynamic conditions,
the choice of the correct transfer functions (i.e. control
strategy) is crucial.

It should be noted that this is just one of the forms by
which a FACTS device can be modelled. This model does
not account for the physical arrangement of the device
(either three separate components or a single integrated
device like the UPFC [5]): however, it allows to put in
evidence and to study comparatively the three regulating
actions even when performing concurrently.

B. FACTS actions: power considerations.

A preventive analysis of the steady-state power flow
regimes resulting from the actions of a FACTS device
controlling a transmission line may be carried out with a
matrix analysis approach, where the line and FACTS
components are represented by the corresponding 2-port-
networks which are then connected in series (Fig.2).

Fig. 2 - The line including FACTS as a series of 2-port networks

The transmission matrix MRS between the sending
and receiving ends of the whole line (including FACTS) can
thus be determined simply by a cascade multiplication of all
the elementar}' 2x2 transmission matrixes.

Once Vg . VR (together with Ysj^. p and Xsc ) are
fixed, the sending and receiving end currents can be
computed as

V,-A-VR

B U =
(BC-ÅD)V R +D-V S

B
(3

where Å, B, C, D are the (complex) elements of M R S •
The voltage and current of the generic k-th port can also be
determined as:

l = Mk-Mk,--M, (4
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The knowledge of voltage and current at any
intermediate port enables to determine the actual active and
reactive power interesting the single FACTS sections.
Therefore, not only the beneficial effect of a specific action
can be assessed (in terms of transmitted power
enhancement), but also the actual power balance within the
device, which is a valuable information for an economical
assessment of that specific action.

With reference to the scheme of Fig.3. which represents
the power flow distribution of a generic FACTS, it is of
interest to assess the input and output power requirements
(iij and n0 respectively) for performing the desired action.

4

li, •fc-

k

' ii0

Fig.5 - Apparent power involving the FACTS device respectively for: a) phase-
shift artion: I)) shun! compensation: c) series compensation.

The corresponding apparent power controlled by the
FACTS device is shown in Fig.5; it clearly appears that the
phase-shifter can be more convenient at small angles while
for large angles the series and shunt compensation become
more efficient.

Fig.3 - Power Hows scheme in a line including FACTS

As an example. Fig.4 and Fig.5 report the results of such
an evaluation for a 400 km. 400 kV transmission line
incorpoiating a FACTS placed at mid-length and set to
regulate the transfer power alternatively by a shunt
compensation, phase-shifting and a series compensation as a
function of transmission line angles.

It can be seen that while the series and shunt
compensation gradually become more effective as the
transmission angle increases, the phase-shifting action may
substantially enhance the transferred power at small angles
whereas it becomes less efficient for angles greater than 40-
50 degrees.

[p.u.]

20" 40"
transmission nn

Fig.4 - Power transferred across the line versus transmission angle in the
following cases: a) only phase-shifting (n=-15"): h) only shunt compensation
(Ys_=0.5 p.u.): c) only seriös compensation (degree of comp.-0.2): d) no
FACTS acting.

C. FACTS controller: choice of transfer
functions

A schematic block diagram of the FACTS controller
adopted in this work is shown in Fig.6

»ref +

Fig.6 - Block diagram of the FACTS controller.
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The parameter 4'. which modulates the shunt
admittance, is governed by the voltage magnitude through a
typical SVC transfer function with a proportional type
control [5]. However, with a different choice of transfer
function and system state variable (in other words with a
different control concept) it could have been possible to use
the shunt compensation for damping power oscillations, as
described for instance in [6] [7].

The parameters uj and ot2 control the phase shifter and
series compensation respectively. As can be seen in the block
diagram of Fig. 6. under steady-state conditions a j and a 2

are determined by a level signal (reference transfer power
signal, provided by a central controller) in order to control
the power flowing through the line. In addition, a j and 012
are dynamically modulated by the transmission angle 8 in
order to counteract to angle variations dS/dt (thus for
damping oscillations).

An efficient damping action can be performed only
provided the gain K and time constants Tj and T2 are
correctly set. and the setting of these parameters must be
based on the actual power system characteristics.

It is worth noting that, although the transfer functions for
the phase shifter and the series compensation are similar,
their response on the system may differ considerably.

Qualitatively, this arises from the fact that whereas a
phase-shifter action corresponds to the addition of a given
voltage in series with the line (the resulting phase shift being
proportional to the derivative of 6). a series compensation
corresponds to the addition of a voltage (xc- i). in quadrature
with respect to the current, where the capacitive reactance
xc is proportional to the derivative of 6 but the current i is
strictly related to the value of 6. In other words the series
compensations has approximately a phase shifting effect
which is "amplified" by the transmission angle magnitude.

III. SIMULATION STUDIES

The case study network used for the dynamic simulation
studies is shown in Fig.7. It represents a two areas network
with an uneven concentration of loads (predominantly in the
right end area) and of generation (left end area).

The two interconnecting lines (L7 and L14) are
controlled by FACTS devices which, under normal steady-
state conditions, would regulate the power flowing through
each line in order to enhance the transmission capability of
the corridors. In addition FACTS controllers are set to
counteract power oscillations with phase-shifting and series
compensation action (shunt compensation being used for
voltage support). The first swing and power oscillation
damping effects have been investigated in correspondence of
three major contingencies, i.e.:

Nl

- 0 p u

Fig. 7 - System under investigation

i) loss of generation (G4) in the heavily loaded area:
ii) three-phase fault at bus N1O followed by permanent
tripping of an interconnecting line (L14):
iii) restoration of interconnection (reclosure of LI4).

A previous study' on transfer function response has
allowed us to tune the relevant parameters with the following
suitable values for gain and time constants:

Kv = 0.5 T, =0.1 T,= 0.025

These values have been determined by a preventive
sma'l signal analysis which has enabled us to optimize the
transfer function with respect to the predominant inter-area
oscillation mode.
i) -The outage of the power plant G4 causes an increase of
the power transferred through the corridors.

A typical mode of oscillation (inter-area mode) can be
detected in this case; a phase shifting action of the FACTS,
however, may efficiently damp such oscillations, as shown in
Fig.8a (the result is obtained by considering the simultaneous
action of two FACTS devices, one in each line L7 and LI4).

An amount of angle quite lower than the limit that has
normally been considered (20°) is in this case required
(Fig.8b).
ii) - This is an example of how it is possible to avoid, with a
fast action, the loss of synchronism after a major
contingency. The following fault sequence has been
considered:
a) three-phase short circuit at node N10 at t = 0.15 s;
b) tripping of line L14 at t = 0.35 s.
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Fig.8 - Cast i)- Outage of generator G4:
a) Required angle in phu.se shitting action for damping oscillations.

bJPower on interconnection lines with and without FACTS;

Fig.9 - Cxse ii) - 3-Phase fault at bus N10 and tripping line L14:
a) Transmission angle ofline L7 for the different actioas;

b) Power on line L7 for the different actions.

In absence of any action a loss of the synchronism
between the two areas occurs, as shown by the transmission
angle plotted in Fig.9a.

From the same figures it appears that the phase-shifting
action alone is not sufficient to maintain the synchronism,
requiring the full insertion of a series compensation (which
occurs at t=0.2 s. automatically switched on when the line
angle overcomes 50 degrees).

Although the series compensation is able to maintain

synchronism, the unfaulted interconnection line may still be
subject to dangerous power oscillations (Fig.9b) which can be
efficiently damped by a concurrent phase-shifting action.

In this example the phase shifter has a regulating angle
limited to 20°.

iii) The last case-study has been chosen with regard to the
problem of the re-synchronisalion of two areas in order to
restore the pre-fault regime. The reclosure of the tripped line
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V. BIOGRAPHIES

5 10
Time (s)

Fig. 10 - Case iii) - Line L14 reeliisure: power transferred on line L14 for
restoring pre-fault regime.

causes in fact a series of low-damped, long time and large
amplitude oscillations both in power and in frequency.

In this case a phase-shifting action governed by a
different control strategy has been conceived: the aim is to
restore the power transferred through line L14 without
oscillations and in a "soft" way (Fig. 10). Between the
tripping of the line and the following rcclosure the phase
shifter is adapted to perform the maximum rated action:
subsequently this is properly reduced.

IV. CONCLUSIONS

The use of FACTS to improve system stability has been
investigated. In particular, the controller characteristics of
these devices, with respect to phase shifting and reactive
power compensation, are evaluated in order to control load
flow and damp power system oscillations under normal
operating conditions as well as in emergencies.

On the basis of dynamic simulations of an
interconnected system and taking into account power flows
interesting the FACTS sections (physical constraints of
actuators), suitable control functions has been developed and
tuned to account for different network situations and
requirements. Further developments in adaptive control
strategies are needed with particular concern to practical
aspects.
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Abstract - This paper shows that single layer
perceptrons for non linear problems ( SLPN) are
ideally suited for evaluating the stability of a power
system quickly. However, they need to rely on
classical deterministic techniques for training.

I. INTRODUCTION

Electrical power systems are dynamic and
nonlinear. The changes in demand, generation, line
switching, lighting surges, and faults are the main
causes of the occurrence of those dynamics. Basically
they are classified into three groups depending on
there speed of occurrence. They are the high speed,
intermediate speed, and slow speed phenomena.
Electromechanical transients, which falls into the
category of intermediate speed occurrences (5/60-
50/60 s) plays an important role in power system
stability, as the disturbances may cause the rotors to
loose the synchronism with the system power
frequency. So stability of electromechanical transients
should be more closely considered [1].

The concept of power system stability is by
no means a new subject. It has been discussed for
decades various methods of stability evaluation. Since
the advent of digital computing in early 1960s, the
field of power system stability analysis has undergone
significant advances.

Paper SPT PS 10-01- 0018 accepted
for presentation at the IEEE/KTH
Stockholm Power Tech Conference,
Stockholm, Sweden, June 18-22,1995

A large number of algorithms suitable for
computer solution are available at present. For
example numerical integration methods such as
predictor and predictor-corrector types, Liapunov
method, etc. New techniques such as neural and fuzzy
controllers have been introduced into power system
stability analysis in order to develop more fast and
reliable on-line fault evaluation algorithms.

n . THE STABILITY CLASSIFIER

In the power system stability classification
problem reported here, pattern recognition method are
employed. In this approach we wish to use the
features of a power system x to determine whether
the power system is classified into "stable" or
"unstable" classes. The features x are arranged in a
feature vector X and a scalar function C(X) is used to
classify the system as stable or unstable:

C(X) >
C(X) <

0 : Stable
0 : Unstable

where the function C is known as the
classifier. The important task is to find C. Given the
map of stable points (s) and unstable points (u), in the
X space ( Fig 1 ), we need to find a suitable classifier
for use in the on-line monitoring system. One such
method that has been tried out is Bayes maximum
likelihood test. But this is found to be cumbersome,
rigid and prone to misclassification [2]. So the
alternative approach reported herein is the use
Artificial neural networks in developing suitable
classifiers.
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Y = C(X)

Fig 1 The stability classifier

m . THE PERCEPTRON NEURAL NETWORK

The Artificial Neural Network (ANN) is a
recent teclinology that maps one function to another,
provided enough sample points are given to train the
network. They have been used recently for load
forecasting [3]. The motivation for Neural network in
pattern recognition mainly comes from the fact that
human beings are much better than digital computers
at pattern recognition [2]. So as Neural models are
composed of many non linear computational elements
which are similar to biological neural nets ideally suit
for pattern recognition problems. The Neural nets
have the advantage of their greater degree of
robustness. As Neural net classifiers are non-
parametric and make weaker assumptions concerning
the shapes of underlying distributions than traditional
statistical classifiers, they may prove to be more
robust when distributions are generated by nonlinear
processes and are strongly non-Gaussian [2].

The single layer perceptron (SLP) is one of
the three classes of ANN and suitable for obtaining
the function C. For purposes of training, the feature
vector X is defined as a vector of two primary
variables Xj = 5 and X2 = d5/dt, where 5 is the load
angle of a single generator connected to an infinite
bus. The stable and unstable points are determined
using the classical stability studies. To get the data
pairs for training takes a long time, since over twenty
studies are required. The SLP is now used to find a
function C which separates the stable and unstable
points in the X space. Once we find C it may be used
by on-line computers which monitor 5 and dö/dt
(amongst other parameters), to determine whether the
power system is stable or not.

A. Single layer perceptron for linear classification

The Single layer perceptron for linear
classification (SLPL) has one layer of neurons. Each
neuron is depicted as a circle or node with a value in

it, this value being the input to the layer. A SLPL
structure is shown in Fig. 2. The input function S to

the neuron is a linear function given by,

S = £ WiXj + (-1)\VO

where Wj is the weight of input Xj.
The calculated output 0 is given by, o=f(S).

The calculated output o is compared with the desired
output d and an error value E is calculated as c=d - 0.
Then s is used to update the weights of the inputs. The
equation used to back propagate the error is,

Wi(t+1) = Wi(t) + T^jX; + a(Wi(t)-Wi(t-l))
where x\ is gain term, 0 < a < 1 and 5 is given by,

5 = o(l-o)(5-o)
The main draw back of the SLPL is its limited

capacity. Application of SLPL is only limited to
linearly separable forms of pattern discrimination.
They can be highly unreliable, which makes it not
suitable for power system stability analysis. So more
sophisticated classifiers such as Single Layer
Perceptron Non linear classifier (SLPN), Multy Layer
Perceptrons (MLP), etc. are required.

B. Single Layer Perceptron for Nonlinear
classification (SLPN)

Basically the structure of SLPN is same as that of
SLPL. But in SLPN, nonlinear decision boundaries
are yielded by applying nonlinear functions such a:
polynomial functions of the inputs to the perceptron.
The SLPN model used is shown in Fig. 3.

x l

—

f(S)-

f(S)

1
. + g-CS

Fig. 2. Single Layer Perceptron

2 8 7



polynomial
preprocessor

Fig 3. SLP with nonlinear inputs

The polynomial preprocessor is used to get a
nonlinear input function. So the input function is,

The load angle 8 is taken as input variable xj
whereas rate of change of 5 (d5/dt) is taken as input
variable X2- If necessary higher order input functions
can be introduced. Using this SLPN, a nonlinear curve
C(x) is obtained. It functions as a better classifier than
the classifier obtained using SLPL.

An attractive feature about the SLPN is the
ease with which it learns more about the power system
stability properties with experience. In other words,
the SLPN is an intelligent classifier which adapts
itself when new observation points are added to the X
space. This is exactly the way in which an engineer
leams from experience. A point (XI,X2) which was
taken as a stable point earlier may be found to be
unstable. Then similar to a human control engineer
who get adjusted to the new situation, the SLPN now
changes the classifier to account for this new,
unexpected observation. Hence the SLPN has the
ability to correct itself when false dismissals or false
alarms are observed.

IV. TRAINING PROCESS OF THE SLPN

A. The Back-propagation training Algorithm

The Back-propagation training algorithm is
used for training the SLPN. It is designed to minimize
the deviation of the actual output of the perceptron
from the desired output value. After the suitable
perceptron structure is developed the following
procedure was followed.
1. Initialization of Weights

All weights were set to small random values.

2. Feeding the Input and desired output
values.

A known input datr; set with corresponding
outputs were stored in a data file and
presented at the inputs cyclically.

3. Calculation of Actual Outputs

• The input signals are weighted and
integrated using the input function,

• The actual output O = ~[S) is calculated
where f(S) is the logistic sigmoid
activation function given by,

f(S) = "cs

• The error derivative 5 is calculated using
the equation,

5 = o(l-o)(5-o)

4. Adaptation of weights

The weights were recursively adjusted.
The equation which governs this process
is,

By adding a momentum term the
convergence was made faster.

= W|(t)

5. Repetition

The procedure was repeated from step 2
until all the weights get stabilized.

B. Feature vectors used for training
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The data set used for training the SLPN is
illustrated in Fig 4. Points S and U represents
tlie stable and unstable points respectively.

V. RESULTS

The linear and nonlinear classifiers obtained
using SLPL and SLPN respectively are shown in
Fig 5.

It is clear from the results, the nonlinear
classifier obtained using SLPN is more close to the
desired classifier. Also it can be seen that the linear
classifier gives incorrect interpretation of the situation
at many points. Therefore the linear classifier can be
highly unreliable.
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Fig 4. Data set used for training the SLPN
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In this paper, we have only considered
development of a nonlinear classifier using Single
Layer Perceptron (SLP) with a polynomial pre-
processor. But alternatively nonlinear mapping could
be acliieved using Multy Layer Perceptrons (MLP).
Due its strong capability of nonlinear mappings, MLP
approach may give more accurate results. So more
research works on various MLP models should be
carried out in order to develop highly reliable
nonlinear classifiers.

VD. SUMMARY

The pattern recognition method for stability
evaluation of power systems can be approached using
neural networks. The robustness and ability of parallel
processing of neural nets makes them ideal for on-line
stability evaluation. Amongst the three methods
considered, polynomial approach makes the
development process of the neural net simple.
Although the MLP approach gives much accurate
results, the weight adaptation process of MLP is much
slower and tedious task. Furthermore, once the SLPN
is properly trained, it will converge to an unique
global solution.
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Fig 5. The stability classifiers obtained using SLPL
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VI. FUTURE
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Abstract — Traditionally, three approaches have been used
to perform simulations of various power system phenom-
ena: analog, digital, and hybrid. In this paper, a novel
approach for rapid transient stability simulation based
on artificial neural networks (ANNs) is proposed. The
power system is broken down into components, each of
which is represented by a distinct ANN module. These
modules are individually trained and then brought
together to form an integrated ANN power system simula-
tor capable of emulating transient stability behaviour.
Results obtained on a 32-bus test system including hydro
and steam units, complex excitation systems, power sys-
tem stabilizers, SVCs and nonlinear load models show
that high quality simulation can be achieved using this
approach.

Keywords: artificial neural networks, transient stability,
simulation.

I. INTRODUCTION

Three approaches have so far been used to perform
simulations of various power system phenomena: analog,
digital, and hybrid. Analog simulation technology was ini-
tially introduced in the late 1920s [1], yielding high quality
real-time performance but suffering a number of draw-
backs such as a lack of flexibility and the need for large
quarters to house the simulator. Furthermore, sophisti-
cated simulators are costly to build, to operate and to
maintain. As a result, such simulators are owned by a very
few utilities and are used mainly to study small to
medium-sized networks, although large networks can be

Paper SPT PS 10- 02- 0172 accepted
for presentation at the IEEE/KTH
Stockholm Power Tech Conference,
Stockholm, Sweden, June 18-22,1995

modeled if sufficient simulator components are available
[6]. Digital simulation of transient stability phenomena
was introduced in the 1950s [2], followed by that of elec-
tromagnetic transient phenomena in the late 1960s [3]:
this employs numerical algorithms executed on general-
purpose or specialized hardware [4,5]. Digital simulators
are more flexible and compact than analog simulators,
and can model very large networks, but increasing simula-
tion speed to achieve real-time performance with such
networks requires costly, leading-edge computer
technology. Hybrid simulators [6] combine the advan-
tages and disadvantages of both of these two techniques.

In this paper, an entirely different approach is pro-
posed for performing rapid transient stability simulation,
based on artificial neural networks. Artificial neural net-
works (ANN), whose operation is based on certain known
properties of biological neurons, comprise various archi-
tectures of highly interconnected processing elements
that offer an alternative to conventional computing
approaches. They respond in parallel to a set of inputs
and are more concerned with transformations than algo-
rithms and procedures. They can achieve complicated
input-output mappings without explicit programming
and extract relationships (both linear and nonlinear)
between data sets presented during a learning process.
ANNs are massively parallel, so that, in principle, they are
able to respond with high speed. Furthermore, the redun-
dancy of their interconnections ensures robustness and
fault tolerance, and they can be designed to self—adapt
and learn [7].

In this work, these strengths are exploited to demon-
strate the feasibility of building an ANN transient stability
simulator. Essentially, the power system is broken down
into components, each of which is represented by a dis-
tinct ANN module. These modules are individually
trained and then brought together to form an integrated
ANN power system simulator capable of emulating tran-
sient stability behaviour. Results obtained on a 32-bus
test system (see Appendix) including hydro and steam
units, complex excitation systems, power system stabiliz-
ers, SVCs and nonlinear load models show that high qual-
ity simulation can be achieved using such an approach.
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Fig. 1. Type of linear ANN used (ADALINE)

II. TYPE OF NEURAL NETWORK USED

Many types of ANNs have been developed based on
either linear or nonlinear neurons. In principle, if a prob-
lem is nonlinear, the use of nonlinear neurons (i.e. neu-
rons whose output is filtered through a nonlinear activa-
tion function) is a good starting point for building an
appropriate ANN. However, ANNs with linear neurons
(i.e. neurons with no activation functions at the output)
can also be trained to associate input vectors with desired
(target) outputs, and to approximate any reasonable func-
tion linearly, especially when feedback is used [7]. Addi-
tionally, linear ANNs have practical advantages which
make them attractive. For example, such ANNs have a
parabolic error surface [7], hence a unique minimum:
when they are trained, a single minimum error can be
reached with the knowledge that it is indeed a global mini-
mum. Alternatively, ANNs based on nonlinear neurons
usually exhibit many local minima: such ANNs are there-
fore more difficult and lengthy to train for a given desired
output error. Though many aspects of power system tran-
sient behaviour are nonlinear (the swing equation, satura-
tion in transformers and control systems, etc.), the present
paper shows that it is possible to build a power system
transient stability simulator based on a particular linear
ANN technology, the simple adaptive linear element
(ADALINE), combined with the use of feedback.

The present ANN transient stability simulator was
constructed using the MATLAB neural net toolbox [19]
on a SUN Sparc 10 workstation. This software permits the
simulation of many different types of artificial neurons
and their subsequent connection into large ANNs. The
present work, though not a hardware implementation,
establishes the feasibility of the concept.

III. MODELING THE POWER SYSTEM

The basic concept underlying the ANN transient sta-
bility simulator is as follows: the power system is broken
down into a number of pieces which are a) trained sepa-
rately and b) interconnected to perform the required sim-
ulations. For this strategy to succeed, the following two
challenges must be addressed:

1) The power system must be divided into modules
such that the physical quantities used to intercon-
nect the ANN modules must remain continuous
regardless of modifications brought to the ANN
modules in order to model changes in power system
topology. This is because topological changes such
as i) the application of faults, ii) the removal of
faults, and iii) the corresponding removal of lines,
transformers or other major transmission system
elements are inherent to simulating large scale dis-
turbances.

2) An appropriate training strategy must be identified.
This strategy must meet several contradictory objec-
tives: i) it should be simple enough that it can be eas-
ily applied to any network, ii) it should result in as
few simulations as possible, and yet iii) yield a rich
training set.

In the present paper, 1) is resolved by dividing the
power system into two distinct types of ANN modules:

i) generator modules (including turbine, speed gover-
nor, excitation system and power system stabilizer)
for every generating station in a network. The field
voltage E and its angle å behind the machine reac-
tances are the outputs of this module (Fig. 2); and

ii) a single additional module representing the remain-
ing elements of the power system, including all
time-varying machine reactances, the transmission
network and system loads. Machine output power
and complex terminal voltage at every individual
generating station represent the minimum output
requirements of this module (Fig. 5). When active,
high-power voltage control devices such as SVCs
need to be considered, these can also be included
within the electrical network module, as demon-
strated in the present paper.

As for 2), an appropriately rich yet small training set
was found to be generated by applying a normal contin-
gency (i.e. three-phase, six—cycle fault with loss of line)
at or very near every individual generating station. This
set contains at least one severe case for each and every
generating station while including combinations of both
easy and severe contingencies for all the generators. The
ANN modules are examined next in greater detail.

A. The ANN Generator Module

The outputs of the ANN generator module (Fig. 2)
at time / are the internal field voltage magnitude E(t) and
angle å(t). The inputs to this module include present and
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Fig. 2. ANN generator module: generator internal volt-
age and angle are outputs; real electrical power, terminal
voltage magnitude and angle, and feedback are inputs.

past values of the complex generator terminal voltage v(t)
(i.e. voltage magnitude v(t) and angle 8(t)) and the real
electrical power P(t) at the generator bus. The inputs also
include feedback from the output in the form of past val-
ues of E(t) and d(t). These represent the minimum num-
ber of physical quantities required at the input of the tur-
bine, speed governor, excitation system and power system
stabilizer models for them to be effectively represented by
means of an equivalent ANN module. In addition to
these, a binary control signal is used to indicate a change
in topology of the electrical network in order to increase
the efficiency of the training process: the value of this sig-
nal is 0 except during a fault, in which case it is set to i.

Training sets were obtained by running the ST600
transient stability software [8] for a three-phase fault of
six-cycle duration with subsequent loss of line at or near
every generating station in turn (i.e. seven in all) on the
test system described in the Appendix. As only linear
ANNs are used, the subsequent training was extremely
rapid, of the order of 1.5 minutes for all 7 generators.
When machine parameters are varied, simulations and
training must be repeated.

The validation of the ANN generator modules was
performed with cases not included in the original training
set. In Fig. 3, the outputs of one ANN generator module
are validated with results from ST600 for a severe contin-
gency (fault near the generator). These results show that
the generator ANN module is capable of accurately esti-
mating field voltage and angle behaviour.

— ^s* ST600 output

2.29

2.28
1OO 200

(a) Time (cycles)
3 0 0

ANN output

4 0

ST600 output

100 200
(b) Time (cycles)

3 0 0

Fig. 3. ANN generator output at bus 4 (Claude) for 3<(>
fault applied at bus 7002 with subsequent loss of line
7001-7002. (—ST600 output -ANN output).
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Fig. 4. Effect of varying the number of past points on
the accuracy of the simulation: a) ANN generator
module, b) ANN electrical network module.
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Fig. 5. ANN electrical network module. Inputs are the
generator internal voltages and angles; minimum outputs
are real electrical power and complex voltage at all gener-
ator buses. Here, reactive power and frequency are also
monitored. Note observer for nongeneration buses.

The ANN generator module gives excellent results
for many different combinations of turbine-speed gover-
nor (i.e. hydro and steam), excitation system and power
system stabilizer models when 16 past one—cycle t ime-
steps are used for each of the five input quantities (i.e. dc
= 16). Tests using inputs not included in the training set
show that fewer than 12 and greater than 24 past t ime-
steps respective!1/ cause large error or premature diver-
gence of the simulation (Fig. 4a).

B. The ANN Electrical Network Module
The electrical network is modeled as a single ANN

module (Fig. 5) including transmission system, system
loads, time-varying generator reactances (i.e. Xd", Xj',
Xj) and SVCs (when present). The inputs to this module
are the internal voltages Ej and angles fy of each of the n
generators. The minimum output quantities required to
integrate all of the ANN modules as a complete simulator
are the real power/5/, voltage magnitude vy and respective
angle 9j at every generator terminal. Other quantities
such as generator reactive powers Q and frequencies^ are
equally of interest and are consequently monitored.

At nongeneration buses, complex voltages v, and fre-
quencies)? can often be useful in analyzing results. The
network module is therefore enhanced to include an
observer of these quantities for as many buses as desired.
Though presented here as part of the main electrical net-
work module, this observer can in fact be trained sepa-
rately and used as a stand-alone module.

2OOO

15OO

5OO

. ST600 output

ANN output

1OO 2OO
(a) Time (cycles)

3 O O

15OO

1000

5 O O

ANN output

ST600 output

10O 2OO
(b) Time (cycles)

3 O O

Fig. 6. Real and reactive power at bus 4 (Claude) for
3<J) fault at bus 7002 and subsequent loss of line
7001 -7002 (—ST600 output -ANN output).

For every contingency to be simulated, two different
network topologies are required: i) one corresponding to
the network under fault (i.e. on-fault) conditions, and ii)
another corresponding to the post—contingency network
topology. In the present paper, a single ANN electrical
network module is used to represent each one of these dif-
ferent network conditions. If many contingencies are to
be studied, a pair of dedicated ANN modules is required
for every one. Using this approach, a single transient sta-
bility simulation is needed to train each individual ANN
module. Fig. 6 compares outputs of the ANN electrical
network module with outputs from ST600 for the network
of Fig. 9 (for the same contingency used to train the
ANN): almost identical results are obtained.

The number of inputs required to obtain an accurate
simulation is large in comparison to the ANN generator
module: each input quantity requires past data on the
order of 180 time steps. This number was found by trial
and error as no straightforward way could be found to
determine the order of the system as in the case of the
ANN generator module. If an insufficient number of past
points is used (i.e. 170), there appears to be insufficient
data input to the ANN and the simulation diverges prema-
turely (Fig. 4b) when the 16-point ANN generator mod-
ules are integrated to the ANN electrical network. Simi-
larly, when too many points are used (i.e. 200 points), the
system is overdetermined and again the simulation
diverges prematurely (Fig. 4b).
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IV. INTEGRATING THE ANN MODULES

The integrated ANN simulator concept (Fig. 7) was
tested on a number of different contingencies for which it
had not been trained. Fig. 8 presents results monitored at
generator bus 11 for a particularly severe contingency: a
three-phase fault is applied at bus 7006 with the subse-
quent loss of the line 7002-7006 carrying 1521 MW (i.e.
16.5% of the total generation). The integrated ANN sim-
ulator generates outputs with negligible error when
compared to the equivalent ST600 simulation.

V. CONCLUSION

In this paper, the concept of using ANNs for per-
forming power system transient stability simulations is
shown to be feasible. By taking advantage of the powerful
mapping ability of ANNs, individual components within
a power system can be modeled and trained separately,
and integrated afterwards for the purpose of emulating
complex transient stability simulations. Once the training
set is available, the training process is extremely rapid due
to the use of linear ANNs. Though the ANN network
module is presently trained specifically for an intended
contingency, results from a 32-bus test system including
hydro and steam units, complex excitation systems, power
system stabilizers, SVCs show that high quality simulation
can be achieved for severe contingencies not included in
the generator training set.

Nevertheless, much remains to be done before ANN
simulators become a practical reality. For example,
though extremely short simulation times are expected
from a dedicated hardware implementation of this con-
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100 200
(b) Time (cycles)
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Fig. 8. Testing the integrated ANN module:
quantities at generator bus 11 (Raymon) for a 3<|>
fault applied at bus 7006 and subsequent loss of line
7002-7006 carrying 1521 MW. (—ST600 -ANN).

cept, we have yet to quantify the expected gain in com-
putational speed. Additionally, the ANN electrical net-
work module requires further research in the areas of i)
minimizing the number of inputs, ii) performing training
without the need for previous transient stability simula-
tions and iii) maximizing the number of topologies sup-
ported by a single module. Future work must also focus
on determining the limits of ADALINE technology for
strongly nonlinear power system phenomena, on adapting
this approach to transient stability transfer limit deter-
mination, and on techniques for rapidly constructing
ANN simulators for any network.

VI. APPENDIX: THE SIMULATED POWER SYSTEM

The data for the 32-bus test system is tabulated in
[8]. This system (Fig. 9) has many complex features
including ac voltages ranging from 13.8 to 735 kV, hydro
and steam generating stations, static excitation systems,
power system stabilizers and static VAR compensators.
The initial load flow for all simulations has a total genera-
tion of 9217 MW. A dc line normally found between buses
1200 and 3007 was removed for the present study.
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Abstract. - The paper describes a highly reduced structure
Tor dynamic equivalents of sub-transmission networks connect-
ed at the periphery of a transmission system under study. Each
sub-network is reduced to one machine, two busses and one
branch, but at first it must be isolated from other sub-networks
and rendered radial with respect to the main network. The pro-
posed cquivalencing process is tested on a configuration of the
Hydro-Quebec network and results of validation tests suggest
that the reduced equivalent network retains the dynamic per-
formance of the detailed network with reasonable accuracy.

Keywords. - Dynamic equivalents, real-time simulators, tran-
sient stability.

1. INTRODUCTION

As the equipment installed in power systems becomes
more complex, the need to verify and optimize its perfor-
mance on real-time simulators is gaining increasing impor-
tance. This in turn has driven modern power system simula-
tors to greater sophistication, demanding that, in addition to
their existing capability in the area of switching studies, they
also be capable of reproducing the dynamic behavior of the
system so that control systems of new apparatus can be stud-
ied in a "closed loop" environment. This requires that the
simulation include dynamic modelling of all important equip-
ment within the study area and also dynamic equivalents of
sub-transmission networks and loads.

The resulting simulator then also becomes suitable for oth-
er studies requiring an acceptable dynamic response. "With
the speed at which tests could be done (real-time) an attrac-
tive application would be the study of power system dynam-
ics and transient stability limits.
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The derivation of dynamic equivalents has been the subject
of numerous publications, a good listing of which can be
seen in [1-3]. Many of the methods favor the identification
and aggregation of coherent generators, following the initial
suggestion made by Podmore and Germond [4, 5]. A sys-
tematic approach using this coherency concept has been prac-
tically implemented in the program DYNRED [6]. However,
while such methods have given reasonably good results [7],
they still do not offer sufficient reduction for application on
the real-time simulator where hardware limitations impose
additional constraints. In the latter case, the approach is more
related to the geographical locations of the machines, calling
for an aggregation of machines in the same area.

One such approach is described in this paper. The approach
implies, first of all, the identification of peripheral sub-net-
works, which are then reduced to very simplified equivalents,
each with only one machine, one machine bus and a branch
connecting this bus to the interconnection bus of the main
network.

The application of this approach to one configuration of
the Hydro-Quebec system has been tried and the results are
presented here along with outlines of the methods used in
the aggregation processes. The performance of the system
using the reduced sub-networks is compared with that ob-
served for the detailed representation. The results appear to
be satisfactory and confirm the validity of the approach
adopted.

2. THE SYSTEM STUDIED

The system studied was the Hydro-Quebec summer 1992
configuration.

In this configuration the total generation was about
18000 MW. Of this, about 7000 MW came from four major
generating stations up in the north feeding directly into the
735 kV transmission network. Each of these stations was
represented by a single machine. No significant reduction is
involved here since the machines in each station are similar.
The remaining generation of 11000 MW came from 43 ma-
chines distributed widely, most of them near the load centres,
but connected to the system at the sub-transmission voltages
of 315 kV and 230 kV.
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Fig. 1. One-line diagram of the reduced network

In order to reduce the number of machines, seven sub-
transmission networks were identified and all the machines
in them were reduced to seveu machines, one per sub-net-
work. Eight other sub-networks were identified which had
no generation. Each of these were reduced to a single equiv-
alent load. Table 1 shows the characteristics of these 15 sub-
networks grouped in two categories : those with generation
and those without. The system also had two static compen-
sators and one synchronous condenser, and these were re-
tained as is. The reduced network is shown in Fig. 1.

TABLE 1

CHARACTERISTICS OF THE SUB-NETWORKS TO REDUCE

Without generation

name

DUV3
HER3
BCV3
BCV2
NIC2
CAR2
LEV2
LEV3

1 oial:

No. of
loads

14
11
8
11
10
7
12
19
92

No. of
busses

18
18
10
15
20
9
15
39
144

No. of
branch.

21
28
10
19
25
11
20
53
187

With generation

name

MJC3
CHE3
CHA3
MAU3
ABI3

MAN3
LTD3

Total:

No. of
mach.

3
10
2
9
5
6
6

41

No. of
loads

28
11
20
9
8

24

100

No. of
busses

7
51
20
41
23
20
37

iyy

No. of
branch.

6
64
25
50
33
25
48

251

3. THE REDUCTION PROCESS

The equivalencing method adopted, is based on the
assumption that the sub-network is mono-port (or radial), that
is, connected to the principal network at one point only. The
first step in the reduction process is therefore to identify suit-
able sub-networks that are either naturally radial or can be
so rendered. This approach is justified in the case of the Hy-

dro-Quebec network studied, where many of the sub-net-
works are naturally radial and only a few of them need to
be isolated by the removal of one or two links. These links
are identified on the basis of knowledge of the system but
the disconnections are tested to ensure that the following two
criteria are satisfied : (i) the net flow from the principal net-
work to the sub-network (active and reactive power) is main-
tained, and (ii) the contribution to the short-circuit level at
the interconnecting bus from the sub-network be maintained
approximately the same.

Having identified a mono-port sub-network, the reduction
process could follow one of two alternative paths, depending
on whether there is generation or not in the sub-network. For
the more general case of a sub-network with generation, it
involves the following steps :

• the reduction of the branches and shunt elements to a sin-
gle n equivalent;

• the aggregation of the generators and the definition of an
equivalent machine including the associated turbine model
and circuits for voltage regulation, speed regulation and
any stabilizing function that may be present;

• the aggregation of the loads and the definition of one or
two equivalent loads and their placement with respect to
the interconnection bus.

The case where there is no generation is treated as a special
case of the above mentioned general case.

3.1 Network reduction

All the machines in the sub-network are first treated as
voltage sources acting on internal machine nodes behind their
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respective transient reactances (X'j). The initial differences
in the internal voltages are ignored for the purposes of study-
ing the dynamic response of the system. All the internal
nodes are therefore joined together to form a common inter-
nal machine node (IMN).

The loads are removed and the resulting admittance matrix
is reduced to a single II equivalent as shown in Fig. 2a.

Separately, an equivalent machine d-axis transient reac-
tance (X'deq) is calculated from a weighted mean of the re-
ciprocal of the individual reactances, the weighting factors
being the ratings of the machines (.Snom), as per (1)

X'deg
(O

where Snomei] is the rating of the equivalent machine, equal
to the sum of the ratings of the individual machines; that is:

Snom = Snom. (2)

The reactance X'^eq is then extracted from the II equiva-
lent and a new equivalent is obtained as in Fig. 2b.

The equivalent reactance X'^eq is finally replaced by a de-
tailed model of an equivalent synchronous machine (Fig. 2c)
whose parameters are weighted averages of those of the in-
dividual machines as described below.

3.2 Parameters of the equivalent machine

With the reactances of the equivalent machine calculated
as indicated f o r X ' ^ in (1) and its total rating as in (2), the
rest of the parameters are calculated as weighted averages
on the basis of direct proportionality. Thus any parameter of
the equivalent machine peq is given in terms of the parame-

M

3a : two equivalent loads

ters of the individual machines pt as

Snom, (3)

The parameter p could be any parameter other than an im-
pedance, including inertia constants, time constants, gains,
limits, etc. In the case of parameters of the turbine, the me-
chanical rating Pnom was used in place of Snom.

For the control circuits such as voltage regulators, speed
regulators and stabilizers, a common structure is assumed.
This could be based on the largest machine of the group or
on the aggregate of a number of machines having the same
structure. The control circuits of the other machines are then
approximately reduced to the common structure and the pa-
rameters of the equivalent calculated as indicated in (3).

3.3 Aggregation of the loads

The chosen structure of the reduced equivalent allows for
the loads to be aggregated in two groups; one placed on the
machine bus M and the other on the interconnection bus N
(Fig. 3a). The choice of the bus to which any particular load
is aggregated is determined by its electrical distances [8]
from the two busses, the shorter distance being favored.

In some cases, the loads and machines are so closely
grouped that all the loads can be aggregated into a single
load placed at the bus N (Fig. 3b). On the other hand, for
those cases where the loads are spread over long distances,
an attempt to aggregate them all to the interconnection bus
N could result in an excessively high voltage at the machine
bus M. This results from the constraint that the flow of active
and reactive power into the sub-network from the main net-
work must be maintained the same for the equivalent.

In the present study it was indeed possible to aggregate
all the loads at the bus N except for one sub-network where

r1

3b : one equivalent load

Fig. 3. Placement of equivalent load(s) in the reduced network

3c : in the absence of generation
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two equivalent loads were necessary, one at M and tlie other
atN.

In those sub-networks where there is no generation, there
is only one reference bus, that is the bus N. The concept of
distance can still be applied by aggregating all the loads on
a single bus located at some average electrical distance from
the bus N. However, the present study experience suggests
that no significant gain in precision results, and the approx-
imation of aggregating all the loads on the network bus N
is acceptable (Fig. 3c).

3.4 Parameters of the equivalent load(s)

Each of the individual loads were characterized by the fol-
lowing equations :

I f \+Fq fjo

ap = aq = 2 if V< Etmin

«

(5)

(6)

where P and Q symbolize the active and reactive powers of
the loads; V the voltage,/the frequency at the load bus; Fp,
Fq and ap, aq are the parameters that characterize the de-
pendence of the load on the frequency and the voltage re-
spectively. The index o symbolizes initial values and Etmin
is the limiting value of V below which the load behaves as
a constant impedance load.

The following equations describe how the various param-
eters of the equivalent load were calculated for the general
case where there is generation in the sub-network.

Oeq I Pn,Oi on, (7)

<?9

I N Wi

2 N

|öo;|

Fp
eq

F < ? ,

SQ! Etmin.

where

Etmin

S0l =

2.^0/

(8)

(9)

(10)

(11)

For the case where two equivalent loads are used, the
above equations apply separately for each group.

For the case where there is no generation in the sub-net-
work, the equivalent load is simply the power entering the
sub-network from the main network. Its characteristics are
however determined as for the general case using (8) to (11).

4. VALIDATION

The above reduction process was applied to the 15 sub-
networks identified in Table 1. A total of eight sub-networks
hid no generation. Here, the total of 92 loads, 144 busses
and 187 branches were reduced to eight loads and eight bus-
ses (the interconnection busses).

In the case of the sub-networks with generation, the 41
machines were reduced to seven, the 100 loads to seven (one
equivalent with no load and one with two), the 199 busses
to 14 and the 251 branches to seven.

The first step in the validation process is to establish that
the process of radialization did not introduce any errors of
its own. Results of a typical check of this are shown in Fig. 4.
A three-phase 6 cycle fault with some fault impedance was
applied at bus MIC7 followed by the removal of the line
MIC7-SAG7 (Fig. 1). The behaviors of the voltages at the
busses MIC7, RAD7 and NIC7, as well as the angles at
MIC7 and RAD7 relative to NIC7, are shown for two con-
figurations of the detailed network : with and without the
interconnections between the sub-networks. The two curves
in each of the graphs of Fig. 4 are practically coincident
showing clearly that the disconnection (radialization) of the
sub-networks does not affect the behavior of the system. In
the comparisons that follow, the radialized detailed system
is taken as the reference.

A number of tests were carried out to validate the reduc-
tion process. The results of three tests have been chosen for
presentation here. These are :
(i) three-phase fault of 6 cycles duration at RAD7, cleared

by removal of one line between RAD7 and NEM7;
(it) three-phase fault of 6 cycles duration at NIC7, cleared

by removal of the tine NIC7-BCV7;
(Hi) three-phase fault of 6 cycles duration at MIC7, cleared

by removal of the line MIC7-SAG7 (as in Fig. 4).
In each case a small fault impedance was used to have a
fault voltage of about 0.4 p.u.

These tests are considered bench-mark tests for the Hydro-
Quebec system: there is a DC line between RAD7 and NIC7
(not included in the present study); and furthermore, under
normal operation the system is particularly sensitive to a fault
at MIC7.

Fig. 5, 6 and 7 show the results of these tests in terms of
the voltages at RAD7 and NIC7 with the angle between
them. In Fig. 7 (fault at MIC7) the voltage and angle at MIC7
are also shown.
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5. CONCLUSIONS

The results of the validation tests show that, for the system
studied, the reduced equivalent has retained reasonably well,
the dynamic behavior of the system obtained using the de-
tailed representation. Such equivalents give a new dimension
to the real-time simulator which can now be envisioned for
study of a range of dynamic phenomena including, for ex-
ample, transient stability assessment for which the speed of
execution (real-time) could be particularly attractive. Such
reductions could also be used to advantage in transient sta-
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bility studies using other methods when a large number of
tests have to be done [9, 10].
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Abstract - This paper presents the realization of a tool for the
transient stability assessment of an electrical power system
based on direct methods of the TEF (Transient Energy
Function) type. The tool developed under a widely adopted
software, permits the evaluation of the critical clearing time of
assigned perturbations and the computation of an index which
quantifies the degree of stability of the power system with
reference to the considered contingency. The set-up and tuning
phase of the TEF tool by comparison with time-domain
simulation is presented.
Guidelines are provided for the use of the developed TEF tool
as the numerical engine of an expert system. A possible
application to Dynamic Security Assessment (DSA) within an
Energy Management System (EMS) environment is suggested.

key words: dynamic security assessment, transient stability, direct
methods, expert systems, energy management systems.

I. INTRODUCTION

In the past years security assessment was essentially
performed by a steady-state analysis of the system in
response to credible outages: the tools generally used were
based on load-flow programs in order to determine violation
of voltage or power flow limits. More recently, the
increasing necessity of operating electrical systems near to
their limits because of difficulties in building new power
plants and transmission facilities and the stringent
requirements posed by the management of modern power
systems (characterized by a large amount of distributed
generation) have greatly increased the interest in Dynamic
Security Assessment (DSA) [1]. Moreover the more and
more stringent requirements about the capability of the
system to withstand even severe disturbances requires that
power system operators are also given on-line precise
information about the dynamic condition of the system, i.e.
information about its transient stability behaviour.

The security assessment for what concerns dynamic
aspects is carried out after static security with the aim of
investigating if undesirable transients caused dangerous
situations in the system [2].

Within the concern of transient stability, the most precise
and used tool in off-line analysis is time-domain simulation.
Although highly reliable and accurate, simulation does not
appear to be as much as suitable for on-line analysis at least

Paper SPT PS 10- 04- 0317 accepted
for presentation at the IEEE/KTH
Stockholm Power Tech Conference,
Stockholm, Sweden, June 18-22,1995

for two reasons: it is computationally demanding and
therefore relatively slow (at least for large systems), and,
moreover, it only provides responses of the yes/no type (i.e.
stable/unstable) without giving a quantitative measurement
of the degree stability nor information about sensitiveness to
changes in power system parameters.

Transient stability can be assessed by means of other
analytical tools named "direct methods" which do not
require the time-domain integration of the differential
equations governing the transient behaviour of the system.
For on-line analysis the advantages provided by direct
methods become quite significant, as the great research
effort of the last decades synthesised in recently published
books [3], [4], [5] can attest: results are accurate enough,
they can be obtained quickly and moreover these methods
allow the computation of an index which states whether the
system is stable or not and how much it is stable. On the
other hand some important limitations, which make them
applicable only to first swing analysis, can be attributed to
direct methods such as the necessity of using very simple
models of power system components and loads [6].

It is also to be considered that the management of an
electric power system is a quite complicated task which is
generally carried out at specific centralized locations named
Energy Management Systems (EMS). At an EMS the
operator is required to investigate the behaviour of the
system following any possible disturbance and is responsible
to take decisions for the most secure and economic
management of the electrical system. Therefore DSA is just
one of the tasks which are required to be performed. It
appears of great interest that DSA can be integrated into the
hardware and software environment of an EMS [7] also
including advanced tools based on information technology
such as expert systems which can help the operator in
recognising critical conditions, in classifying alarms, in
solving doubtful situations, in evaluating the correctness of
proposed remedial actions in order to keep the system in a
secure state or take it back to a more secure one [8], [9].

This paper presents the setting-up of a tool for transient
stability assessment based on a direct method of the TEF
(Transient Energy Function) type. The tool, developed under
the widely adopted software MATLAB [10] is intended as a
module to be used as a numerical engine by an expert system
which receives network data from a SCADA system or from
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an EMS operator and judges about the security of the
electrical system.

A summary of the theoretical aspects which are the basis
for the adopted TEF method [11] is presented in the next
section. The adopted TEF module can be used in two ways:
given a set of contingencies (characterised by network
topology, load conditions, fault location and duration) it
evaluates a stability index for each fault so that a
contingency ranking can be presented to the operator;
otherwise, in an off-line use, it can estimate an approximate
but credible value of the clearing time.

Work is in progress in order to include the TEF module
into an expert system to be used as ?n EMS operator's aid for
dynamic security assessment. A description of the expert
system, which is under development in a workstation
environment is presented together with preliminary results.

II. DIRECT METHODS FOR
TRANSIENT STABILITY ASSESSMENT

A. Generalities

The determination of the stability of a power system can
be carried out by means of time-domain simulation or by
direct methods. Time-domain simulation performs the
calculation of swing curves by numerically integrating the
differential equations governing the balance between
generated and demanded powers. Investigation of the plots
of swing curves for each machine of the power system
reveals if some instabilities had occurred. Results are
accurate as a detailed modelling for power system
components, control systems and loads can be adopted.

Direct methods are generally based on extensions and
adaptation to real situations of the equal area criterion and of
Liapunov functions 13], [6]. The bases of these methods are
the definition and computation of a potential transient
energy VPE and a kinetic transient energy Vj^ which are
added up to form a total Transient Energy Function (TEF) V
for the whole system.

Following a perturbation and as far as this perturbation
lasts (fault-on period) the system potential and kinetic
energies undergo transient changes which result into a
mutual transition from one type of energy' to the other. After
the fault removal (post-fault period) the system will be stable
if the kinetic energy accumulated during the fault-on period
can be adsorbed and converted into potential energy so that
the system will settle into the old or into a new steady-state.
This capability is practically determined by the initial
steady-state and by the post-fault network configuration [11].

There are different versions of the energy functions and
the already cited references [3], [4], [5] can provide a very
detailed analysis on the matter. The energy function adopted
in the present paper is taken from [4] and is reported below.
Symbols and analytical considerations useful for
understanding the origin of the TEF approach are reported
in Appendix.

It should be noted that the adopted TEF uses the concept
of the center of inertia (COI) reference frame.

V = i.£.M,<o? - £(P,m - E? .
*i=i 1=1

(1)

Inspection of (1) evidences the presence of four terms: the
first term represents the total change in kinetic energy of all
generators with respect to COI (or equivalently, the change
of kinetic energy of all generators minus the change of
kinetic energy of COI). The second term is the change of
potential energy of all generators with respect to COI. The
third term is the change of the magnetic energy stored in
branch ij. The last term is the change in the dissipation
energy of branch ij.

The evaluation of this last term requires the determination
of an integral which depends on the trajectory of the system.
Neglecting the transconductances Gy of the reduced matrix
of the power system (i.e. setting Gjj=O)• would avoid the
necessity of computing it. The mentioned approximation,
however, is a very drastic one as also the active part of loads
is included in the terms Gij of the power system reduced
matrix. Anyway again in [3], [4], reference is made to early
research efforts which, based on a linear trajectory
assumption, found out an approximated expression of the
dissipation energy in terms of initial and final angles.

Researches concerning TEF [4] also pointed out that not
all the transient kinetic energy contributes to system
instability, that is to say to the separation of the generators
most affected by the disturbance ("critical generators") from
the remaining generators (the "rest of the system"). Some of
this kinetic energy is responsible for intermachine
oscillations. By properly defining a set of critical generators
("critical cluster") and by separately considering those
generators pertaining to the rest of the system ("stable
cluster") it is possible to evaluate a corrected kinetic energy
given by:

where:
v« _

Mml+M5Ub

whereas other definitions are reported in Appendix.
The first term in (1) concerning the kinetic energy of the

system must be replaced by the above evaluated one.

B. Transient stability assessment

In order to assess the system stability by TEF methods,
two values of the transient energy function V have to be
computed: the value Vc] which is the sum of kinetic and
potential energies at the end of fault application (i.e. at fault
clearing) and the value Vent associated with the particular
fault under examination. If Vc^V^t the system is stable,
whereas if Vci> Vent the system is unstable. Alternatively the
system stability can be assessed by evaluating the term
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AV=Vci-Vcrit and by comparing it against zero. (AV>0
implies system stability and AV<0 detects system
instability).

Furthermore a quantitative measurement of the degree of
stability can be achieved by computing for each fault
(contingency') affecting the power system, the following
normalized index:

AVn=AV/VKEcoiT

It is evident that by comparing the value assumed by AVn

for two different contingencies it is possible to assess which
of the two faults has most (less) affected the power system
according to the fact that AVn)> (<) AVn2.

C. Determination ofVcrit

The determination of the correct V ît (which is the
potential energy at the controlling unstable equilibrium
point, where the speed of the system is zero) is one of the
most burdensome problem in TEF analysis [3]. The Vcrj, to
be used in (1) (using the V^con-) strongly depends on the
correct evaluation of the UEPs (unstable equilibrium points).
UEPs are the values of generators' angles (other than SEP -
Stable Equilibrium Points) satisfying the power balance
equation. The set of curves orthogonal to the equipotential
curves and passing through the UEPs [3] constitutes the so-
called PEBS (Potential Energy Boundary Surface).

In the early TEF studies Vent was evaluated at the UEP
having the lowest potential energy value, but it was found
that this led to very conservative results because it is not
always true that the direction of the motion after the fault
clearing (which depends on fault location, pre-fault steady-
state and post-fault network configuration) leads the system
to cross the PEBS at that particular UEP. Further
investigations have indicated that a more proper value can
be obtained by guessing a good starting point for the
computation of the correct UEP. This is what has been
performed, for instance, by the so-called Mode of
Disturbance (MOD) approach [4], used in this paper, or by
other methods such as the Exit Point method [12].

A candidate MOD is a group of generators which are
particularly affected by the considered fault. These
generators, often called "advanced generators" because their
rotor angles are larger than 90°, can be selected manually or
automatically. A procedure for automatic selection is
indicated in [4] and is based on the preparation of three lists:
a first list of generators ranked in descending order of their
kinetic energies at fault clearing; a second list of generators
where the key factor for ordering is their acceleration at fault
clearing, and finally a third list based upon the previous two
ones.

The identification of possible MODs to be tested is done
by starting from the top of the third list and including one
machine (or group of machines) into the critical group of
machines and by leaving the remaining ones into the rest of
the system and by computing the value of VKECOIT- This
procedure is carried on by adding a second machine from the

top to the critical group and again evaluating VKECOIT- A
limit is posed to the selection of the candidate MODs when
the computed VKEcorr is below 10% of the maximum
VKECOIT- Other somewhat heuristic limits had been included
when building up the above mentioned lists concerning
acceleration and speed of individual machines.

An alternative way to identify MODs is the suggestion of
possible critical generators by the user of the TEF tool on the
basis of heuristic considerations. In both cases (automatically
or manually selected MODs) the starting point for the UEP
computation is an approximate evaluation of the PEBS
crossing point along a ray which interconnects the SEP to a
"corner point" identified as a corrected version of the n-
complement of the SEP for the advanced generators [12].
Further improvements in the evaluation of the starting UEP
can be achieved by a procedure which computes the
maximum of the variation of VPE along the above mentioned
ray.

By using the improved UEP and evaluating for each MOD
the normalized AVpEn=AVpE/VKEcon-, the controlling UEP is
estimated to be the one with the lowest AVPEn. A more
detailed description together with all the details concerning
the evaluation of the exact controlling UEP can be found in
[4].

D. Other applications of direct methods

According to what stated above it should be clear that the
determination of the critical clearing time by direct methods
can be achieved quite easily by determining the fault
clearing time which makes AV=0 or equivalently AVn=0.
This can be carried out by evaluating AV or AVn for two
different clearing times which respectively results into a
positive and a negative value of AV and in determining, by
interpolation, the value of t,.) which makes AV=0. In order to
obtain the same result by time-domain simulation a larger
number of trials at increasing clearing times should have
been performed.

Another interesting application of TEF methods is the
monitoring of critical parameters of the power system such
as active or reactive power flows, node voltages, etc., by
inspecting how the variation of these parameters affects the
value of AV and individuating which value of them makes
AV=0. In this concerns, being AV a possible function of
some parameters useful for controlling the power system
behaviour, a sensitivity analysis can provide useful
information for corrective actions.

III. SET-UP OF THE TEF TOOL FOR TRANSIENT
STABILITY ASSESSMENT

The developed TEF-based tool for transient stability
assessment has been extensively tested. The testing phase of
the TEF module was carried-out by comparing results
obtained by very well known simulation program
(CYMSTAB) and by the adopted direct method. A test case,
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concerning a small but significant power system [13] has
been examined. Results allow the reporting of considerations
about the accuracy of the adopted direct method and about
situations leading to conflicting answers (stable/unstable)
between simulation and TEF.

The electric system under investigation is reported in
figure 1. Data of the system components can be found in
113], whereas the base case load-flow is reported in figure 1.

I 00 Pu
-001 OCu.

7=l=-

C 71 WA
. 1 20 U"W

0 953 Pu
-2 3' DCO

0 555 Pu

Fig. 1 - Electric power system used as a test case for the
set-up of the TEF tool.

The developed TEF tool can be used to determine the critical
clearing time of a perturbation assigned in terms of pre-fault
conditions and fault location. The evaluation of the stability
margin for a three-phase fault at bus 9 is reported in Table I.
The critical clearing time (tci)cr has been found to be between
0.430 and 0.431 s. Infact at tci=0.431 s, AV is negative
whereas at 0.430 s, it is very small but still positive. Actually
a much smaller number of trials than those reported in Table
I is required to determine the critical tci.

TABLE I - Normalized stability margin AVn for a three-
phase fault at bus 9, cleared at td

tel [si
0.250
0.270
0.300
0.330
0.350
0.380
0.400
0.430
0.431
0.440
0.450
0.475
0.500
0.550

A Vn
8.822
7.052
4.960
3.348
2.470
1.384
0.791
0.075
-0.024
-0.119
-0.295
-0.643
-0.871
-0.987

An automatic procedure within the TEF tool can perform
the computation of (i^a within three or four trials. Starting
from a tentative value the procedure will determine the
critical clearing time by interpolating two values of tci for
which AVn is respectively positive and negative and quite
close to zero.

The computation of the critical clearing time (td)cr was
extensively performed for all possible fault locations in the
examined power system. Results are reported in Table II
together with critical t^ evaluated by time-domain
simulation. In some cases the fault is cleared without any
line removal; in other cases a line removal has been
simulated both in TEF and time-domain simulation.

TABLE II - Critical clearing times
vs. simulation

r: TEF method

Fault
location

9
10
8
9
9
10
10
8
8
8

Line
Removed

=
=
=

8-9
9-10
10-5
10-9
8-5
8-9
8-7

TEF

(•clWsl
0.430
0.485
0.505
0.390
0.415
0.460
0.475
0.505
0.525
0.570

Simulation
«clWs)

0.445
0.495
0.537
0.420
0.420
0.470
0.429
0.529
0.545
0.620

e%

-3.49
-2.06
-6.34
-7.69
-1.20
-2.17
+9.68
-4.75
-3.81
-8.77

A reasonable agreement between the two approaches can
be noticed as the resulting percentual errors evaluated on the
basis of the TEF (t̂ Jcr are within an error range of less than
10%. All (tci)cr calculated by TEF are conservatively smaller
than those computed by time-domain simulation (i.e. they
pose more stringent requirements on protection setting) with
the only exception of fault at bus 10 followed by removal of
line 10-9.

The evalution of the critical clearing time by means of
time-domain simulation requires many trials and is
somewhat subjective being related to the judgement of the
user. The results of a three-phase fault simulation at bus 9
reported in figure 2, permit to identify a stable situation
when tci is 0.445 s (figure 2a) and an unstable situation at td
=0.446 s (figure 2b). In other cases the swing curves are
much more complicated and the identification of (tci)CT by
simulation is more problematic.
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corresponding to different loading of generators closer to the
considered faulted busbar are examined (the considered
contingency is a three-phase fault at busbar 9, cleared at a
td= 0.344 s).

(D9-10
(M\V)

9.21
12.28
14.13
15.37

(Normalized
stability margin)

2.677
0.977
0.286

-0.0437

..:....\...: : i

• • • > - •

S 10 It 12 13 14 t i IBFig. 2 - Typical output of time-domain simulation - Fault at
bus 9, a) stable case (tcOcr = 0.445 s; b) unstable F'g' 3 - Monitoring of
case. critical power flow in line 9-10 by means of AVn.

The application of the TEF tool as a possible operator's
aid in Dynamic Security Assessment within an EMS has
been furtherly investigated. A practical application to
contingenc)' ranking is illustrated by the following Table III
which reports, for the base case load-flow of figure 1, the
evaluation of the normalized stability margin AVn for
different types of contingencies having a td equal to 0.8 of
their respective (tc0cr evaluated by TEF.

An inspection of the AVn values reported in Table III
reveals which are the most significant perturbations for the
system under examination. Two different lists are provided.
The former concerns busbar faults with no line opening
(which can be the case of self-extinguishing faults); for this
list the perturbation at busbar 9 is classified as the most
critical for system stability. The latter list consider faults
which are cleared by line removal and again fault at busbar 9
results to be the most critical, being the removal of line 8-9
(which was the line supplying the larger amount of pre-fault
power) the most dangerous case.

TABLE III: Ranking of three-phase faults on the basis of
AVn

Rank

1
2
3
4

A Vn
(Normalized stability

margin)
2.6771
3.9751
5.4933
36.3863

Fault
Location

9
10
8
7

tcl|s]

0.344
0.388
0.404
1.336

Rank

1
2
3
4
5
6
7

A Vn
(Normalized stability

margin)
1.664
2.137
2.420
3.406
3.508
4.504
5.432

Fault
Location

9
9
10
10
8
8
8

Line
Removed

8-9
9-10
10-5
10-9
8-7
8-9
8-3

tcl[s]

0.312
0.332
0.368
0.380
0.456
0.420
0.404

An example involving the monitoring of the active power
flow in a transmission line is illustrated in the following
figure 3 and its associated Table. Three different active
power flows other than the base case load-flow of figure 1,

The new load-flows result into different values of the
normalized transient stability index AVn. By interpolating
two values of the power flow having the corresponding AVn

respectively larger and smaller than zero, it is possible to •
provide to the operator an index for monitoring the
proximity of the line power flow to its transient stability
limit and to evaluate it.

IV. USE OF THE TEF TOOL WITHIN AN EXPERT
SYSTEM ENVIRONMENT

A significant potential use of the described TEF tool is its
combined use with an expert system and the integration of
the resulting software tool within the environment of an
EMS for Dynamic Security Assessment of a power system
[7]. The following figure 4 clarifies the above mentioned
possibility.

POWER

Fig. 4 - Integration of the TEF tool into an EMS
environment based on expert system technology.

Possible perturbations affecting the power system can be
submitted to the expert system directly by the SCADA
system or by the operator. The expert system can perform a
pre-screening of these contingencies on the basis of simple
rules which recognize that the contingency under
investigation has already been examined in the past or that
pre-fault conditions are very similar to previously examined
contingencies. Other rules may start-up the execution of a
procedure invoking the use of the TEF tool for calculating
the transient stability index AVn. It can be assumed, for
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instance that contingencies having a large /Wn can be
considered secure, whereas those resulting in AVn positive
but close to zero would require a more detailed analysis
involving time-domain simulation. When AVn<0 the TEF
tool slates that the system is unstable. In this case another
interesting application of the combined use of TEF and
expert system may be the identification of remedial actions
to be activated by power system control operators to restore
the system to a safe conditions. In this concerns the use of
advanced TEF application making use of a sensitivity
analysis which quantifies how much the normalized stability
index AVn is affected by the variation of a power system
parameter could be ven' useful.

V. CONCLUSIONS

This paper has presented the theoretical background and
the testing phase against time-domain simulation of a direct
method based tool of the TEF type for power system
transient stability assessment. The significant potentiality of
TEF tools have been recognized in the past and recalled in
this paper. It can be stated that the nowadays tremendous
advances in computer technology make it affordable to
integrate TEF tools capable of providing information about
the degree of stability following a possible perturbation, of
ranking the examined contingencies, of evaluating critical
clearing times and the sensitivity of stability to changes in
power system parameters, into a more general tool for
dynamic security assessment (DSA). Such a tool should
prove its usefulness in a modern EMS environment making
use of the expert system technology and capable of using
both numerical and heuristic information.
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APPENDIX

Models of power system components adopted in TEF must be
very simple so that generators are represented by the classical 2nd
order dynamical model. For instance: mechanical input powers Pjm

of each machine are assumed to be constant; damping is neglected;
generators are represented by a constant e.m.f. Ei behind the
(unsaturated) direct axis transient reactance; loads are represented
as constant impedances. Some of these limiting assumptions can be
replaced by less stringent ones in advanced TEF formulation,
although at the cost of increasing complexity.

Under the above hypotheses and by expressing generators' angles
and speeds with respect to the center of inertia (COI) below
defined the following equations hold:

SCO^TJ-IM.-S, and #co. = ~ £M,-$
M T 1 = 1 M T 1 = 1

0, =6, -SCoi and <o,=§j-#Coi

The system equations expressed in the COI reference are:

(A-l)

where:
n-l n

I=1J=I*1

J"

_ J "

V1j=YjJZa1J=G,J+yB1J

Multiplying the i-th equation (A-l) by dOj/dt and adding up all
equations it is possible to build up, after integration, a transient
energy function of the type (1) adopted in section II. A of this paper.
The kinetic energy term has then to be corrected according to what
stated in HA.
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ABSTRACT - Artificial neural network based pattern
recognition method is one of the most probable candidate
for on-line power system transient stability analysis.
Especially, the Kohonen layer is an adequate neural
network for the purpose. Each node of the Kohonen layer
competes on the basis of which of them has its clustering
center closest to an input vector. This paper discusses
Kohonen's competitive learning algorithm and points out
a defection of the algorithm when applied to the transient
stability analysis. Only the clustering centers located near
the decision boundary of the stability region is needed for
the stability criterion and other centers are redundant
This paper presents a new algorithm called boundary
searching algorithm which assigns only the points that are
near the boundary in an input space to nodes of the
Kohonen layer as their clustering centers. This algorithm
is demonstrated with satisfaction using 4-generator 6-bus
sample power system.

I. INTRODUCTION

One of the most important requirements of power system
is its stability. The size and complexity of modern power
systems have placed increased emphasis on the development
of improved analytical technique. Direct methods for
analyzing power system transient stability are particularly
attractive as they have important applications in the area of
power system planning, operation and control.

Three primary approaches are used in the literature to
perform transient stability analysis. First, numerical
integration is used for the analysis. In this approach,
synchronous machines and their controllers are represented
by their state equations. Traces of the state variables of all the
machines can be obtained by solving the state equations with
the power balance constraint. The traces are direct stability
information. Though numerical integration offers reliable

Paper SPT PS 10- 05- 0436 accepted
for presentation at the IEEE/KTH
Stockholm Power Tech Conference,
Stockholm, Sweden, June 18-22,1995

stability criterion, it takes too much time. Much effort has
been made to lessen the calculation time [5][17], but the
advanced techniques are not sufficient to apply them to on-
line analysis. Secondly, Liapunov's direct method is the next
approach for the analysis [1]. This approach needs less time
than the previous one but it can not offer sufficient and
necessary criterion. This approach has been progressed for
many years [6] but its conservativeness makes it left behind.
Thirdly, pattern recognition technique is used for the analysis.
The main objective of this approach is to reduce on-line
computational burden to a minimum. This objective can be
satisfied through elaborate off-line computation. The
performance of this approach depends on both quality of
training data and proper choice of a classifier. This approach
can be divided into two categories, the one is deterministic
clustering algorithm [2][14] and the other is statistic
likelihood function approach based on the Bayes decision
rule [7]. Both categories have been applied to power system
stability analysis and can be implemented by an artificial
neural network (ANN).

A nice characteristic of ANN is its high speed calculation
ability originated in parallelism and this offers great
possibility to on-line power system stability analysis. Multi-
layer perceptron trained by back-propagation algorithm [3][9]
and Kohonen layer trained by Kohonen's competitive
learning [4][8] are mainly used for that purpose. Since
Kohonen's competitive learning corresponds to the classical
A-means clustering algorithm [13], it is easier to understand
and control its performance than back-propagation algorithm.

In Kohonen layer, the criterion for classification is each
Euclidean distance between clustering center of a node and an
input vector. In the power system transient stability decision
problem, since its classes are not distributed in a clustering
manner but are deliminated by hypercurves in an input space,
Kohonen layer trained by Kohonen's competitive learning
needs much larger number of nodes than it is applied to an
usual clustering problem in order to decide the appropriate
class. In such a case, the performance of the classifier can be
improved by distributing clustering centers only at the critical
positions such as decision boundaries. In this paper, an
algorithm called boundary searching algorithm (BSA) is
proposed. The proposed BSA is an algorithm that searches
predefined number of clustering centers which are near
decision boundaries in training data set. The selected data are
assigned to nodes of Kohonen layer, then the performance of
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the layer is tested with the whole training data. BSA also
includes performance enhancing procedure which is used
when the test performance is not good. The enhancing
procedure is repeated until the layer classifies all the training
data correctly or end signal is sent by user. By doing so,
better results are obtained with less number of nodes when
compared with a general Kohonen's competitive learning. It is
demonstrated in the case study using 4-generator 6-bus
sample power system.

II. KOHONEN LAYER

Fig. 1 depicts the concepv of the Kohonen layer cut into
two separate parts: one is for calculating the scalar values that
are inversely proportional to the Euclidean distances between
their clustering centers and an input vector and the other
called MAXNET [16] is for choosing the node which has the
largest value.

Fig. 1 Kohonen layer consists of m nodes, each node
receives n input signals from an input layer. Each Kohonen
node has its threshold 0; and theyth input component and the
ith Kohonen layer node is connected through a scalar weight
w,j. The weight vector Wi and threshold 0/ of the /th node
determine its clustering center Ri. Euclidean distance between
its clustering center Ri and an input vector X is inversely
proportional to the inner product of Wi and X if both the
vectors are normalized. So, usually threshold 0/ is assumed
zero. In MAXNET, each node competes to see which one has
nearest clustering center to an input vector. Only the
MAXNET output node y> corresponding to the winner node
emits winning signal 1 and others remain in zero.

A. Kohonen's Competitive Learning

Learning laws belonging to the competitive learning
category all have the property that a competitive process
always takes place before each episode of learning. The
nodes that emerge as the winners of the competition are
allowed to modify their weights [12]. Kohonen's competitive
learning, simply Kohonen learning, is a specific type of
competitive learning. A Kohonen layer which does not
contains thresholds is trained by the next Kohonen learning
procedure.
Stepl: Assign arbitrary small numbers to initial weight

vectors Wis.
Step2: Assign an training data to the input layer and decide a

winner node.
Step3: Update weight vectors of the nodes using (1) and (2).

+ a{k){x(k)-Wi{kj) for feAfcÄ(ft) (1)
otherwise (2)

t t • • • t
M A X N E T

I Kohonen
I Layer

Where, Wi(k): weight vector of the /th node at the *th stage
X(k): input vector at the kth stage

Input Layer

Fig. 1. Structure of the Kohonen Layer

a(k)'. learning rate at the kth stage
Nbh(k): node index set of the winner and its

neighborhood at the kxh stage

Step 2 and 3 are repeated. The whole training data are
assigned to an input layer over and over until a certain end
condition, e.g. update rate is negligible compared with a
predefined one, is satisfied.

In Kohonen layer learning, there are some important
factors that should be defined appropriately. They are
learning rate a(k), range of neighborhood RNbh{k), and
dimension of Kohonen layer. The learning rate is a function
of a stage number k. Its initial value a[k) is nearly 1 and
gradually decreases to zero for fine tuning according to the
given linear or nonlinear function. There are two
characteristics in the Kohonen learning. The one is self-
organizing-feature-map (SOFM) [15] and the other is
learning-vector-quantization (LVQ) [10][ll]. Neighborhood
is an important factor that characterize the two characteristics.
The SOFM and the LVQ clustering are outstanding in the
case of wide and narrow neighborhood, respectively. Though
the LVQ clustering does not need any neighbor, it is helpful
for rapid learning and it diminishes dead units. Dimension of
the Kohonen layer determines the scope of the neighborhood
and is important only in the SOFM. Since LVQ clustering
meaningful in the classification problem is not directly related
to the dimension of the Kohonen layer, figure 1 type, one
dimensional, Kohonen layer suffices for the purpose.

B. Example of Kohonen Layer Trained by Kohonen Learning

In this example, two classes divide two-dimensional input
space as shown in Fig. 2. Class 1 is inside the circle. With
3000 training data which are obtained uniformly from the
defined region, Kohonen layer in Fig. 1 is trained. In this
example, the number of Kohonen layer is 100 and their initial
weights are randomly assigned within 10% of the input range.
The learning rate and range of neighborhood is linearly
decreased by (3) and (4), respectively.
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Fig. 2.RNbh(0) is equal to 2

l-*/*„„,)} (4)
Where, kmax: total number of training iteration

RNbh(0): initial range of neighborhood
{.}: maximal integer smaller than the argument

Fig. 2 and 3 are the final state of the clustering centers. In
the case of RNbh(0) is equal to 10, the resultant distribution is
linear array and is similar to that of Kohonen [15]. Though it
shows SOFM characteristic well, it is not good for a
classifier. Since Kohonen learning updates not only a winner
but also nodes which are around the winner, some class name
assignments are wrong. As shown in the figures, wrong class
name assignments can be found near the boundary. This
defect is remarkable for large RNbh(0) case. Moreover, as the
RNbh(0) become larger, the number of misclassified points
will increase in the input space. So, if we does not consider
dead unit, small RNbh(0) is desirable. Fig. 2 shows LVQ
clustering characteristic of the Kohonen learning.

In the case of power system transient stability decision,
input space is divided into stable and unstable regions by
hypercurves. Using the LVQ clustering characteristic of the
Kohonen learning, all the clustering centers can be properly
distributed in the input space. Distribution density of the
clustering centers depends on that of training data. If the
training data are selected well, good performance of the
resultant classifier is guaranteed. But, if the training data
contains inessential ones, those lower the performance. Since
Kohonen layer selects a winner on the base of distance, the
same performance is expected without clustering centers far
from decision boundaries like point a and b in Fig. 2. For
example, though an input vector is near the excluded point a
(or b), the input is classified correctly with the help of
clustering centers that is near the a (or b). The redundancy is
the most serious defect of the Kohonen learning when the
alrogithm is applied the problem like the above example. By
replacing the unimportant clustering centers with useful ones,
i.e. clustering centers that is near the boundaries, the
formance is improved with the same number of nodes

Fig. 3. RNbh(O) is equal to 10

III. BOUNDARY SEARCHING ALGORITHM (BSA)

The proposed BSA selects only important data from
training data set and assigns them to Kohonen layer nodes as
their clustering centers.

A. Initial Boundary Searching Procedure (Procedure 1)

The purpose of procedure 1 is to select m (the number of
Kohonen layer nodes) data that is near decision boundaries in
a training data set and assign them to Kononen layer. The
principle criterion that a data is near a boundary is distance
between data which are members of different classes. We
denote the distance as DO/, i.e. DOi is the smallest distance
between clustering centers of the rth node and one that is a
member of other class. Every DO, is calculated using (5).

(5)

Where, R:. clustering center of the ith node
j : node number of which class is different from

that ofthe/th node

In Fig. 4, box 1 and 2 correspond to the initialization of
the Kohonen layer with the arbitrary clustering centers that
are in the training data set. A new candidate for a clustering
center is suggested in box 4 and unimportant one is excluded
in box 7. Box 3, 5, and 6 maintain DOis which are the
decision criteria for the exclusion. In box 5, DOi is updated
only when the Rm+i is closer to the Ri than ever experenced
one is. So, the process uses the temporary result of the DOm*i
calculation and there need no additional calculational burden
to update DOi.

Fig. 5 shows the application results of the procedure 1
on the example in Section II. The specification of the
Kohonen layer is the same as that of the previous Kohonen
learning, i.e. the number of training data and nodes are
3000 and 100, respectively. Fig. 5 also shows that
clustering centers trained by only the procedure 1 is
distributed in a clustering manner. The classifier based on
procedure 1 misclassifies 47 training data among 3000
data.
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Procedure! START 1

T
1 Select arbitrary m data from training data set

Assign the selected data to Kohoncn layer
as their clustering centers

Calculate m DO,s using (5)

- * •

' Assign the next training data to them+lth node I

Calculate DOm*\ using (5)
Update DO, using the temporary results

±
17 Copy the m+1 th node data to the .nhnode

Fig. 4. Flow Chart of the Procedure 1.

o O.MI 1

Fig. 5. By only Procedure 1

Though the procedure 1 makes all the clustering centers
be located near boundaries, uniform distribution of the
centers is another requirement for a good classifier. Since the
boundaries can not be identified precisely, the degree of
fulfillment of the requirement is highly up to the quality of
training data. The following procedure 2, called performance
enhancing procedure, is proposed to cope with the problem.

B. Performance Enhancing Procedure (Procedure 2)

The resultant pattern of the clustering centers obtained
using the procedure 1 may be distributed in clustering
manner. The procedure 2 scatters the clusters by replacing
some clustering centers with appropriate training data. DS,
defined in the procedure 2 is the smallest distance between
clustering centers of the /th node and one that is a member of
the same class. Every DS, is calculated using (6).

Procedure? START

J.I Assign the previous result to Kohonen layer

Calculate m /J.S'/s using (6)

dfc
Assign the next training data in input layer

A.
'Restart from the first

training data

Copy the input to the Jih node

1Calculate IJSi using (oj
Update DSl using temporary result

Fig. 6. Flow Chart of the Procedure 2

^ .

ft

Fig. 7. By All Procedures

DS, = minijR, - Rjf) (6)

Where, Rr. clustering center of the/th node
j : node number of which class is the same with

that of the /th node
The procedure 2 constructs temporary Kohonen layer

with the results of the procedure 1 and inputs the training
data one by one to see whether the classifier classifies the
training data correctly or not. The procedure considers
misclassified training data as indispensible candidate for a
new clustering center and replaces the existing clustering
center that has minimal DS with the candidate. A scattering
effect is expected by performing this stage. The whole flow
chart for the procedure 2 is in Fig. 6.
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The procedure 2 constructs Kohonen layer with the
previous results and inputs a training data to the layer in
box 1 and 3, respectively. Box 5 replaces an unimportant
clustering center with the misclassified input data. Box 2,
4, and 6 maintain DSiS which are the decision criteria for
the exclusion. Though functions of box 6 of Fig. 6 and box
5 of Fig. 4 are similar, there are important difference
between the boxes. The £>& should be the correct smallest
distance between the current clustering centers, whereas
the DO, is the rough estimation of the smallset distance
between the ;th clustering center and a decision boundary.
So, if the clustering center which is the counterpart of the
DSi is excluded, D Ä should be recalculated from the first in
box 6.

The performance is enhanced through the procedure 2
of BSA, and only 4 data are misclassified. The resultant
distribution of clustering centers is in Fig. 7. The procedure
2 has used the whole training data four times in this
example. For correct classification of all the training data,
Kohonen layer with larger number of nodes is
recommended.

IV. CASE STUDY

The Kohonen Learning and proposed BSA are applied to
power system transient stability decision problem.

A. Simulation Model

In this study, the transient behavior of a multi-machine
power system is described by the classical first-swing model
and is referenced from Pao [3].

' ' dt

dt

Pel =

/=!,...,A

7=1

o, -8,)+ 0vsm(o, -8,)]

(7)

(8)

(9)

We assumed that the mechanical inputs are constant
during the analysis and that terminal voltage of each machine
is originated from direct-axis transient reactance only. Since
Ei can be considered as voltage of the internal machine nodes,
if bus loads are modeled by constant impedances, reduced
system composed of internal machine nodes is easily obtained
using (10) and (11).

Y =
'LC 'LL

- YCG - YGLYLLYLC

(10)

(11)

Where, Y : admittance matrices before the reduction

Y *: admittance matrices after the reduction

Both bus loads and direct-axis transient reactances of
machines are included in the diagonal terms of the admittance
matrix Y-

LOADI

LOAD2

Fig. 8. Sample Power System

TABLE 1 Load Data
Bus

Load P(MW)
Q(MVAR)

2
20
10

5
40
15

6
30
10

TABLE II Error Rates of the Stability Analysis (%)

BSA
K. L.

25

0.93
2.96

50

0.37
2.40

75

0.37
1.67

100

0.19
1.48

For input variables to the Kohonen layer, we select M.-+1
feature variables as follows:

XNG*\ ~ duration of a fault

Where, 6 n = — f w , 8 , (13)

(14)

B. Simulation Result

The one line diagram of the 4-generator 6-bus sample
power system is in Fig. 8. The power system is referenced
form Pao [3] and El-Abiad [1]. Line and generator data are in
El-Abiad [1] and load data are in TABLE I. We assume that
three phase short circuit fault occurs at the line 3-4 and that
fault clearing policy is to disconnect the line.

We restricted fault clearing time to below two seconds
and each load level to 0.7 - 2.0 times of TABLE I. Using
numerical integration, we prepared 2500 training data and
540 test data those correspond to different situation within
the restriction. Though the number of input is five and is
larger than the previous example, we considered the cases
that the number of node are 25, 50, 75, and 100. Since only
the decision boundary near the operating points is interest,
small number of nodes are sufficient for the analysis.

In Kohonen learning all the training data were used 50
times and the initial range of the neighborhood was two.
Since Kohonen learning assigns initial weight arbitrary, the
results of Kohonen learning are different in case by case even
if the simulation is performed under the same condition. Each
result by Kohonen learning in TABLE II is an average of the
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same six simulations. As far as Kohonen learning is
considered, error rates 0.93% was the best result when the
number of nodes was 100.

In BSA, all the training data were classified correctly
except the case when the number of node was 25 (7 data were
misclassified). The best result 0.19% of the BSA means that
only one test data among 540 was misclassified.

V. CONCLUSIONS

Applying artificial neural network based pattern
recognition method to on-line power system transient stability
decision is a desirable trial. Kohonen layer is one of ANNs
that can be used as a classifier. Since Kohonen's competitive
learning corresponds to the classical A-mean clustering
algorithm, it has some defects when it is applied to the
problems like power system stability decision. A new
learning algorithm for Kohonen layer is proposed in this
paper to cope with the defect and to apply it to the problem of
which decision boundaries are clear and hypercurves in an
input space. The proposed BSA searches clustering centers
that are near the boundaries in training data set and assigns
them to Kohonen layer. It guarantees high performance and
that is shown in the case study. But, more research should be
exerted on the BSA in order to apply it to the real power
system that is large, that is equiped with many control
devices, and that has many possible kinds of faults.
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Abstract—A hybrid system, which combines genetic
algorithms (GAs) and pattern recognition, is proposed here
for transient stability analysis of power systems. First, the
schemata theory of GAs was used to guide the search of
new sample patterns from a small number of initial sample
patterns to minimize the effort of searching for a classifier.
Likewise, GAs are used in the selection of weight vectors of
decision variables. The concerned model and fitness
functions arc deduced for the application of GAs and
pattern recognition.

I . INTRODUCTION

Large electricity blackouts since 1960s, such as the
famous blackout in New York on the 9th November
1965, have stimulated the study of stability and security
analysis and control of power systems. Up to date, a
number of methods have been developed for detecting
the transient stability problems, such as time domain
simulation, pattern recognition mcthods[l], [2], energy
function approach [3], parallel processing technique [4],
expert systems [5], and artificial neural network
method [6]. All these methods have their advantages
and disadvantages. In this paper, a hybrid method,
which combines genetic algorithms and pattern
recognition, is developed for fast transient stability
assessments.

Genetic Algorithms (GAs) [7] are search algorithms
based on the mechanics of natural selection and natural
genetics. They combine survival of the fittest among
string structures with a structured but yet randomized
information exchange to form a search algorithm. They
efficiently exploit historical information to speculate on
new search points to achieve improved performance.
GAs have found more and - more application in
engineering, science and business, and have also been
applied to the study of power systems, such as fault
section estimation [8] and optimization of power systems
operation [9],

Paper SPT PS 10- 06- 0558 accepted
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The whole space for the operation state of a power
system after the occurrence of disturbance can be
divided into two sub-spaces, transient stable and
transient unstable regions. There are mainly three types
of disturbance, sudden operation change such as
inception or dropping of big load, generation change
such as generator outrage and short circuit or faults, to
result in the transient stability problem. In general, there
is more than one unstable region and they are scattered
in the operation state space as small pockets. It is the
different type of disturbance which results in the unstable
regions to be scattered in the whole space as small
pockets. In order to use pattern recognition technique
and artificial neural network technique, it is necessary to
gather training patterns which encompass the stable
region and those pockets of unstable ones. They arc
normally gathered through simulation or from actual
industrial operation data. For a large scale power system,
the establishment of sufficient number of training
patterns is a difficult and time consuming task.
Furthermore, the selection of the correct weight
vectors for transient stability classifier is a thorny
problem as well. This paper proposes a novel hybrid
system for designing a transient stability classifier, the
architecture of which is illustrated as Fig. 1.

II. THE MODEL FOR SEARCHING NEW SAMPLE
PATTERNS USING GAs

A. Introduction to Basic Procedure and Similarity
Templates (Schemata) of GAs

In basic GAs, the problem to be solved is transferred
into one of searching maximum value. The parameters
are first encoded according to some code system (say,
binary system) firstly, a population of initial points, i.e.,
initial strings, is produced randomly. Then, three basic
operators (reproduction, crossover and mutation) are
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Sufficient number of
sample patterns

i
GAs

Decision functions

Fig. 1. Hybrid architecture of pattern recognition/GAs for transient stability analysis

used randomly to search towards the best fitness
(objective function).

There is an important concept in GAs, i.e.,
Schemata. A schema is a similarity template desciibing
a subset of strings with similarities at certain string
positions. Let us limit our discussion to the binary
alphabet {0, 1}. We motivate a schema most easily by
appending a special symbol to this alphabet; we add the
* or don't care symbol. With this extended alphabet we
can now create strings (schemata) over the ternary
alphabet {0, 1, *}. A schema is a pattern matching
device which matches a particular string if at every
location in the schema a 1 matches 1 in the string, a 0
matches a 0 , or a * matches either. For example, the
schema *0000 matches two strings {10000, 00000}. In
general, different schema corresponds to different level
of fitness (objective function), and there exist(s) one or
several schemata corresponding to high fit. This unique
characteristics can help guide a search.

B. The Model and Procedure for Guiding the Search of
New Sample Patterns Using GAs

From the view point of pattern recognition, the
transient stability analysis is a multi-class pattern
recognition problem. To apply the schemata of GAs to
help search sample patterns, it is necessary' to establish
a fitness function. For a multi-machine power system,
the value and variation in phase angle difference AS,
between reference machine and any other machine is a
key index to judge the stability of the system. Usually,
if the absolute value of A5, for any machine in a power

system exceeds 180" at and after the second or third
swing after suffering from the disturbance, the system is
said to be transient unstable. So, the following fitness
function can be formed to guide the search of new
sample patterns.

/, = (/ < 2.0 sees)

(1)

2.

3.

where / is the time after the occurrence of a disturbance.
The procedure for applying GAs to guide the

generation of new training patterns can be outlined as
follows:
1. The binary system is used to encode the parameters

of a power system.
A initial population of sample patterns is generated
with a simulator or collected from practical
operation data.
The GAs module is called to give the parameters of
the second generation of sample patterns.

4. The best fitness values of the last and update
generations are compared and a schema is
established to guide the search of new sample
patterns; and with the help of the schema, the GAs
is used again to produce a new generation of sample
patterns.

5. Repeat the above step and make necessary correction
of the schema.
It is necessary to mention that the feature selection

of pattern recognition should be done before the above
procedure begins.
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III. THE DETERMINATION OF DECISION WEIGHT
VECTORS USING GAs

According to the characteristics of GAs, it is
appropriate to apply them in the determination of
decision functions. Since GAs are aimed at optimization
(maximization) problem, it is necessary to establish an
objective (fitness) function for the application of GAs in
the selection of weight vectors for the decision
functions.

A. The Application of Pattern Database Method

As mentioned in the introduction section, the
unstable patterns are scattered in the operation state
space as small pockets. Thus, the pattern database
method developed in [1] and [6] can be used here.
Firstly, the patterns caused by the same type of
contingency are clustered into one data box which can
be divided into small data boxes. Each data box can be
considered as a class of patterns. Secondly, each data
box is given an index for ease of identifying the type of
contingency. The decision function for each class of
patterns can be selected with the GAs.

B. The Fitness Function for the Selection of Weight
Vectors of a Pattern Database

The search for the decision weight vectors is to find
out the decision functions which identify the classes of
all patterns with the least error. In accordance witli the
characteristics of the transient stability analysis of
power systems, the fitness objective function can be
constructed as follows:

(2)

where x are decision variables, /c(x) are decision

functions, D. is sample space, C^ is a big enough

constant to ensure ft is positive, and vt(x) is the real

value of classification for a sample pattern. vc(x) can

be defined as:

(3)

The procedure for using GAs to select decision
weight vectors is simply as follows:

1. Encode the weight vectors with the binary system.

2. With the fitness function defined above, the GAs
module is called to solve the weight vectors.

IV. CASE STUDY

A case study was done for the model system shown
in Fig. 2. Transient stability analysis was made with the
simulator "UPSS". The study was focused on the
transient stability after the occurrence of three phase
short circuit fault at a busbar node, different fault
clearing time (0.1-0.3 sec) was also taken as one of the
two variables. In the study, the power system was
considered to have loss synchronism if the maximum
phase angle difference of any machine exceeds 180°.

Firstly, to obtain sufficient number of sample
patterns, four initial patterns for each decision variable
(busbar node number, fault clearing time) were chosen.
Then, the GAs module was called to establish schemata
for the two parameters and generate new sample
patterns. The numerical study gave that the schema was
0**** for the busbar node number, and ]**** for the
fault clearing time respectively, which means the
smaller the busbar node number (closer to the generator
with large power) and the longer the clearing time, the
more unstable the power system. This result is
consistent with common knowledge. With these
schemata, transient unstable sample patterns were
obtained quickly.

Secondly, all of the sample patterns were clustered
into several data boxes. For the nodes where both
transient stable and unstable sample patterns occurred
in the clearing time region, all of these patterns were
clustered into one data box, and the other patterns into
another one. In this study, the patterns of nodes 1 and 2
was gathered into class 1, and the rest class 2. A
decision function was solved for the class 1 with our
GAs package, and is shown as follows:

fd =357«+3900r -1328 (4)

V. CONCLUSIONS

A combined pattern recognition techniques and the
genetic algorithms scheme is successfully applied in the
study of the transient stability analysis of power
systems. With the help of their schemata characteristics,
the GAs can be used to guide the search for new sample
patterns to minimize the effort of collecting sufficient
number of sample patterns. And through the joint use of
the database method, they can also be applied to selec!
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the decision weight vectors.
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Abstract - This paper presents a study case about
the transient stability control of an industrial system with
predominant synchronous generation. Small induction
machines were used as controlling elements. Transient
simulations where made with the utilization of a digital
computer. A well known industrial electrical system was
used with and without the presence of a controlling
induction machine. To be more specific, results of
oscillations of frequency, load angle and active power of
a synchronous generator were analyzed when the system
was under the effect of a short-circuit in one of its load
busbars.

I. INTRODUCTION

The subject treated in this paper is part of a larger
research, the objective is to study the stability control of
power systems using induction machines as controlling
elements. The induction machines were of smaller size if
compared with the synchronous generators present in the
electrical system.

A powerful reason for the utilization of induction
machines relies in the fact that this machine shows quicker
responses from its control, in case of transients, comparing
with a synchronous machine with the same power. This effect
is much more noticed when the induction machines used are
smaller than the synchronous machines. Based in this fact
during transient periods, induction machines can be made to
act faster than the synchronous generators, absorbing or given
away part of the energy variations required by the system, in
such a way to damp the transient oscillations in the

synchronous generators. It's clear that takes place in this case
a great improvement in the stability of synchronous
generators in the system. Practical and theoretical studies
show satisfactory results for a fault situation in the system.
Previous publications presented obtained results for this type
of transient, the first of this publications! 1] relates the
stability of an electrical system with the induction machine
parameters, a second reference[2] makes a comparative
stability study of an industrial electrical system with and
without the presence of induction machines.

This paper studies the transient stability of a
synchronous generator when the electrical system transient is
originated by a short circuit in one of the load busbars, \\ ith
and without the induction machine being used as controller.
To exemplify1 this study, a real electrical system was used,
and the results for short-circuits with different duration
periods where analyzed. In this case synchronous generator
variables as frequency, load angle and active power were
compared, with and without the induction machine. With the
induction machine can be observed a reduction in time and
in the maximum value of transient oscillations for the
synchronous generator.

Syncarmeui Maci. 1 Synclrccous Kacl-_
XA?/ , A ,1 . ?-,

äiduc&n Mtch. Pcv/er InÉic&n
Centralis: LimitST

Figure 1 - Speed regulators diagram for both machines.
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II. TRANSIENT SIMULATION MODEL

The transient stability program uses solution and
modelling techniques that are well known, those techniques
ended up being very adequate for the developed studies.
Synchronous generator modelling is made by the transient
representation of axes d and q, however another options can
be found in a stability program. In steady state the induction
machine is left floating connected to the busbar, i.e. without
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delivering (generator) or receiving (motor) active power.
However in the transient periods the machine can act as a
motor or generator, based on the instantaneous requirements
of the system. This induction machine intervention during
transient periods is in such a way that it can help the
synchronous generator improving its stability. All the process
should be controlled by a induction machine speed regulator
also implemented in the program.

A. Speed Regulator Modelling

An induction machine speed regulator implemented
in the program uses the same feedback signal from the
synchronous generator speed regulator. This signal is the
frequency deviation of the system when under a fault. Figure
1 shows the system control with both regulators operating
together.

In this case an ordinary speed regulator is
responsible for the control of the synchronous machine
mechanical power (Pm)[3]. The induction machine speed
regulator uses the deviation signal of angular speed Aw, the
difference between the synchronous machine angular speed w,
and the nominal speed wn, to define the induction machine
operational mechanical power (Pm). A constant Gbl can
represent all the gains and Th the speed regulator control time
constant. The control output signal Ph goes through the
power limiter G,,,, and act in the turbine defining the
mechanical power Pm. Variables Tk and T, are the turbine
time constants. The specified power P, doesn't exist in the
induction machine speed regulator, values of Pml can be
positive or negative, and the machine can act as a motor or
generator. With the system frequency back to nominal, the
deviation signal Aw takes the power Pm to zero and the
induction machine is back to the floating status in its busbar.
The speed regulator equations in the stability program are:

(i)

(2)

where:
p - d/dt operator
s - Laplace operator

B. Induction Machine Modelling

modelling method is given by the transient voltage E' behind
the transient reactance A". The electrical equations are then
given by:

W -U = (Rs +j.X') T (3)

(4)

where E is the internal voltage phasor, U is the terminal
voltage phasor, R, is the stator resistance, .V is the locked
rotor transient reactance, / is the stator current phasor, To' is
the open circuit transient time constant a n d / i s the nominal
frequency. The electromagnetic torque can be written as:

T = <H [ F / *1 (S)

where /* is the complex conjugate of stator current and 9{ is
the real part of a complex number.

The induction machine mechanical equation can be
written as:

PS = (Tm - Tt) I (2H) (6)

where S is the rotor slip, T, is the electromagnetic torque, Tm

is the mechanical torque and H is the inertia constant.
Should be observed that induction machine equations

are of general application, they are valid for the operation as
a motor or generator. Machine current and rotor slip can be
positive or negative since those variables are dependent of the
signal of Pml defined by the speed regulator.

C. Synchronous Machine Modelling

For each synchronous machine (generator, motor or
reactive compensator) the program chooses automatically the
best model to be used according with the available data. As
an example, the sub-transient phenomena are only represented
if all the necessary data is provided by the user. Excitation
regulators and also speed regulators don't need separate data
preparation for those machines.

C.I. Mechanical Equations

The swing equation (in per unit) is given by:

P» = ~
n

(7)

The induction machine equations used by the
transient stability program are the traditionally known[4]. The Where w is the electrical speed, / is the nominal frequency,
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H is the inertia constant and Da is the damping factor.

Busbar
N"

10

13

15

IS

20

22

Active
Power

172.00

-6.61

-32.90

20.00

-8.36

-4.56

React.
Power

60.00

-3.27

-10.77

15.00

-4.86

-2.83

Busbar
N°

11

14

16

19

21

23

Active
Power

0.00

-0.84

-21.51

-13.07

-7.65

-1.37

React.
Power

5.00

-0.41

-2.36

-6.71

-6.42

-0.66

Table I - Busbar data for the system in FigUTe 2. Active Power in MW
and Reactive Power in MVAr.

Line

10- 11

1 1 - 12

11 - 13

11 - 14

1 1 - 1 5

11 - 16

11 - 17

R

(PU)

0.00298

0.0012

0.0189

0.0280

0.0800

0.0076

0.0800

X

(PU)

0.0700

0.0015

0.3110

0.4288

0.1420

0.1425

0.1420

Line

17- 20

1 7 - 2 1

17- 18

1 8 - 23

18 - 22

1 2 - 19

-

R

(pu)

0.0700

0.0500

0.0068

0.2266

0.0585

0.0203

-

X

(pu)

0.4300

0.0080

0.0079

0.2633

0.5140

0.2040

-

Table II - Impedance data for the system lines in Figure 2. R is the
resistance and X is the reactance.

10

T u
lj 16 0 17 j 15 ij 14 i) 13

r"V—r 1
Mas Q 22 0 2i Ö2120

Figure 2 - Single line diagram for the industrial system used in the
simulations.

C.2. Electrical Equations

For synchronous machines the electrical equations
are divided in two sets, the transient and sub-transient state
equations The transient state equations are:

is

Figure 3 - Synchronous generator active power. Fault duration: 100 ms.

(9)
qO

E: - V=R_L -X: I

60.10 - i

63.05 -

SO.OO _

59.95 _

59.90 -J—i—r -i i I i r—i—i—T
0 1 2 3

tirae (sec.)
Figure 4 - Synchronous generator frequency. Fault duration: 100 ms.

The sub-transient state equations are:
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pE; =

(A", - X-) lq - E/

- -V

-V

provided by a 25 MVA synchronous generator, the power
utility is connected at busbar number 10. Tables 1 and II
show the power in the busbars and line impedances
respectively. At Table 1 should be understood that positive
sien for the power means that it is delivered to the system,
negative sign means that the power is absorbed by the busbar.
Values for line impedance are given in pu using 100 MVA
and 13.8 kV as the base values for the system.

(13)

(14)

(15)

>29 -

28 .

27 _

^ | i '—i—'—|—i—r—r—r | i i—i—i j i r i—i—|

3 1 2 3 <•

fee (sec.)
Figure 5 - Synchronous machine load angle. Fault, duration: 100 ms.

where E'# E'q, E"d and E"q are the machine d and q transient
and sub-transient internal voltages and X'a, X'q, X"d and X"q

arc the machine d and q transient and sub-transicnt reactances
respectively, I* /,, ' 'd and Vq are the terminal voltages and
currents of axes d and q, Ra is the stator resistance and E/d is
the field voltage. The suitable IEEE model is then selected
automatically based in the data available.

III. SIMULATION RESULTS

Simulations were performed using an industrial
power system as example. Figure 2 shows the single line
diagram of the system. Power at busbar number 18 is

15

fee (MC.)
Figure 6 - Synchronous machine active power. Fault duration: 140 ms.

A 2 MVA induction machine is installed in the
synchronous generator busbar (number 18). In the steady state
situation this machine speed regulator is adjusted in such a

6C.10 - i

60.03 -

60.03 -

59.95 -

59.90

withou: izducioa rr.aci±ie

0 1 1 3

tåae (see.)
Figure 7 - Synchronous machine frequency. Fault duration: 140 ms.

way that it's always floating in the system, in other words not
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delivering nor consuming power. From this operating
condition, transient situations are deliberately created through
short-circuits at busbar number 19. Two situations are
analyzed: in the first case the fault period has a duration of
100 milliseconds and in the second case the fault period has
140 milliseconds. Obtained results for that simulations are
presented in Figures 3 to 8, where for every situation the
active power, frequency and synchronous generator load angle
are presented, with and without the presence of the regulating
induction machine.

31 - i

30 -

o

28 -

27 -

26

without induction aacrcie

with fcufccior. cachir.e

0 1 2 3 4
time (stc.)

Figure 8 - Synchronous machine load angle. Fault duration: 140 ms.

IV. CONCLUSIONS

The results obtained in the simulations show a much
more stable synchronous generator transient behaviour during
the fault period when the induction machine is used as a
controller. The effect of the fault duration in the transient
behaviour of the synchronous generator was also observed.
With the increasing of fault periods was observed that the
effectiveness of the controlling induction machine decreases.
In order to make an efficient controlling system using
induction machines a study of the fault periods likely to
occur in any electrical system should be made to keep those
times between certain limits. With those studies the correct
induction machine can be selected to improve the
synchronous generator stability as shown in this work.
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Implementation of a Fuzzy Logic PSS Using Intel 8051 Micro-controller
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Abstract- Implementation of * fuzzy logic basal power system
stabilizer using the general purpose low cost Intel 8051FA micro-
controller is described in this paper. Results of extensive on-line tests
performed for a variety of disturbances and operating conditions
are presented. These results amply demonstrate the effectiveness
of the fuzzy logic based stabilizer.
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Micro-controllers, Intel 80S1, Power system stabilizers.

1. Introduction

Conventional power system stabilizers (PSSs) are
designed based on the power system model linearized
around a nominal operating point. The structure and the
parameters of the PSS are determined to provide optimal
performance at this point. Power systems are in general
nonlinear and the operating conditions can vary over a
wide range. Also, the power system configuration changes
with time. Thus the parameters of the PSS must be re-
tuned so that it can continue to provide the desired
performance. Alternative controllers using adaptive self-
tuning techniques have been proposed to overcome such
problems [1], [2].

Unlike classical logic approach which requires a deep
understanding of a system, exact equations, and precise
numeric values, fuzzy logic incorporates an alternative
way of thinking. It allows modeling of complex systems
using a higher level of abstraction originated from
accumulated knowledge and experience.

A fuzzy logic controller (FLC) uses fuzzy logic as a
design methodology which can be applied in developing
linear and nonlinear systems for embedded control.
Simplicity and less intensive mathematical design
requirement are the most important features of FLCs. This
feature allows FLC to be easily implemented using
inexpensive hardware technology. Also, the
implementation time is reduced.

A low cost micro-controller, Intel 8051, is used to
implement the fuzzy logic based PSS (FLPSS) described
in Ref. [3],[4]. Implementation of this FLPSS and
experimental studies on a physical model of a power
system are described in the following sections.

2. Hardware System Description

A low cost, reliable, and general purpose micro-
controller system based on Intel 8051FA have been
developed for use in the power research Laboratory at the
University of Calgary. Various configurations of this
system are used in the Laboratory in measurement and
control applications. The micro-controller system is self
contained with a data acquisition system (DAS), a micro-
controller card (MCC51) and a synchronous machine

speed/frequency interface card (SIC). The MCC51 uses
the Intel designed 8-bit micro-controller, 8051 FA.

A dedicated Liquid Crystal Display (LCD) and a small
Key Board (KB) are used as a simple interface to
communicate with users. Also a standard serial interface
RS232 connects the MCC51 with an Intel 486 based PC
computer. An Intel monitor program, called reduced
instruction set monitor (RISM), is used to develop and
debug the application program on the MCC51. After the
completion of the design process, RS232 connection to the
PC is removed. The micro-controller system is then a
stand alone unit.

3. Implementation of The FLC Using 8051

The MCC51 is based on the 8051 8-bit micro
controller, which has limited mathematical capabilities.
The FLC algorithm, docs require some, though simple,
mathematical computations. Because, fuzzy logic can
tolerate ambiguities it doesn't require high calculation
accuracy. For this reason and computational speed, a fixed
point math library was modified to support signed and
unsigned math and few additional math functions has been
used [5].

Using this library, it is possible to scale up all inputs
and constants and scale down outputs. For an accuracy to
the third decimal place, a scaling factor of 1000 is used.

3.1 Handling the controller I/O's

The proposed FLC has two inputs and one output. The
two input signals have different characteristics. One input
is the deviation in electric power, AP, measured using a
hall effect transducer. The transducer output is amplified
and filtered. The resulting signal is converted to digital
form through the DAS. The second input, speed deviation
Aw, is measured using the SIC interface and the 8051 FA
PCA [3], [6]. The digital FLC output is converted to
analog through D/A.

3.2 Sampling

The sampling process is implemented using the
8051FA Timer 0. A sampling period of 30 ms has been
found to be sufficient for the necessary calculation using
the fixed point math library. Initialized by 30 ms, Timer 0
is set to run in the 16-bit mode using a clock of 1/12 of
the oscillator frequency (12MHz). The timer interrupt
service routine sets the start control flag, re-initializes the
timer 0, and restarts the Timer 0.

3.3 Membership Function Realization

•• Most available hardware implementations of the
fuzzifier tend to use a discretized form of the membership
function in the form of discrete tables. This does not give
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smooth values of membership unless some of the values
are interpolated using proper mathematical function. An
alternative and easier method to implement the
membership function is introduced here to overcome the
shortcomings of the other methods.

Consider a triangular set of seven symmetric
membership functions with a 25% (area) overlap. Each
function represents a fuzzy variable varying from negative
big (NB) to positive big (PB). For the example of seven
subsets, the input signal may lie in any of the 6 regions
shown in Fig. 1. Each region includes two different
subsets.

jtgions

I \ 2 • 3 4

NB NM NS Z ps PM PB

Fig. 1 Triangular membership functions

To simplify calculations, the membership functions
were split into two sets of functions Ua, Ub as shown in
Fig. 2(a) and (b) respectively. Each set of functions (Ua,
Ub) has symmetric replicate functions and its negative
side is a reflection of the positive. Thus, each new set can
be characterized by the main function. For set of function
Ua shown in Fig. 2 (a) the characteristic function is ul,
where;

NB

(a) Funcuon sc\ VJ

NS

Z FS PM

PS PM PB

(b) Function Kt Ub

(c) One tnaneuia; function

Fig. 2 Membership function analysis.

ul(x) = 1 - (I/A) x for 0<x<l /L (1)

while the characteristic function of Ub is u2, where;

u2(x)=l-ul(x) (2)

hi fact, due to symmetry, it is possible to use only one
triangular function to calculate the degree of fulfillment
for ull of the subsets (Fig. 2 c) This is clear because any
triangle representing a subset is just a replicate shift of the
one at the origin. Verification of correct calculation can be
done by simple cNpcriment using a function generator and
one D/A channel [3].

3.4 Rules and Inference

In general, fuzzy systems map input fuzzy sets to
output fuzzy sets. Fuzzy rules are the relations between
input/output fuzzy sets. They usually are in the form "if A,
then B", where A is the rule antecedent and B is the rule
consequence. Each rule defines a fuzzy patch in the
Cartesian product AxB (system state space). The
antecedents of each fuzzy rule describe a fuzzy input
region in the state space. For example a system of two
control variables with seven linguistic variables assigned
to each of them, this will leads to a.7x7 decision table.
Every entity in the table represents a rule. The antecedent
of each rule conjoins the speed deviation or Error (Aw)
and the deviation in the generated power (AP) fuzzy set
values. An example of say the ith rule is:

/ / Aw is NB and AP is NM then U is NB

Using min-max inference, the activation of the ith rule
consequent is a scalar value (wi) wlu'ch equals the
minimum of the two antecedent conjunct values. For
example if Aw belongs to NB with a membership of 0.3
and APe belongs to NM with a membership of 0.7 then the
rule consequence (wi) will be 0.3. The rules' table can be
extended to a multi-dimensional table based upon the
number of the control variables.

The knowledge required to generate the fuzzy rules
can be derived from an off line simulation, an expert
operator and/or a design engineer. Some knowledge can be
based on the understanding of the behavior of dynamic
system under control. A lot of effort has been devoted to
the creation of the fuzzy rules [3], [7], [8]. In some cases
there is an upper hierarchical level of rules that generates
the system rules as in [7]. In other cases artificial neural
networks arc trained to generate the rules [8].

The fuzzy subsets linguistic tables arc changed to
integer numbers addressing the different subsets in order
to suit assembly programming. Thus the fuzzy subsets,
NB, NM, MS, Z, PS, PM, PB, are assigned an integer
value starting from zero to six lespcctivcly. In this way,
the fuzzy rules-table becomes a table of integer values as
shown in Table 1.

The rule table is stored in the code segment of the MCC51
memory map. Proper assembly routines are to fire and to
extract the rules using code access instructions. The rule
inference mechanism is built based on the min-max
concept. The defuzzification process was done with the
help of the 32-bit math library using the center of gravity
concept discussed in Rcf. [3], [8]. The defuzzifed value is
then converted to analog signal representing the controller
output

4. FLC Final Configurations

The final form of the controller includes a speed
deviation measurement, a sampler, and the FLC
algorithm. The fuzzification module, rule inference, and
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denazification module are integrated together to form the
final structure of the FLC as shown in Fig. 3. This
algorithm is designed to run as a foreground task on
MCC51.

Table 1: Fuzzy rules represented in integer numbers.

bttaiuremtna

Fig, 3 Building blocks of the FLC algorithm Implementation.

The speed deviation measurement and the sampling
process were designed to run in the background of the
main application (control algorithm). Both are interrupt
driven tasks. The LCD and the KB are used as a simple
user interface to display the FLC status (running/halted).
The user can switch the controller (on/off) using the
keyboard.

After testing and verification of the FLC algorithm the
program is moved to the flash ROM. The program
installation is such that it executes directly with power up.
The total memory consumed by the integrated application
(including the FLC Algorithm, Speed measurement, 32-bit
math library, the LCD/KB drivers, A/Ds) is less than 2
KB of ROM memory and 54 bytes of internal 8051 RAM.
The whole process needs less than 30ms to execute for a
12MHz oscillator frequency.

5. The Micro-Machine Power System Model

The Micro-machine system" available at the University
of Calgary Power Research Laboratory was used to test the
FLC control algorithm. The system consists of a single
machine (micro-machine) connected to an infinite bus
through a double circuit transmission line. A schematic
diagram describing the overall physical model integrated
with the MCC51, is shown in Fig. 4.

The micro alternator is a 3 kVA, 220 V three phase
synchronous machine. A 7.5 hp dc motor is used to drive

the micro alternator. A time constant regulator (TCR) is
used (o change the effective field lime constant of the
micro-alternator in order to simulate a large generating
unit. A simple automatic voltage regulator (AVR) with the
transfer function

Au\AP
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PM=J

PB=6
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3
4
4
5
5
6
6

(3)

is used with the micro-machine.

To obtain some comparative performance studies, an
analog conventional power system stabilizer (CPSS) was
built using operational amplifiers. The time constants and
gain parameters were chosen based on the simulation
studies and arc given in Ref. [3], [4). The controller gain
was adjusted to get the best results possible. The CPSS
output is limited to 1.1 pu. of the controller signal
amplitude using back to back Ziener diodes.

Fig. 4 An overall view of the integrated system.

6. Experiments and Results

Using the above configuration of the physical system,
various disturbances under different operating conditions
were applied to test the behavior of the proposed FLPSS.
All experimental results were collected using the
HP5400A digital oscilloscope and then saved on ASCII
data files for further analysis. For easy comparison, the
time axis was adjusted while obtaining the hard copy
plots, so that the disturbance seems to happen at the
desired time point.

As the inherent damping of the physical model power
system is quite strong, only one transmission line was in
operation for all the tests except for the short circuit test to
simulate a transmission line of about 300 km.

6.1 Voltage Reference Step Change

With the generator operating at 0.58 p.u. power, 0.92 pf
lag and terminal voltage, Vt, of 1.01.p.u., a 4.5% step
decrease in the reference voltage was applied at 2 s and
removed at 12 s. Active power deviation for both FLPSS
and CPSS Fig. 5 The figure shows that FLPSS is able to
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provide belter stabilization and less oscillation than the system model and thus can provide consistent effective
CPSS. control over a wider range,

0.20

0000

•0.020

•0040,

• 1

fir

1

J

¥\

— FLPSS
— CPSS

0.0 5.0 100

Time

15.0 20.0 20.0

Fig. 5 Response to 4.3% change in Vref with FLPSS Fig. 7 Response to .0.24 pu change input power 0.73 pu power.

6.2 Input Torque Reference Step Change

Maintaining the micro-alternator operating point at 0.58
pu power, 0.92 pf lag and Vt of 1.0 p.u., a 0.24 pu step
decrease in the input torque reference was applied at 2 s
and removed at 12 s. Test results with the FLPSS and the
CPSS are shown in Fig. 6 When the generator changes to
a lower operating point at 2 s, the CPSS is able to provide
good damping close to the FLPSS. However, when a
positive 0.24 pu step input in torque is applied to the
system at 12 s, the number of oscillations with the CPSS is
more and the amplitude of the response is larger than that
with the FLPSS.

0.20

-O.20
20.0

Fig. 6 Response to .0.24 pu change input power O.SSpu Power.

The above observation is further verified by the test
results shown in Fig. 7. For a heavier load condition of P =
0.73 p.u. power, 0.95 pf lag and Vt = 1.02 p.u. Difference
in the performance of these two stabilizers becomes more
severe as the operating condition changes to a higher value.
This is expected since the fixed-parameter CPSS is unable
to adjust itself to a new operating point. However, the
FLPSS possesses the ability to tolerate changes in the

6.3 Three Phase (o Ground Fault Test

To investigate the behavior of the FLPSS under
transient conditions, a three phase to ground fault test was
conducted. With the system operating at 0.81 p.u. power,
0.87 pf. lag and Vt = 1.005 p.u., a three phase to ground
fault was applied at the middle of one transmission line at
2 s. The transmission line was opened, by relay action, at
both ends of the line 100 ms later. A successful reclosure
was made after 600ms and the line returned to normal
operation.

The response of the active power for both FLPSS and
the CPSS is shown in Fig. 8. Although performance with
both controllers is practically the same in the initial part,
the system settles much faster with the FLPSS than with
the CPSS.

Under the same operating conditions, the above three
phase fault was repeated with an unsuccessful rcclosure
attempt made after 600 ms. The line was opened again
100 rns later due to a semi-permanent fault. A second
successful reclosure was applied at 12 s and the system
returned to the initial operating point.

0.30

0.20

2 0.10

o.oo

•O.10

— FLPSS
— CPSS

10.0

Time

20.0

Fig. 8 Response to 3-phase to ground fault and successful reclosure.
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System response with the FLPSS and the CPSS under
the above conditions is shown in Fig. 9. Although the
response with both the FLPSS and CPSS is almost the
same, the FLC settles in a shorter time than the CPSS.
When the faulted transmission line was re-closed
successfully, the system became very stable, thus
introducing only a very small disturbance to the system. In
this case, the oscillation amplitude with the FLPSS is
smaller than that with the CPSS.

0.20

"°3lt).O 5.0 10.0 15.0 20.0
Time s

Fig. 9 Response to an unsuccessful reclosure 3-phase to ground fault.
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6.4 Additional Tests

A series of additional tests:

• three phase short-circuit at lower power (0.3
p.u.)

• unsymmctrical, i.e. two-phase to ground, single
phase to ground faults at 0.82 p.u. power,

• disturbance under leading power factor
conditions,

were also conducted [3]. Although the results of these
(ests are not included in this paper due to the length
restrictions, the FLPSS consistently performed better than
the CPSS in all cases.

7. Conclusions

A laboratory implementation of the FLPSS using a low
cost Intel 8051FA micro controller is described in this
paper. The micro controller handles the data acquisition
system and the fuzzy logic control algorithm at the same
lime.

The FLPSS has been tested on-line at different
operating points and for different disturbances. The Lab
experiments show a better performance of the FLPSS
compared with a conventional PSS. The results arc very
promising and show the possibility on field
implementation of such controllers.
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ENHANCEMENT OF POWER SYSTEM STABILITY
-—by fuzzy -logic control
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ABSTRACT

The control strategy based on Truth-Value-Flow-Inference is reviewed first and the design
of a novel Fuzzy Logic Stabilizer (FLS) with Truth -Value-Flow-Inference is presented in this
paper. The FLS conducts the rapid control actions due to the parallel fuzzy inference and the
simplified defuzzification technique. Simulation Results show that this method has much
better robustness to cope with varying operation conditions.

1. INTRODUCTION

Application of fuzzy logic control to power
system stabilizer is a popular research field in
the recent four or five years. Many good ideas
were suggested. Seiichi Tanaka, suggested
the early fuzzy power system stabilizer
and obtained the U.S.A. patent in October,
1990[l]. His main idea was that fuzzy logic
control phase lead-lag compensation block
was added to the conventional power system
stabilizer, and the operation results indicated
that the fuzzy power system stabilizer was
obviously superior to the conventional power
system stabilizer. Following Seiichi Tanaka,
Atsushi Ishigame and Tomoyuki Ueda et. al
presented the ideas about further improving
the fuzzy power system stabilizer in Fuzz-
IEEE'92 conference[2]. According to the
characteristics of multi-machine system,
Takashi Hiyama et.al designed fuzzy logic
power system stabilizer with data
compensation technique to simplify the fuzzy
computation procedure. Afterwards, many
more other scholars including some Chinese

scientists contributed a lot of new ideas to
improving the fuzzy power system stabilizers
already suggested in the literatures. Generally
speaking, all kinds of fuzzy power system
stabilizers can be categorized into two types.
One is on the basis of conventional power
system stabilizer, adjusts its phase
compensations and the gains with fuzzy logic
control in terms of the measured system
oscillating frequency, to optimize the
parameters of the conventional power system
stabilizer through coordinated control for
some oscillating modes. We call it fuzzy
power system stabilizer(FPSS). Another
category is in light of measured speed
deviation from synchronism A co or
measured electric power variation Ap to
analyze the oscillating modes and categorize
the states of generator into some specific
stages, and then the fuzzy logic control
strategies can be implemented respectively.
We call it fuzzy logic stabilizer abbreviated
FLS. In this paper we design a novel FLS
with Truth-Value-Flow-Inference, which can
conduct the rapid control actions due to the

Paper SPT PS 11- 02- 0147 accepted
for presentation at the IEEE/KTH
Stockholm Power Tech Conference,
Stockholm, Sweden, June 18-22,1995
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parallel fuzzy inference and the simplified
defuzzification technique. The inputs of the
FLS are the states of speed deviation front
synchronism A co and the acceleration a of
the generator at every sampling interval,
and the output of which is signal for
modifying the excitation voltage and its
polarity. The process of the truth value flow
inference is introduced later.

The output of the fuzzy logic stabilizer is
proportional to the defuzzified synthesis of
the A co and a of the generator, which has
a good damping feature during the low
frequency oscillation. Other factors besides
A co and a of the generator, which have a
good damping feature during the low
frequency oscillation can also -be easily
included for consideration.

Simulation results show that this method has
much better robustness to cope with varying
operation conditions.

simple. When applied to the fuzzy controller,
the truth-value-flow-inference can simply
take the following five steps:

1. Define the fuzzy sets describing the experts
evaluation of the input signal magnitude in
linguistic quantities such as "big", "medium",
"small" etc.

2. Define the rules for taking action to cope
with the conditions as shown by the
input signals. The rules constitute the
channel for the truth-value-flow.

3. The input signals will react with the fuzzy
sets to produce truth values.

4. The truth values are summarized at the
channel end into a fuzzy set for output
command.

5. The output fuzzy set is defuzzified into a
control value.

2. TRUTH-VALUE-FLOW-INFERENCE

Truth-Value-Flow-Inference c a n be
explained as the inference process with the
flow of the truth values[3],[4]. The
framework of the process is the set of
rules(called the flow channel) in the expert
system which describes the experience of the
domain expert, the stabilizer expert. The
conditions in the antecedent and the
conclusion are expressed in fuzzy sets. When
the input signals are received, they interact
with the fuzzy set in the antecedent (channel
head) producing truth values which flow
into the conclusion(channel end)summarized
into a fuzzy set which is defuzzified and
output as a command signal. The detailed
analysis of the inference process of the
multi-input muli-constraint system is quite
complicated, but the application is remarkably

3. FUZZY LOGIC PSS(FLS)

The FLS decides the magnitude and polarity
of its output voltage for varying the excitation
of the generator based on the measured
speed deviation A co and acceleration a
of the generator. The inputs of FLS are the
instant value of A co and a ,even in the
case of multimodal oscillation. It is
unnecessary to identify the oscillation
frequencies and then synthesize the
responsive actions. More parameters than
A co and a can be considered, for instance,
voltage or other parameters can be included.

In order to illustrate the way of
defining the expert rules, the
conventional stabilizer is discussed where
a single parameter is used for simplicity,
the relation between A co and a of a
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generator in low
shown in Fig. 1.

frequency oscillation is N7 6) Pf 9

I

I

Rcos

- ;

e

n
I
IRsin
1
1

3

I

A 03

Fig. 1 The state of generator in the a —A co

plane

If the Damping can be neglected, acceleration
a is 90° leading to A co in the a - A to
plane. When the generator is operating in the
first quadrant as shown in Fig. 1, i.e., when
6 is in the range of 0 ° - 90 ° , the

rotational speed exceeds the rated speed and
keeps on being accelerated as shown in Fig. 2.
In this case, the excitation voltage must be
increased to increase the electromagnetic
torque that offsets the accelerating torque, so
the generator will be decelerated and return to
the state of synchronous operation. When the
generator is operating in the third
quadrant in the a — A co plane, i.e, when 0
is in the range of 180° - 270°, as shown
in Fig. 2, the rotational speed is lower than
the rated sychronous rotational speed and
keeps on decelerating because of the
deceleration. Therefore, excitation voltage
should be reduced to decrease the
generator's electromagnetic torque that
offsets the deceleration, and then generator
can return to its state of equilibrium.

In the third period, the acceleration of the
generator is reduced to zero and the operating
point enters the 4th quadrant from the 1st
quadrant. In this period ,when a is at the
transition point of zero to negative, A co is

Fig. 2 Membership function

approaching its maximum, the increment of
excitation voltage is still positive, which
results in the deceleration of generator, as
shown in Fig. 2, when 0 is in the range of
0° ~ -45°. When 0 approaches -90,' A to
= 0, a is approaching negative maximum,

the increment of excitation voltage should be
negative, so that the deceleration torque is
reduced to prevent the generator from
deceleration. Therefore, the 3rd quadrant is a
transition stage in which the increment of
excitation is changed from positive to
negative.

In the 4th period, the operating point of the
generator enters the 2nd from the 3rd
quadrant, the acceleration changes from
negative to positive, and reaches its maximum
when 0 equals 90°. Meanwhile, the speed
increases from its negative maximum to the
rated value. The period can be divided into
two parts, in the first half part, the excitation
increment should be negative, so the
acceleration torque is increased and forces the
generator to return to rated operation point.
While in the second half period, the excitation
increment should be positive, so that the
acceleration torque is reduced, and
approaches zero when the rotational speed
returns to the rated value.

In order to prevent the oscillation in the
control loop caused by the instant change of
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excitation voltage, the polarity of the output
voltage should be changed gradually when the
excitation voltage changes from negative to
positive. The change of the polarity of the
control voltage is by making the voltage
leading the Y axis (A co =0) by an angle
0 because of the delay of the
excitation control system. The simplest
rule of change is a linear change, in the
range of 0° to -90° , where the control
voltage changes from positive maximum
to negative maximum linearly and
gradually, the control voltage equals zero
when 0 equals -45° . In the range of
-180° to 90° , the control voltage changes
from negative maximum to positive
maximum linearly and gradually, the
control voltage equals zero when G
equals 135°, namely the control voltage is
45° leading to the Y axis (A u> =0).

In the case oflow frequency oscillation, when
the output signal of fuzzy logic stabilizer is
proportional to the synthesis of A u and
a ,the damping effect will be better.

On the basis of the above analysis, the
operation state of oscillating generator can be
exclusively depicted by a single parameter
6 , the synthesis of A u and a The

change of excitation increment Au for a

conventional stabilizer with the change of

6 can also be depicted as a curve ,as shown

in Fig. 3.

Sixteen fuzzy sets, as shown in Fig. 4, are
defined to describe the variation of 6 .
Nine fuzzy sets, as shown in Fig. 5, are
defined to describe the variation of the
excitation increment A u .

90' 135'\ !lB0* 90'i / - 4 5 ' 0'
1

\ I

r
Fig..3 Voltage increment in transitional
process

Al M M A< Ki A6A7 AB Bl B} B B4 Bl W BT B6

-1B0' -90* , 01 90

Fig. 4 Fuzzification of 8

STIL SM N'S PS PM PHI PL

-A Urn

Fig. 5 Fuzzification of output voltage
increment

The control strategy with Truth-Value-Flow-
Inference for this case of single parameter
includes sixteen rules:

1. if 6 is Al, then AUis NL,

2. if 6 isA2, then AUisNRL,

3. if e is A3, then AUisNM,

4. if 6 J s A 4, then AUisNRS,
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5.
6.
7.
8.
9.
10.

11.
12.
13.
14.
15.
16.

if §
if 0
if 0
if e
if e
if 0
if 0
if e
if 0
if 0
if 0
if 0

is A5,
isA6,
is A7,
is A8,
isBl ,
isB2,
isB3,
isB4,
isB5,
isB6,
isB7,
isB8,

then AU
then AU
then AU
then AU
then AU
then AU
then AU

then AU
then AU
then AU
then AU
then AU

isO,
is PRS,
is PM,
isPRL,
is PL,
isPRL,
isPM,
is PS,
isO,
isNRS,
isNM,
isNRL.

The above rules can be changed into a group
of ruies of several parameters for FLS with
Truth-Value-Flow-Inference to form an
inference channel. Following the steps
depicted in section 1, a novel TVFI based
FLS can be established.

4. SIMULATION RESULTS

In order to compare the control effect of the
proposed FLS with that of the conventional
PSS, a three machine power system, as shown
in Fig. 6,is used for the numerical simulation.

O-4-t
r

-©

Fig. 6 Three-machine Power System.

A three phase to ground fault is assumed to
occur at point X at 0.0s, and the fault is
cleared at 0.08s, and the breaker is reclosed at
0.1s. The simulation results are shown in Fig.
7.

, A

Fig. 7 Comparison of control effects between FLS and conventional PSS
CO —Without PSS or FLS
Cl — Generator No.l, No.2, No.3 are equipped with conventional PSS
C2 — Generator No. 1 is equipped with FLS, whereas generator No.2 and
No.3 are equipped with conventional PSS.
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CONCLUSION

A novel FLS based on the Truth-Value-Flow-
Inference is proposed. The fuzzy
representation method of the characteristics
of generator by a single parameter is also
presented and then this method is used to
construct the TVFI based FLS. Simulation
results show its satisfactory 'performance
and its simplicity signifies its promising future.
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A Fuzzy Logic Self-Organizing Decentralized Power System
Stabilizer for a Multi-Machine Power System

M.Ramezanian
West Region Electric Co.

Kermanshah, IRAN

A.Mahmina
K.N.T University of Technology

Tehran, IRAN

Abstract- A simple method of P.S.S. design based on
Self-Organizing Fuzzy Logic Controller is described
and applied to a 3-machine power system. Its
disturbance rejection property is compared to that of an
L.Q.R. design at various operating point conditions. It
is shown that performance of the proposed method is
superior to that of the L.Q.R. design , despite the fact
that the L.Q.R. is a multivariable centralized design
method.

I. INTRODUCTION

Ever increasing need for electrical energy has resulted in
development of this industry into a complex system. The
need for a reliable energy source has driven this system
towards inter-connection and transaction of electrical
energy . This has made electrical systems as one of the
most complex man made systems. Power System
Stabilizers (P.S.S.) are needed to provide for a high quality
electrical energy source. However, the wide range of
operating points of electrical systems makes the design of
P.S.S. a difficult task. In this paper we propose a technique
for design of a decentralized P.S.S. based on Fuzzy Logic ,
that is both effective and easy to implement, and compare
its performance with other P.S.S. design.

The idea of Fuzzy Logic P.S.S. has been derived from a
conventional P.S.S. which is in fact a PD controller:

u(t)=Ky(De(t) + é(t)J

HL
Ky

where e(t) is the error , and é ( t ) is its derivative .
u(t) is the output of the controller:

u(t) = 0 => De(t) + é(t)=O

£> = •

(1)

(2)

, and

(3)

(4)

.Equation (4) is z line in e - é plane as shown in Fig. 1.

Paper SPT PS 11- 03- 0249 accepted
for presentation at the IEEE/KTH
Stockholm Power Tech Conference,
Stockholm, Sweden, June 18-22,1995

zero controller action line

tga=- D

Fig. I

If the system is in a state whose error and derivative of
error are ex and é* then the output of the controller is:

(5)

(6)

(7)

where r is the distance of the system state from the line
De + e = 0 . From this we can deduce that:
1- There is a line where the controller action is zero if the
system state falls on it.
2- The control action is positive (negative) if the system
state falls above (below) the line.
3- The magnitude of the controller action is proportional to
the distance between the system state and the zero action
line.

Fig 2 shows the above deductions:

e

A

Controller output magnitude

Fig .2
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II. Fuzzy Logic P.S.S.

A. Fuzzy Linguistic Table Interpretation

Considering the fact that in a P.S.S. the deviation from
the synchronous speed is to be corrected , then the contro-
ller action described above can be formulated in the
linguis- tic table as shown in Table. 1.

The zero action region can be seen as the diagonal
entries of Table. 1. The symbols are defined as:
PB = Positive Big NB = Negative Big
PM = Positive Medium NM = Negative Medium
PS = Positive Small NS = Negative Small

Z = Zero
Each entry of the table signifies a rule such as:
If Aco is PB and Aco is NS Then output of P.S.S is PM
The operation of Fuzzy Logic inference is described in the
appendix.

Tuning the P.S.S. involves choosing the slope of the
zero line action of controller, since the controller action is
dependent on the this slope ; as depicted in Fig .3 .

B. Improvement through Self-Organization

There are several methods to improve on the basic idea
of a PD controller. Self-Learning Fuzzy Logic controllers
[1] , and Self-Organizing Fuzzy Logic controllers [3] are
among '.hem. Since the type and magnitude of the
disturbances acting on power system are numerous, a self-
ieaming Fuzzy Logic Controller does not seem to be an
efficient method of improving the performance.

However , if we consider a number of linguistic
tabies that correspond to different slopes of zero line
action of controller, as in Table.2 to Table.6 , then we can
choose from among these Tables to improve the transient
behavior beyond a fixed PD controller.

TABLE 1: Linguistic table for the fuzzy P.S.S.

Aco

Acö

PB

PM

PS

Z

NS

NM

NB

NB

Z
NS

NM

NB

NB

NB

NB

NM

PS

Z

NS

NM
NB

NB

NB

NS

PM

PS

Z
NS

NM

NB

NB

Z

PB

PM

PS

Z

NS

NM
NB

PS

PB

PB

PM

PS

Z

NS

NM

PM

PB

PB

PB

PM

PS

Z

NS

PB

PB

PB

PB

PB

PM

PS

z

ie

!e

Controller Output Magnitude

Fig.3
A "Performance Evaluator" is needed to choose the

appropriate table . This is achieved by a Performance
Evaluator Table as in Table 7.

In Table.7 Aco and Aco are quantized into seven levels
after normalization . The entries in Table 7 are the Table
numbers 2 to 6 .

Hence the Performance Evaluator chooses the Table to
apply , and the Table so chosen is applied the Knowledge
Base of the fuzzy logic controller as shown in, fig.4 .

I l l . APPLICATION TO A MULTI-
MACHINE SYSTEM

Consider the 3-Machine system connected to an the
infinite bus [4] , as in Fig .5.
Considering the state variables:

and output variables:

Y = [AP,,,APt2,APc, Au,,Aw : ,Ao)3 ,AVu.AV^.AVu,AE f l ,AE f 2 ,AE f 3 ]T

in which:
A8j = Torque angle deviation of ith generator
Aco j= Speed deviation of the ith generator
AE'qj = Deviation of voltage proportional to the flux linkages of

the i th generator
AFn = F'c 'd voltage deviation of the ith generator
AV,j = Terminal voltage deviation of the ith generator
APci = Electrical power output deviation of the ith generator

Fig.5. Single line diagram of an 3-machine plant connected
to an infu.iie bus
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Performance Evaluator

Speed Deviation

->\äldl
1 Ad)

Scalling
Factor

Scalling
Factor

Fuzzificrl .

Fuzzifierl—I

Knowledge Basel

I

t

Decision and Making

Logic
Dcfuzzificr Scalling

Factor

To Excitation

System

Fig.4. The block diagram of Self- Organizing P.S.S.

TABLE.2
Aco

PB

PS

PM

Z

NS

NM

NB

NB

NM

NM

NM

NB

NB

NB

NB

NM

NS

NS

NS

NM

NB

NB

NB

NS

Z

Z

z
NS

NM

NM

NM

Z

PS

PS

PS

z
NS

NS

NS

PS

PM

PM

PM

PS

Z

Z

Z

PM

PB

PB

PB

PM

PS

PS

PS

PB

PB

PB

PB

PB

PM

PM

PM

TABLE.4
Aco

Aco

PB

PS

PM

Z

NS

NM

NB

NB

Z

NS

NM

NB

NB

NB

NB

NM

PS

Z

NS

NM

NB

NB

NB

NS

PM

PS

Z

NS

NM

NB

NB

Z

PB

PM

PS

Z

NS

NM

NB

PS

PB

PB

PM

PS

Z

NS

NM

PM

PB

PB

PB

PM

PS

Z

NS

PB

PB

PB

PB

PB

PM

PS

Z

TABLE.6
Aco

Act)

PB

PS

PM

Z
NS
NM
NB

NB

PtV

PS

Z

NS

NM
NB
NB

NM

PM

PS

Z

NS

NM

NB

NB

NS

PM

PS

Z
NS

NM

NB

NB

Z

PB

PM

PS

Z
NS

NM

NB

PS

PB

PB

PM
PS

Z

NS
NM

PM
PB
PB
PM
PS

Z
NS

NM

PB
PB

PB

PM

PS

Z

NS

NM

TABLE. 3
Aco

PB

PS

PM

Z

NS

NM

NB

NB

NS

NS

NS

NM

NB

NB

NB

NM

Z

Z

NS

NM

NB

NB

NB

NS

PS

PS

Z

NS

NM

NB

NB

Z

PM

PM

PS

Z

NS

NM

NB

PS

PB

PB

PM

PS

Z

NS

NM

PM

PB

PB

PB

PM

PS

Z

Z

PB

PB

PB

PB

PB

PM

PS

PS

TABLE. 5
Aco

Acb

PB

PS

PM

Z

NS

NM

NB

NB

PS

Z

NS

NM

NB

NB

NB

NM

PS

Z

NS

NM

NB

NB

NB

NS

PM

PS

Z

NS

NM

NB

NB

Z

PB

PM

PS

Z

NS

NM

NB

PS

PB

PB

PM

PS

Z

NS

NM

PM

PB

PB

PB

PM

PS

Z

NS

PB

PB

PB

PB

PM

PS

Z

NS

TABLE. 7
Aco

Aco

1

0.5

0

-0.5

-1

-1

4

3

2

2

2

-0.5

5
4

3

2

2

0

6

5
4

3

2

0.5

6

6

5

4

3

1

6

6

6

5

4

In order to study the performance of the proposed
In this paper a comparison is made between the method against an L.Q.R. design 3 operating points were

performance of a decentrally designed Self-Organizing considered . Table 8 shows these operating points with the
Fuzzy Logic P.S.S. and a centrally designed Linear associated system eigenvalues.
Quadratic Regulator (L.Q.R.) P.S.S. [4], for a wide range It can clearly be seen that in operating point 3 , the
of parameter variation . system is open loop unstable.
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TABLE.8
Operating Condition

No

1

2

3

Generator No

1

2

3

I
2

3

1

2

3

Active Power

(MW)

900
900
175 5

90 0
900
200 0

MOO

140 0

270 0

Re active Power

(MVAR)

27 55

27 55

20 51

27.55

27 55

20 51

27.55

27 55

50 0

Open Loop

Eigenvalues
-44.1518

- I 6 8 3 1 2 0 1I

-2 31 ± 11 49

-3 .0919 67

-0 61*7 19

-16.5511.5

-3 2428
-44.2594

-15.35±20 1

-25 56

-163111.50

-2 32 ±10 04

-0 19817.54

-1155

-3.46
-45 55

-28 75

-15 30116 25

-1 79113 47

- 1 6 6 1 1 2 16

0212118 7:

-2 91

-9 53

F;." 6 to 8 show the responses of the system to 2%
change in terminal voltage at operating points 1 , to 3
respectively.

IV. CONCLUSION

The Self-Organizing Fuzzy logic P.S.S. proposed in this
paper is compared to a centrally designed optimal P.S.S..

It performs uniformly better than the optimal controller
in the following respects : a ) ?* "arious operating
conditions defined by lead demand , b) random variations
in the parameters of the plant, and c) disturbance rejection
capability.
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VIII. APPENDIX

Fuzzy Logic is based on linguistic description of variables
of a system and a set of IF...THEN rules that describe the
operation of the system. A membership function is
associated with each linguistic variable , Fig .9. Upon
measurement of physical variables , these so called Crisp
values have to be Fuzzified to their appropriate linguistic
variable with a particular membership value. A rule base is
used to derive the linguistic variables of the conclusion .
Then a Defuzzification mechanism is used to convert the
linguistic variables back to a Crisp value , which
constitutes the response of the system. Fig. 10 shows the
center of arer. (CO.A) Defuzzification mechanism .
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An Inverse Neuro Power System Stabilzer
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Abstract - This paper presents a neuro pole shifting
controller using the inverse Input-Output(I/O) mapping
of the controlled system. A control law based on the pole
shifting control scheme is suggested and derived in the
form that the inverse I/O mapping can be directly used.
The proposed control law guarantees overall stability
including internal stability. A typical multilayered
artificial neural net approximates the inverse I/O
mapping of the controlled system and is used in the
proposed controller, which is named Inverse Dynamics
Neural Network(IDNN). The proposed neuro controller
docs not need any system emulator and is very simple in
its implementation. A typical simple power system is
simulated with the proposed controller to show its
effectiveness.

i. INTRODUCTION

It is well known that the supplementary excitation control
of a synchronous machine, which is called Power System
Stabilizer abbreviated to PSS, is the most efficient way for
damping of low frequency oscillations in an electric power
system12'3'. Great efforts have been placed on the synthesis of
PSS since Concordia and deMello's pioneering work1'1.
These works have used a linearized model of a power system
at an operating point to get the parameters of PSS, which
have fixed values appropriate at the nominal operation
conditions. We call these types of PSS 'Conventional PSS'.
Conventional PSS scheme has been widely used for
improving power system dynamic stability. However, the
increasing complexity and time-varying nature of modern
power systems give difficulties to further application of
conventional PSS.

Paper SPT PS 11- 04- 0424 accepted
for presentation at the IEEE/KTH
Stockholm Power Tech Conference,
Stockholm, Sweden, June 18-22,1995

** : Dept. of Electrical Engineering
Kwang Woon Univ.

Seoul, Korea

In middle of 1980's, adaptive control theories were
introduced in PSS problems to enhance dynamic
performances of power systems141. Self Tuning Regulation
(STR) techniques such as 'One-step ahead prediction' or
'Pole shifting control' have been used showing effectiveness
under a wide range of operation conditions in a power
system. Although they have advantage of simplicity in its
implementation and adaptive ability to the changes of
operation points, large amount of calculation in every
sampling period is required, which is recognized as a
drawback of STR techniques1121.

Recently, as an alternative, Artificial Neural Network
(ANN) has attracted attention of power system engineers for
its copying ability of a nonlinear mapping and distributed
processing nature. Some experimental results have shown
that ANN can be employed in the PSS application15"1. The
authors have developed a neuro PSS based on 'one step
ahead prediction' technique1"1.

This paper presents an ANN PSS using pole shifting
control technique. The control law is derived based on the
pole shifting control in the form that the inverse I/O mapping
of the controlled plant can be directly used. The closed loop
poles are allocated at the shifted positions from those of open
loop poles toward the origin. Then, the inverse I/O mapping
is identified by an ANN, named Inverse Dynamics Neural
Network (IDNN), which is trained off-line. The proposed
control law is implemented by using the IDNN with slight
modification. The controller presented in this paper is tested
in a typical power system, showing the effectiveness under
the wide range of operation conditions.

ii. POLE SHIFTING CONTROL

Consider a linear system whose I/O mapping is represented
as(l)

(1)

where A(q']) = 1 + a, q~x +—ba n q~", and

B(q']) = btq'x +•••+ bmq~m, and q"1 is the backward
shifting operator. And let the controller be in the form of (2)

341



with appropriatewhere F, G, H are polynomials of

dimensions and r{k) is the reference value.
We can obtain the closed loop transfer function

combining (1) and (2);
by

(3)

It is required that the poles of (3) or equivalently the roots of

A(q~x)F(q-x)-Q^)H(q^)=b are inside the unit
circle in the complex plane. In the pole shifting control
scheme, the poles of open loop system in (1) are shifted
radially toward the origin such that the closed loop

characteristic polynomial is matched by A(a q']), i.e.

(4)

where a is the predetermined shifting factor satisfying

O s a < l .
There are several ways to solve (4) w.r.t. F and G, e.g.

using Diophantine equation, or Sylvester matrix, etc.1'21. In
the present work, we propose following control law to obtain
the solution of (4),

-+an(\-a")y(k-n + l)
-b2(u(k -\)-wr(k))-bi(u(k-2)~wr(k -)))-••

b k }+wr(k + \) (5)

where w is a scalar. The meaning of scalar w can be
explained as follows; since the order of cotrol input u is
different from that of system output .y or of reference input r,
the introduction of w can adjust the order of r to that of u.

Then, we can show that the control law (5) satisfies the
pole shifting controller, which is stated in the following.

Proposition : Consider a linear system as (1) and the
controller as (5). Assume that the system is of minimum
phase. Then, the closed loop characteristic polynomial
satisfies the relation (4), furthermore, the internal stability is
guaranteed if the closed loop system is stable.
< Proof >
The control law can be rewritten using shifting operator as
follows

(6)

Substitution of (6) for u(k) in (1) gives

- A(a

Eq. (7) can be rearranged into (8),

(7)

(8)

which shows that the first part of the proposition is proved.
Now, let's find the sensitivity polynomial of control u{k) to

the reference input r(Jk). From (1) and (6), the following
relation holds.

' )u(k) = - A(a <f

A(a q-' s )u(k) =

(9)

' )r(k) (10)

From the hypothesis that #(•) is stable, it can be canceled in
both sides of (10) which finally yields

_ wqA{q~l)

Afrq-1)
. . .

r(k) (11)

It is shown that the internal stability is guaranteed if the
closed loop system is stable. q.e.d^

It can be easily found that the proposition holds even the
case asymptotically stable disturbances exist which occurs
frequently in power systems. A stable control system is
achieved by using properly chosen a, which will be realized
using ANN in next section.

HI. IMPLEMENTATION USING ANN

A. Implementation with Inverse I/O Mapping

The proposed controller given in (5) can be rearranged so as
to use inverse I/O mapping of the controlled system
according to following procedure. Suppose we have the
inverse mapping as,

(12)

Then, a one-step ahead prediction controller can be obtained
as follows"21
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•

•

bi Inverse I/O Mapping

a) One-step ahead prediction control
using inverse I/O mapping.

| | : Modified part

b) Pole shifting control
using inverse I/O mapping

Fig. 1. Block diagram of One-Step Prediction Control and Pole shifting Control.

B(cf')
\ ] v(k) (13)

or equivalently

(13-1)

if bi is not equal to zero, i.e., the time delay in the plant does
not exceeds the sampling period.

Comparison of (13-1) with (5) reveals the key idea of this
subsection, which is summarized in the following sentences.
1. The controller input y{k - j) 0 < j < n - \ is scaled by

1 - a /+1 before it is fed to the controller.
2. The controller input r(k+l) is scaled by wb\ before it is

fed to the controller.
3. The controller input u{k-j) \<j<n-\ is changed

into u(k-j)-wr(k-j+\) before it is fed to the
controller.
The differences between (5) and (13-1) are illustrated in

the Fig. 1.

B. Realization with the IDNN

As discussed in the previous subsection, the proposed
controller can be realized using the inverse 1/0 mapping of
the controlled plant. In this subsection, the realization of the
proposed controller using an ANN named the Inverse
Dynamics Neural Network (IDNN) shall be described.

The role of the IDNN is to approximate the relation (13-1)
of the controlled system, which is the inner part of dotted line
in Fig. 1. Suppose we are in time k+1, then all the values of
y's and w's in (13-1) are available. The input and output of
the IDNN are;

The input :(;•(*+/), ,y(k+l-n),u(k-l), ,«(*+/-/»))
The desired output: u(k) (14)

(14) is used as the training data pair for the IDNN, which is
gathered in operation with the synchronous machine
controlled by any other kind of PSS.

A typical multilayered perceptron ANN is used for
IDNN"''1. The training of the IDNN is performed by
minimizing the following error function

;=1
(15)

where ;/ and o are the desired output and real output of the
IDNN respectively, W is the weight matrix in the ANN and A'
is the number of training data pairs.

Any kind of training method can be applied to train the
IDNN, e.g. error backpropagation, gradient descent method,
etc. In this paper, the update of the weighting matrix is
carried out through Fletcher-Reeve method, one of line
searching conjugate gradient methods. However, the results
of other training methods are very similar to those used in
this paper. The detailed procedure is explained in [11,13].

The IDNN identifies the inverse I/O mapping of the
controlled system, the inner part of dotted line in Fig.l, by
which the proposed controller is achieved.
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2 / = -0.034+J0.8
V- = 0.49+J0.62

P=1.0, Q = 0.015(p.u.)

Fig. 2. A Single machine infinite bus power system121

Angular speed (p.u.)
0 0 0 1 5

0.001

0 0005r -

sec

Fig. 3. Comparison of speed deviations for some a's.

Angular speed (p.u.)

0 0 0 1 5 -

0 001

0 0005

j " A LQG Controller"

• / \ ~ " A ~ ~S~ Proposed"Controller
'< ' \\ /fjf- / " \
•r - f - ' r tt" -\ ~-A-—vTT •=—"

Adaptive Pole Sifting Controller

Fig. 4. Control results of each controller
(ot=0.6 in the proposed and APS controller)

iv. SIMULATION RESULTS

The proposed controller is applied to a typical single
machine infinite bus power system to show its effectiveness.
Fig. 2 and Table A-l show the sample system and its
parameters respectively which can be found in [2]. The
sample system has following open loop poles and zeros when
linearized at the nominal operation conditions,

Poles: 0.8213±./0.5752 - 0 2 1 3 7 ± ; 2 7 4 7
Zeros: 1 - 0.2735 ±y0.4319 (sampling time is 100ms)

from which we know that the controlled system is of
minimum phase and has unstable modes. The control input is
supplementary excitation control and the output is angular
speed deviation and the mechanical power is assumed to be
constant for convenience.

Controller output (p u.)
0 .03-

oo;s

0.02-f -

0 0 1 5

2^_- Proposed Controller

J : - — - Adaptive Pole Sifting Controller

LQG Controller

0.005

o
i

- 0 . 0 0 5 -

-0.01
- 0 0 1 5 -T

3 4
sec

Fig. 5. Output of each controller
(a=0.6 in the proposed and APS controller)

Angular speed (p.u.)

0.0015^

1 A
o.ooi f - pi • -

1 '' I r . Proposed Controller
0 0 0 0 5 ' ' ' ^

Fig. 6. Comparison of speed deviations in line fault case

A small disturbance of magnitude 0.1 p.u. in the rotor
angle was assumed for the initial state in the following
simulations.

Fig. 3 shows the control results with various a. It can be
seen that the performances can be easily changed with a
varied. In Fig. 4, the proposed controller with a fixed at 0.6
and an adaptive pole shifting(APS)'121 controller with same a,
and a linear optimal controller with Kalman filter are
compared. The gain vectors of linear optimal controller and
Kalman filter are given in Appendix A2. The results of the
proposed and APS controller are very similar and they
compare quite well with that of optimal controller. Fig. 5
shows the controller output for each controller.

It is assumed that one of three tie lines met a sudden
problem and the circuit breakers to protect that line tripped,
which means that the operation condition meets a sudden
change. The control result, in this situation, of the proposed
controller is compared with that of optimal controller
designed for the linearized model at the operation condition
before the fault in Fig. 6. As demonstrated in this figure,
since the IDNN used in the proposed controller has learned
the inverse I/O mapping at various operation conditions, the
proposed controller can cope with the changing operation
conditions.
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v. CONCLUSIONS

A neuro power system stabilizer was developed to
enhance the dynamic stability of a power system. A control
law based on pole-shifting control technique was suggested,
which implies internal stability in minimum phase system.
The proposed controller can be easily realized using the
inverse I/O mapping of the controlled plant. An ANN
identifies the inverse I/O mapping at various operating
conditions off-line and is used in the controller. Simulation
results show that the proposed controller damps the low
frequency oscillation in an efficient manner. The proposed
controller has its limit that it is applicable to minimal phase
system only, which is the remaining problem to be solved.
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VII. APPENDIX

Al. Generator data

Table A-1. Generator data

M
Tdo'

D
xd
xd
xq
Ka
Ta

9.48
2
0.
1.8

0.13
0.8
200
0.05

A 2. Optimal controller gain anil Kalmann filter gain

Optimal controller gain
K = [-15.2183, 0.02528, 0.43191, 0.2189]'

Kalman filter gain
L = [ 10.0536, -0.1326, -3.4222, 120.48]'
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Neural network based fuzzy controller of the synchronous generator
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Abstract—The paper presents a neural network based fuzzy
controller of the synchronous generator. The following
processing steps arc all implemented by means neural
networks: the fuzzification of measured signals, the
construction of fuzzy logic rules, the defuzzification, and the
development of the ultimate control signal. The controller
concept was first validated by means of simulation of a
turbine-generator unit with 426MVA synchronous generator,
and then laboratory tested on a 27kVA unit. A discussion is
included of how the generator dynamics are influenced by
the initial load, by disturbances, and by the choice of
controller parameters.

I. INTRODUCTION

The control of a synchronous generator operating in a
power system constitutes a complex nonlinear control
problem. The state-of-the-art rule-based methods for
designing such control usually turn out impractical and
inefficient. The development of generator controllers is
further complicated by the fact that it is virtually
impossible to work out mathematical models capable of
adequately describing the generator in its various
operating conditions. The following two broad categories
of control methods are being employed to avoid the above
difficulties:

• Adaptive control
In its classic form, this method relies on choosing a
linear model of the object (i.e. synchronous generator
operating in a power system) and determining the
controller structure which optimizes the adopted quality
criterion. The parameters (coefficients) of both the
model and the controller are then updated in each
control step.
A neural variety of adaptive control [1] uses two neural
networks, one of which is the so called object map,
while the other functions as the ultimate controller. The
neural object map is a nonlinear counterpart of the linear
object model used in the conventional adaptive control.
The map is being updated in each control step. The
neural controller makes use of the current state of the
map for predicting the output from the controlled object,
for computing the necessary updates of its weights, and
for computing the optimum control signal.

• Non-adaptive nonlinear control
A recent trend is toward using neural networks to
implement the above category of controllers. Such

controllers may also incorporate the fuzzy logic
technology. It is particularly desirable from the practical
standpoint that the design methodology adopted should
enable the designer to use the heuristic and linguistic
control knowledge[2]. Where this quality is at a
premium, the fuzzy logic technology provides the right
choice. It is with such fuzzy/neural generator controllers
that this paper is concerned.

The controller in question was implemented using a
neural network whose neurons are defined by the
following transfer function:

[l for c > l

y = f(x,) = | c for 0 < c < 1 where e = £ \v ,x , , (1)

[ofor c<0 '
where x, is the input signal, \v, is the ith weight
coefficient, and the y is output. The neurons permit
implementation of both triangular and trapezoidal shape
membership functions.

II. NEURAL IMPLEMENTATION O F FUZZY
CONTROLLER

In systems using the fuzzy logic, the portion of the
controller that accomplishes the control tides (control
algorithm) is preceded by the fuzzification, and followed
by the defuzzification. The three stages of a fuzzy
controller are shortly described below, along with the
choices made for implementing the generator controller
here at issue.

A. Fuzzification

Fuzzification is a process F which transfers input value
Xk 6 X k to a set of fuzzy membership values u,, e[0,l]
according to the membership function defined in the
universe of discourse of X,.:

F: xk -> {K,^(xk)),...,(m>Hxk))} (2)
where m| is the membership of Mh input Xk in the ith

fuzzy set (center value of the ith fuzzy set), \xx is the

membership value of x k in the ith fuzzy set , i=l..N

where N is the number of fuzzy sets applicable to Xk.

When the membership function is trapezoidal shape, the
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membership consists of two values: left IT1|L and right

ITlj R membership.

Depicted in Fig. 1 is an example neural implementation
of the above process, viz. the defuzzification of input
signal Xk. The values of neuron weights depend on the
memberships mi of the corresponding fuzzy sets. For the
example of Fig. 1 the weights assume the following
values:

w , = -
1 -m

-m B.R
k _ 1. 4 k _ k

Three neurons are required to define the grade of
membership in a single fuzzy set. However, as the number
of fuzzy sets N increases, the fuzzification can be effected
using a two-layer neural network having only N-l neurons
in each layer (Fig. 4).

T-t>

-rfc
H>

w1

w2

w3

w4
_J-t>

B

rrf
A

"B.R "jl
Fig. 1. Neural fuzzification of signal

B. Control rules

The control rules define function R that determines
fuzzy control actions by matching them with fuzzy
information:

R:

(3)

where m* is the membership of the pih fuzzy action set,
(.lp is the strength ot the/Jth action (i.e. membership value
of output s in the/3th fuzzy set), and j=l..M, p=l..P where
M and P are the numbers of fuzzy sets applicable to X,
and s, ® is the operator means logic operation on
Cartesian product.
As a practical matter, the logic rules that make up the
controller algorithm can usually be expressed in the form
Ak

 A(V)I$' =>C\ Thus, in addition to the inference
function, the rules chiefly rely on the logic product and
logic sum functions. The truth values of these functions
can be determined using the T-operators. The latter can be
constructed in a variety of ways [2]. Here the formulations
given by Zadech have been adopted, where the truth value

of logic sum is defined as:

(Xk and X, denoting different input signals) and the truth
value of logic product is given by:

A neural implementation of the above functions is
sketched in Fig. 2, while Table I shows the respective
weight coefficients.

»CCxJ

M>i)

T, G

Fig.2. Neural implementation of logic product and logic sum (w 1 ,w2.g 1 .g2 -
weight coefficients)

TABLE 1
Values of weight coefficients for the above neural implementation of logic

sum and product

Operator

T(.)

G(.)

wl
-1
1

v/2
1

-1

si
-1
1

g=
1
1

C. Defuzzification

The defuzzification involves generation of the ultimate
output (control) signal by appropriately converting the
results of logic manipulations on fuzzy sets. This can be
symbolically represented as:

D: {(ms
A^A(s)),...,(m;)n;(s))}->s (4)

One method for computing the control signal .v relies on
using the so called centroid defuzzification function [3]:

I UP

(5)

Here a defuzzification procedure has been employed that
uses a single neuron and produces outputs similar to those
generated by (5). For this procedure, if P is the numbei of
action fuzzy sets, the value of control signal s can be
computed from:

p

where mp is the weight coefficient equal to its

corresponding fuzzy membership, | ip is the membership

value of s in the/jth action fuzzy set, and the function f(«)
is given by (1). The functions (5) and (6) will yield the
same results providing that the following condition is
satisfied:

p

2 n P = i - (7)
As regards the considered synchronous generator
controller, the above condition is satisfied in the steady
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state and during low-swing transients. When the swing is
high, (7) may periodically be violated, which leads to an
increase in the control signal s. However, this does not
adversely affect either the controller effectiveness or the
system stability.

III. VOLTAGE CONTROLLER OF SYNCHRONOUS
GENERATOR

Depicted in Fig. 3 is a block schematic of the
considered generator voltage controller. The controller
design is based on the principles outlined in Section II.

The inputs to the controller are the voltage error
Ug — UIcf (with Ug being the generator voltage, and
U(cf denoting the voltage command reference) and the
first derivative of the generator voltage dLJg /dt. To
either of the inputs there correspond five fuzzy sets, and
the consecutive instances of input signals are being
appropriately assigned to these sets depending on the
signal values. The sets are as follows:
• For the voltage error input:

HPu -u f - high-magnitude positive voltage error,

Pu -urf • medium-magnitude positive voltage error,

Zu -u t " z e r o v o ' t a S e e r ro ri

Nu -urtf - medium-magnitude negative voltage error,

HNu -u ' high-magnitude negative voltage error.

• For the voltage derivative input:
HPdu Mi " high-magnitude positive derivative of

generator voltage,
PdU /di " medium-magnitude positive derivative of

generator voltage,

Zdu IA\ - zero derivative of generator voltage,

Ndi; /di " medium-magnitude negative derivative of

generator voltage,
HNdu /di " high-magnitude negative derivative of
generator voltage.

,HP

dllg/dl r̂

Fig. 3. Block schematic of the synchronous generator controller
T - lime constant, p - Laplace operator

Membership functions of the voltage error in the above
fuzzy sets, along with a neural implementation of the
fuzzification process, are shown in Fig. 4. Fig. 5, in turn,
demonstrates the membership functions of the derivative
of generator voltage. Table II shows the weight
coefficients of neurons that perform the fuzzification of
the voltage error input. The asymmetry of the membership
functions that can be seen in the figures is introduced to
allow for the nonlinearities of the synchronous generator
and its excitation rectifier.

HRi_.

ml m2 m3=0 m4

w]

1 -1

T

+ - *
m5 A=Ug-Uref

I Us"Uref
\v3 w4 \v5 v.6 \v7 \v8

1 -1 1 -I 1 -1

H N A N 4 '•A rA n r A
Fig. A. Membership functions of the voltage error input in fuzzy sets

HPA.PA.ZA.NA.HNA

TABLE II
Weight of coefficients applied for fuzzification of voltage error

W|

\v.

w4

-m,/(m,-ni|)
1 / m, - m.
- m j / rn3 - nii

1 / m3 - m.

W 5

W 6
W 7
W S

-ini/lmt-n^)
l/(m4-m3)
-1115/(11^ -m ( )

l/(m5-nij)

,HP-6 -

/ \
/ \

ml ml ni30m4m5 m6 5=dUg/dt
Fig. 5. Membership functions of the derivative input in fuzzy sets

HPS.PS.Z8,N6,HN6

The output (control) signal s is also being assigned to its
corresponding five fuzzy sets HPS, P s , Z s , N s , and
HNS . The interpretation of these fuzzy sets can be
twofold. If there is an integrating element between the
defuzzification portion of the controller and the input to
the excitation rectifier (so that it is effectively the output
s' of the integrator that ultimately controls the rectifier),
than the interpretation of the fuzzy action sets is similar to
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that used in the fuzzification stage. By way of example: Z
= no change in control required, P = increase control
signal. HP = largely increase control signal, etc. If,
however, there is no such intervening integrator (meaning
that the signal S = s' directly controls the rectifier), the
interpretation is as follows: HNS = output signal is very
low, N s = output signal is low, Z s = output signal is
medium, Ps = output signal is high, and HPS = output
signal is very high.

HP.H.AHN N 7 P

- •'• A 1 :

ml m2 m3 s m4 m5 S
Fig. 6. Membership functions of output in fuzzy sets

HPS.PS.Z5.NS.HNS

With the input and output sets defined in the above
introduced manner, the following Fig. 7 illustrates two
example algorithms for the control of excitation of the
synchronous generator. The algorithm depicted in Fig. 7a
is designed for stronger—compared to that of
Fig.7b—reaction to changes in the input signals.
The control rules making up the above algorithm can be
represented with the following algebraic notation:
(U, - Unf G HP V U J A (dUp/dt e H P ^ J => (s G HPJ

dUg/dt

Ug-Urel

dUg'dl

Fig.7. Control rules as applied to the control of generator excitation
(the correspondence between values shown along the z-axis and fuzzy sets

is: 2=HP, 1=P, 0=Z, -1=N, -2=HN)

IV. SIMULATION AND TEST RESULTS

A turbine-generator unit with a controller conforming to
the above description was simulated using mathematical
models of the following orders: synchronous generator -
7th order Park's model, steam-dri\en turbine - 4th ordei
model, and turbine controller - 7th order model. The
simulation of transients included the evaluation of the
effect of various disturbances (varying in kind, level, and
place of application) on the dynamics of the overall
arrangement. Also analyzed were the relations between
the considered dynamics and parameters of the power
system. The generator was modeled to be connected to the
power system via a unit transformer and power line. The
parameters of the simulated unit corresponded to those of
a real 426 MVA unit with static excitation. The following
models of feedback transducers were used: 1 /(I + pT,) for
the generator voltage (Ug) transducer, and pT, /(1 + pT,)
for the derivative (dUg / dt) transducer; (T, = 0.03s).

The fuzzy generator controller was implemented as a
sampled-data system with a sampling period Tp. Two
variants of the controller were analyzed: (a) one with an
integrator at the output (i.e. s' & S), and (b) the other
without an output integrator (i.e. s' = S).

To get the simulation started, the bounds of the fuzzy
sets corresponding to the input signals were determined by
analyzing experimental waveforms of the error and
derivative of generator voltage. The waveforms were
extracted from a real unit witli an analog controller for
two kinds of disturbances: light (5% step change in the
voltage of the dummy power system) and heavy (3-phase
shoiting). The control rules were then defined for the so
obtained fuzzy sets, which resulted in the controller
functioning correctly, even though not optimally.

The analyses carried out indicate that the presence of
the output integrator (variant a, i'1 ^ .V) greatly
complicates the synthesis of a flawless and efficient
controller. The system dynamics for this variant are highly
sensitive to the shape of membership functions and the
integrator time constant T, as well as—to a smaller
degree—to the control rules adopted. Indeed, satisfactory
performance is only achievable by thorough parametric
optimization of the controller.

By the omission of the integrator (variant b, s' = S) the
system is made much less sensitive to the above agents.
For this case, the system dynamics essentially only depend
on the choice of the shape of membership functions and
the ranges of fuzzy sets, providing that the control rules
have been sensibly established. In addition to the low
sensitivity of this variant to the formulation of control
rules, it also enjoys low sensitivity to the choice of
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sampling period Tp, and is highly robust against

disturbances of various kinds and places of occurrence. A
change in the sampling period from 0 to 15 ms has
virtually no effect on the process of voltage control. If Tp

is further increased, the voltage overshoots are magnified
and the voltage settling time also increases.

Shown in Fig.8 and Fig.9 are sample results from the
extensive analyses carried out. The plots represent the
generator voltage response to a 5% step increase in the
power system voltage.
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Fig. 9. Generator voltage response to a 5% step increase in power system
voltage; control law of Fig.7a (solid: Pg=0.4,Qg=-0.53, dot: Pg=O.85,Qg=-

0.1, dash:Pg=0.4,Qg=-0.1, control law of Fig. 7.a)

The response in Fig. 8 corresponds to the rated initial
power load of the generator, while those in Fig. 9 pertain
to other initial loads. The settling times are very short (0.1
- 0.2 s, i.e. several times shorter than for analog
controllers) and only to a small extent dependent on the
initial generator load.

Fig.8. Generator voltage response to a 5% step increase in power system
voltage (solid: control law of Fig.7a, Tp= 10ms, dot: analog controller)

Fig. 10. Simplified schematic of the experimental system
(FA-analog filter, PN1, PN2-measurement transformers, P/U-power-to-voltage converter, SA-isolation amplifier, PT- tachogenerator)
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The considered fuzzy controller has been implemented
on IBM-compatible personal [4]. The hardware of the
controller and the main elements of the generating unit are
depicted in Fig. 10.
The experimental system includes:

• synchronous generator, labeled by G in Fig 10.

GCPFS4a type, rated U n = 3x400 V, Sn = 27 kVA ,

cosi|in=().8, and nn = 1500 rev/min, driven by a

separately excited DC motor denoted by M,

PRBZ 315s 4/8 type, rated U n = 4 4 0 V , Pn = 30 kV ,

and I n = 7 9 A ; the latter is fed by a rectifier set

denoted by DSM, DSM 090 type, whose principal rated

characteristics are: Uni = 3x 3SO/22O V»,

U n : = 4 4 0 V = , ln = 9 0 A ;

• unit transformer TB rated Sn = 27 kVA ,

U n l / U n : = 4 0 0 + l x 9 V / 4 0 0 ± 4 x 8 V , AUZ = 1 1 % ;

• transmission line in the form of coreless inductors D of
the following parameters: 6 inductors: R = 1.0Q,
L = 3.18mH, 2 ground-return inductors: R = O.35Q,
L = U 7 m H
The experiments carried out have confirmed the
effectiveness of the proposed fuzzy controller. An
example response to a 10% step change in the generator
voltace command is shown in Fie. 11.

40 60 80

Time (samples)

40 60 80

Time (samples)

Fig. 11. Generator voltage lesponse to a 10% step change in the command
reference (Tp=10ms: a computer format value of 3000 is the \oltage

response effectively means 400V)

V. SUMMARY

A fuzzy controller has been suggested for the voltage
control of a synchronous generator. The controller was
implemented in the form of a neural network. The primary
advantages of the controller are:
• high dynamic efficiency (i.e. short settling time of the

voltage response),
• low sensitivity to the initial operating state of the

turbine-generator unit. In particular, the controller
enjoys low sensitivity to the initial generator lond,
while also being capable of accommodating largely
different parameters of the power network.

The above characteristics were fully confirmed by both
simulation and experiments.

[3]

[4]

VI. REFERENCES

[1] J. Zurada. Introduction to Artificial Neural Sv.t/imv
West Publishing Company 1992.

[2] M. M. Gupta, J. Qi. "Design of Fuzzy J - JIC
Controllers Based on Generalised T-ope:ato:s."
Fuzzy Sets and Systems 40(1991), pp.473-4S9.
Q. Hu, D. B. Hertz, "Fuzzy logic contiolled neuial
network learning." Information Sciences, no. 2. 1994.
pp. 15-33.

Z. Lubosny, A. Grzenkowicz. "Digital integrated
controller of synchronous generator and turbine." in
proceedings of Iranian Conference on Electrical
Engineering ICEE'95, Teheran, May 15-18, 1995.

Zblgnicw Lubusny uas bom in Starogard
Gdanski. Poland, in 1961. He recched an
M.S. degree in electrical engineering in 19N5.
another M.S. degree in management in 198".
and a Ph.D. degree (honored by Gdansk
Scientific SoeicH) in electrical engineering in
1992. all from the Technical I'nher.MU ol
Gdansk. Poland. In 1985 he joined the !\m«r
Systems Division at the Technical I'niversity
of Gdansk, »here he is current!) an Assistant
Professor of electrical engineering Hi1-
research interests are in the conlm! nl'pimei
systems, including neural network based and
1~UZ7\ controllers.

3 5 1



I'LACKMENT OP" STATIC VAR COMPENSATORS
IN POWER SYSTEM TOli STABILITY IMPROVEMENT

M. A. Golkar I). .Inlali H. Uernhmand-Dour
Electric Power Research Center

TEllttAN-lRAN

Abstract A method for detpi -.inin? '.lie optimal location
of static v.-ir compmsatorEl.SlC) in n power system to
ma\:m.-.e th"ir influences on damping of voltaae and power
swtr.ss due to a disturbnnre is presen'od. Tin? lucn'.ion
crilviMon is i nri'_*p°titl'.»nt. of tNe uMimalo con'rul sclicnio
to be used. U|<l:xal buses fi.-i placement of SSCs liavc bt-on
calculated 11=1115 noilal analysis. The method has been us^d
to :inr>p elect rom»clianical oscillations in the power
sys: ̂IT of Iran and tiie I'fS'iits show fast damping of
osc:! lations. The analysis :s supplemented by digital
sinulntion for this power sys^rn using "DVNSTAB" program
which has been developed by "SSFB".

Key Kords : Var Compensation, Static Var Compensator,
Stability Improvement

INTRODUCTION

An'electric power system is never in equilibrium for
very long. Frequent changes disturb the equilibrium so
that the system is almost always in t .-i.-sition between
eiui'ibrium or steady-state conditinn=. Tontrnl 1 in? tlie
voltaic throughout the netwoiv:. as well as, damping power
and frequency oscillations, present a continuous
challenge to power system planners and operators. In
order to run the integrated generat ion-transr.issiou-
distributioii system in the economic and reliable fashion
and prevent it from collapse under all possible operating
conditions, new control techniques are always in great
denand.

Tccay the electric energy industry is facing a great
challenge in meeting the ir.:reased load demand with
higr-st reliability and by minimum transaission
expenditure. In other situations, the restrictions on new
right-of-way development hive made nany areas more
dependent on a limited number of transmission corridors.
For all cases, increasing the power transfer on existing
transmission facilities is now of great interest (1-31.
However, such improvement of power transfer capability
sĥ 'ild not be at the cost of ruiiuc'in; the security of
oji-.-ation of a system or its stability margins.

To maximize the influence of SVCs on controlling the
voltag" and power swings, the optimal places to install
then should be determined. One location criterion which
was chosen by Byerly et.al.[4], involved trying to
identify busbars where poor voltace regulation may
contrih'tLe to instability. By using .1 solved pnwer flow
and Approximating loads as constant admittances, they
calculated tlie voltage changes at all busbars for a
change in the power generation at each generator busbar
in turn. In this method, these "voltage sensitivities"
are assumed to indicate locations where SVCs are most
likely to be beneficial in improving stability, The
approach makes the implicit assumption that reduced
variation of load power during a transient, as a result

Paper SPT PS 12- 01- 0022 accepted
for presentation at the IEEE/KTH
Stockholm Power Tech Conference,
Stockholm, Sweden, June 18-22,1995

of voltages being held more constant by SVCs, will
result in improved damping. Of course this assumption is
not necessarily true for ai: systems and SVC controls do
not necessarily attempt to hold the voltage constant in
transient period.

Olwegard et.al.(l) also considered the problem of
SVC location by switching * capacitor in at \arious
locations along a tie line between two meshed networks.
They showed that the resultant relative acceleration of
the two-machine groups varies by a factor of two to
three for different locations. The location where the
acceleration is greatest is chosen as the optiau».

Ledwich rid Jordan [5] used a similar criterion.
They stated that as power oscillations consist of
machine rotor ar.gies noving apart, the SVC has its
greatest influence over systen stability when its
influence over the relative machine angles is naxiaized.
They derived analytical results showing the lo:ation
where the insertion of a given shunt capacitance can
have the largest possible effect on the relative michin?
accelerations in a two machine systen. Their analysis
method is, however, restricted to very simple sys:ems.
Nevertheless, their location criterion is extendable to
real systems, when tiie method of system analysis
proposed in this paper is used.

BASIC CRITERION FOR OPTIMAL SVC PLACEMENT

Tiie criterion is based on icachii.e accelerav :ns.
The equation of motion of a synchronous aachine ic] is
as following :

d"6

dt"

4P

II
(1)

where "iP" is the nismst-'h between mechanical power
which is fed into the machine and its electrical output,
"H." its inertia constant, .ind "6" the a-ichire rotor
angl».

To determine which machine acceleration 1o influence,
a derision must be Bade on the oscillation modes that
need to be controlled . For a two machine system, there
will be only one electromechanical oscillation node. The
relative acceleration of the two machines at nodes "i"
and "j" is given by :

&P,

H,

iP.
(2)

We will call this term as " Effectiveness Factor" and
wish to find the SVC location for which it is maviaized.

For the higher or'Jcr systems the effectiveness
factor for n givpn oscillation mode will be expressed as
linear combination of individual pnehine acceleration
terns. The weighting of the terns are determined by the
analysis of eigenvectors of the system oscillation
modes.

MATHEMATICAL MODELS

To calculate the relative rotor .ingle oscillations
immediately after the insertion yf a capacitor at n bus,
generators are represented bj their classical »odel of
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••«t "in» '. f - ' i t i s i » - n l r'.'ii'.'l •• iri• v , n m l

t h e - ' .h" |i"w«r changes on s w i t c n i i i s in t h e c i p a r i l n r s a r e
C(i!r]"ii ntl by i i i r " C t s o l u t i o n o f t1i<" ti"'»>orl. <"iun!.i<>;it;.
N<?t»-nik e - j ' t u t i uns a r e 1 i m ' a r i s e d nbout a g iven o p e r a t i n g
p o i n t and in g e n e r a l we have [ C ] :

\

X

o i i

A : o

X!
+ l\

\ = A...\ * d

(3)

(4)

whore "A." is the state matrix of system and "X" is the
statf1 vector as follows :

X = ! 45 Au (5)

Where "A3" is the vector of the change of relative rotor
anc >s and Au" is retered to the corresponding speed
chanies.

T're frir, "d" can be expressed in terms of the change
of electrical power instantaneously caused by the
capacitor insertion. For example in reference C(P.G2)
witi- three generator buses we have:

u, AT. AP. u AT. AP,
d = I 0 , 0 , — (—= —I , — (—= — ) ]• (6)

II H-. H. H-,

In the other hand, the matrix of eigenvectors, "M",

is used to decompose the system equations into the modal

fom as follows :

Z = M'-.A ..M.Z + HM.d (7)

Where "Z" is the system modai vector..
As "M:.A,.M" is diagonai, "M"'.d" indicates the

strength of influence over each of the modes.
For example, the change of generator output powers

due to capacitor insertion at a given bus may be conputed
to give ".alue for "d" at each bus. Using the nodal
<ie;-r>ir.|iosition matrix "M , the effect of reactive power
i::.;»ction at a given bus on each of the modes can be
determined . In other words, disturbing the system at one
of the buses, the oscillation nodes of the system are
excitpd and the strength of influence of ttie disturbance
on each of the oscillation modes is calculated, if the
voltage changes at one of the buses in the systen is
considered as a disturbance, then the stronctli of
influence of each mode due to voit.ige change can be
determined. So we can calculate the effect of voltage
control at each bus over the system c=?illation modes, or
we can determine that the voltas» coi rol of which !'us is
more effective to dam]) each mode. So if the dynamic
voltage controllers (e.g. SVC) are installed at these
most sensitive buses, they have the most damping on
oscillation nodes.

DAMPING INCREASE BY USING POWER-DASED CONTROLLERS

As the oscillation modes are the function of
generator rotor angle oscillations, and these modes are
more related to the bus voltage angles and not
amplitudes, voltage control does dot offer the best
damping improvement, better performance can be obtained
using power-based control. Therefore, line power swings
ore factored as linear function of system oscillation
mod»s. These factors define the rate of participation of
eacli mode in each line power swing. In other words, to
damp eacli of oscillation moilos, it must be determined
that power swing of which line should be controlled.

To il^l»rrainp the power swing of lines as a function
of oscillation nodes, first the use 11 lat inns of
cenrrMor rotor .ingles nro determined as a function r>f
oscillation modes as follows :

\ = M . 2 "5)

X =

or:

16 . -

Ao(

y. •

__

z

M

M,

where "X", "M" and "Z" are same as the previous
definitions.

The equation 18) can also be represented as :

. [Z] (9)

(10)

The rmtrix "M," shows the participation factors of
oscillation modes in generator rotor angles. Now we need
to compute participation factors of generator rotor
angles in power swing of lines. Hence, we first compute
the change in bus powers as functions of the cha:i?e in
generator rotor angles using DC load I low equations as
follows :

I AP ] = [ B ] . [ £5 ]

where "•)" is the DC load flow matrix and,

[ AP ] = [ AP, , AP, AP, ]'

A6 ] -I 46, , A82 A6, ]

(11)

(12)

AP,

AP; B i , : E
: i

46,

46,

K the generator buses (g) are separated from load
buses • i) we have:

113)

(1-1)

(15)

As the 'oads in load buses are constant we

AP, = 0

A6: = - -i.•1

In the second step, the power variation in the
lines a'-e determined as a function of variation of
generator rotor angles using the equation :

i p a - = S!ii( • A 5 | ( 1 6 )

In thi<- equation "S,jt." consists of the participation
factor- of the generator rotor angles in power swing of
lines.

T.- calculate the power swing of lines as functions
of osci lation modes, "A6 " .n equations (10) and (16) is
elimiiii'.ed as follows :

A6( = M

= SI, M •
 Hl • Z

117)

(18)

The • 'oments of the vector "S.^.H," are the
participation factors of osci llatioii »otles in power
swing of l ines.
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Figured )- The Electric Power Syste» of [RAN

CASE STUDY AND RESULTS

The power syst°m of Iran -ith ahotit two hundreds
230K'. nnd -100 KV buses is studied. Ninteen of them are
generation buses nnd therefore this system has eighteen
independent oscillation nodes. The one line diagram is
shown in fitfurol1).

At the first stage, Hie rar.il sensitive buses to
voltage variations are deternincd using the method
describ'."i above ("M .d" in equation (")). These buses are
the optima' buses for placement of SICs to damp the
specific cisc i I lat ion merles through bus voltage control
due to a disturbance. The first 20 buses for some of the
modes are given in table! 1). For better electromechanical
oscillation damping, tne power oscillations of lin°s are
controlled. The strength of influence of the osci1lation
modes on power oscillations cf lines are calculated
'"5, .,•*'," i» p<i'intion (18)). The fjrst 20 roost sensitive
linet för the same modes are given in t..ible(2).

Comparing the tables (1) nncl (2) slios that the buses
in table! 1) are mostly Die buse? vjnnected to one side of
the sensitive lines which con: ;1 of tneir power flow
have the most effect on oscillation modes given in
tnbl<?!2). In other words, tables il) and (2) verify eacli
other.

To damp oscillations, first the load buses that
voltnee variation of them have more effect on more number
of oscillation modes (sonsitii" buses) nrr chosen using
Inlil'-U). TIIP SVCs nrr iimtallnil nl. llmsc buses. Th"ii
using Lulilc i ) , the lines that power control of them have

Tabled)- The optical buses with the most, influence
on the specified oscillation modes

MODE 1

M0NTA2 1
F1BAJI2 1
KAN 2 1
FERDS2 1
AE? »D2
MA1 V2
TAK 4S2
FIBAH4
OZGOL2
NAMSH2
RUDES4
TEH P2
TEH P4
JAUL4
DOSHA2
JSAVEZ
DOSH22
BEY N2
KEY 2
RA.UF.4

,700
.197
,077
,076
,989
,837
,83G
.749
.745
.738
.714
.695
.564
.5-12
.519
505
.504
.501
.483
.4711

MODE 4 MODE 5

ZARGAO
RAM1N2
AJIW£22
ZARGA2
AHKA12
UEZ 0
DEZ 2
AND1H2
OMID12
BEIIBH2
KARUNO
DOGON2
MIL4O2
KAZER2
SH1RA2
ABADA2
SH1RA4
0H1D14
MARON2
N1S1C2

.577

.176

.113

.103

.070

.06-

.04?

.025

.025

.02-!

.02"

.022

.022

.022

.021

.02!

.02!

.019

.019

.OP

ABAS 2
RUDES4
ABAS 4
RAJAE4
ZIARA4
F1BAH4
JALAL-1
FIBA1I2
NEKA 4
REY 2
S1RJA4
FERDS2
HOHTA2
BUSTN2
TABRI2
ABASW2
TEH P4
TAnRI4
KAN 2
SARDR2

.348

.311

.308

.301

. 2 8 2

.269

.2C6

.264

.258

.255

.251

. 2 ) 7

.246

.245

.244

.232

.228

.227

.223

.221

MODE 1C

ESFA20
E55RI2
ESFA22
NAJAF2
STEÉL6
STEEL2
NAJAF4
ESFA12
TIRAN4
KIIORA2
FMUBA4
SIIRKO4
SEZAM2
HOBAR2
C0LPA4
VAZD 4
ARAK 4
KARI/N4
YAZD 6
SIRJA4

.264

.262

.070

.067

. or.4

• .00-i
• , 0 5 9
.058

-.056
•.052
-.01?
-.039
-.028
- .025
-.021
- . 0 ) 8
- .015
- .013
- .011
-.011
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T a b l e ( C ) - The optimal linos with the most influence on the specified oscillntion modes

MODE

FI_BAjt2REY 2
: F! BA1I2MONTA2

v .\s 2MCWA2
. i iESAT2fUA]J2

KAN 2OZUOL2
[MISIIA2REY i;2
TEH P2UOSHA2
TEII P2OZCf'L2

| Z1ARA2MONTA2
REY 2REY S2
KAN 2NAMSH2
NAMSH2OZGOL2
FIHAII2KAN 2
FIBAH2MANAV2
KAN 2HASAV2
REY N 2 D C I S H : 2

TEH P2POS1-::
RAJAE4Z1AR14
RUDES4FIBAH4

! LOS1IA2Z1ARA2

1

1G.11GG
- 1 1 . 4 - 1 0 7

- 7 . 1 2 2 3
- 4 . 2 2 2 9

4 . 1 2 1 0
3 . 9 7 1 2
3 . 9 7 1 2

-3 .7318
-3.G429
-3 .6051

3.3426
3.3-S2G

- 3 . 2 0 6 8
- 3 . 2 5 2 9

3 . 2 5 2 9
- 3 . 1 5 9 7

3 . 1 5 9 "

- 1 . 9 9 3 3
- 1 . 2 8 G 9
- 1 . 1 5 3 8

HOPE 4

AJIWA22ZARGA2 - 4 .
AHHA22KAK1N2 3 .
RAMN2\M*V.2 - 1 .
AIIKA12AIIWA22 - .

AIIWA12Äiiv>AN2
UEZ 2HAFTI'2
AHKAN12l!AFTr2 - .

AKD1M2.AHWAN2
ANDIM2DEZ 2
KARUN4AHWA24
K A K I : S 4 O M ; U 2 4

OMini4OMlD'J4
AHWA24OMID2J
FASA 4SHIRA4

FASA 4SIRJAJ
SHRKO-iKARUNJ
T1RAN4SHSKO4
AHWA22OM1D12 - .
AHWA22MARON2 - .
OMID1L'M\RON2

312G
7099
r>489

8 7 Si;'.
87»:1

6034
5034
43.19
4359
2923
1895
1203
1049
0714
0714

OG35
0635
0583
0576
0570

MODE

ARAK 4GOLPA4
T1RAN4GOLPA4
YAZH 4TIRAS4
YAZP 4S.1JJJA4
ARAK 4HUI)ES4
FASA 4SHUA4
FASA 4SHI RA4
ABAS 4S1R.1A4

KARIN4AKAK 4
OM1D24SHIRA4
TABRIZ AJAE4
RAJAE-)Kl'f)ES4
KARUN4OM1D24
BEHRA2NAJAF2
hARUN4ÄH»A24
NEKA 4.IALAL4
RLTES4 'ALV. 4
AH»A2J ' i i r : 4
GHOM 2 1. Z

BEHRA: -W i

5

- 4 . 6 9 2 3
4.G923
4 .0007

- 4 . G ft u 7
4 .4 099

- 4 . 1 P 7 8
4. "78
4 . .H9C
4.1164

- 3 . 0 7 8 2
- 2 . 2 G 9 7
-2.2."2f.
-2 .O42G
-1 .59;"3
- 1 . 5 f> b ;•
- 1 , 5 0 4 9

1 .4709
- 1 . 3 1 7 7

1 .1708
1.034 3

NOPE 16

ESFA12ESFA22 -
KHORA2ESFA12
ESGRT2NA.JAF2
NA.iAF2KSrA22
NAJAL2E5FA12
ESGRT2KHORA2
NAJAF2STEEL2
Sh'RKO4KARl:N4
TIRAS4SHRKO4
NAJAF4TIRAN4
Tir.AN4GOI.PA4
•VRAK •1GOLPA4
UEHRA2NA.1AF2
FIBA1I2REY 2
AF AK 4RUDES4
Y A : L - 4 T I F : A N 4

Y A : I I 4S1RJAJ

BEKRA2GHOM 2
GHOM 2REY 2

RVLiESirlBAII-5

1 2 . 9 2 9 4
- " . 4 0 1 8
-:.r.oi?
-i,:ir,,i
-4.4 350
-3.700"

2 . 0 2 4 B
- 1 . O 7 K 2
- 1 . 0 7 8 2
-1 .01BT '

- . 7 0 3 2
. 7 0 3 2
. 3 5 1 5

- . 3 3 4 7
- . 2 5 3 6

.251G
- . 2 5 1 0
- . 2 2 7 9
- . I R O ' J
- . 1 0 2 7

" » >" . " . M • . • • ! •

Tnble(2)- The sensitive buses to instnll SVCs and
relative sensitive lines for the
Electric Power System of Iran

SENSITIVE BUSES

F1BA1I2

NAJAF2

S1R.1A4

/.IWA22

RELATED SENSITIVE LINES

F1BAJ12-MONTA2

ESGRT2-NAJAF2

ABAS 4-SIRJA4

AHKA22-RAHIN2

more effect on more nuiber of oscillation nodes are
chosen (sensitive lines). For better damping the SVC
should be installed at each sensitive bus to control the
poi-er swine of the related sensitive linr which ha\e more
effect on the same oscillation modes. To danp all of the
oscillation modes with the minimum number of SVCs, the
optimal buses are chosen in such a way to have most
influence on all of the oscillation nodes usins Table! 1).
L'sing Table(2), the opt i real lines with the most influence
on most of the oscillation modes are determined. The
optimal lujsps and lines which are finalized for tin? power
system of Iran, are Siven in table(3) and narked in
figured), tabl' (1) and (2).

To dettonstr^te the accuracy of the notbod, "DYSSTAB"
(Dynamic StaDil ty) program which has been developed by
"SSPB" (Swedish State Power Board), is used and the time
simulation of the power swin; of lines due to a
disturbance is done.

To show the ability of the method for optimal
plnccm»nt of SVCs, the power swing in determined lines in
tablc(3) are plotted (Fig.2). The results show fast
damping oscillations when SVCs are used.

The influence of SVCs on the same oscillation modes
are gt\?ii in FigureO!.

In ti,, se figures, the dotted line plots are related
to the simulation of the system with using SVC
instnllations.

.yi/WWv

•4

Figure! . ) - The tin"- simuia'.ion of power swine in
sensitive linos when SVCs .ire installed
sensi ti\e buses

at

Figur> 1 3 ) - The i n f l u e n c of SVCs on oscillntinn modes of
H I P power Fvrtem of Iran
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The method described determines the optimal location
of SVCs in power systems to mnxiciize its influence over
damping of voltage and power oscillations. The optimal
lontions are cnlculated »sing nodal analysis. The method
w- i is iiidi'i'̂ nUont of the control scheme for SVCs.

For lielUT damping, power-hased control is used. SVCs
are installed at sensitive buses and power swing of the
related sensitive linos nre control t fil.

For further wcrk, fastor and Ijeltrr control schemes
should be sacked, f many SVCs are used, coordination of
them should be stLiied,
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THE PROBLEM OF LARGE ELECTRIC POWER SYSTEM SURVIVABILITY

N.I.Voropai
Siberian Energy Institute of RAS, Irkutsk, Russia

Abstract. The survivability concept for large electric
power systems (EPS) deals with heavy systems
emergencies, including the cascading ones with large-
scale interruption in power supply to consumers.
Survivability as an EPS property is characterized by
endurance, vitality of its structure and reflects its
vulnerability to disturbances. Formalization of the
survivability problem is correlated to the notion of the
EPS limiting state which can he reached by the system in
the process of emergency development and after which
the probability of irreversible consequences for EPS and
consumers is high. The methodology for the EPS
survivability study is based on the analysis of processes of
emergency development and system restoration after it.
The main ways for survivability improvement consist in
the use of emergency control, fast capacity reserves,
dispatcher advisers on the EPS restoration after heavy
emergencies.

Key words. Survivability of EPSs, heavy emergencies,
restoration of EPSs, methods for study, means for
improvement.

INTRODUCTION

The survivability problem is typical of complex systems of
any character including EPSs. The EPS survivabiity is its
property to withstand disturbances, preventing from their
cascading development with large-scale interruption of
consumer supply, and to restore quickly the normal state or
the state close to it. The survivability problem is of particular
priority for large extended EPSs and is related to the rise of
heavy systems emergencies (of the cascading nature as well)
which can lead to substantial unfavorable consequences for
consumers and to violation of the whole economy operation.

For the first time an attempt to formalize the EPS
survivability problem was made by V.G.Kitushin |1). The
methods for survivability analysis were devised by
V.N.Avramcnko (2], V.G.Kitushin [3] ct al. L.A.Koshchecv
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considered the problem of selection of emergency control
means to improve the EPS survivability [4). The author
introduced the notion of the EPS limiting slate from the
survivability standpoint [5.6]. It proved to be constructive for
devising the methodology to study survivability improvement
independently of the disturbance character. A.A.Fouad, Qin
Zhou and V.Vittal analyzed the EPS vulnerability to large
cascading emergencies [7]. treating it as an important
component of security.

Similar studies arc under way for other technical systems
|8, etc.). T.F.Bott studied the vulnerability notion of complex
objects with respect to deliberate actions [9] using the
method for the analysis of fault trees and estimating the risk
ofheavy consequences.

The problem of the EPS restoration after heavy
emergencies was considered in parallel as an independent
problem [10-12. etc.].

The paper describes the methodology for studying and
improving survivability of large power systems which is
connected to the problems of development of emergency
disturbances and restoration after them, characterizes
peculiarities of the methods and mathematical models that
arc caused by specific features of the problem as well as the
means to improve the EPS survivability. The problem is
illustrated by the specific example.

2. METHODOLOGY

Let Si. i=I in be different states of EPS after
disturbance. It is possible to distinguish some critical,
"limiting" state Slim which can be reached by the system in
the course of emergency development and after which the
probability of irreversible consequences for EPS and its
ability lo perform the set functions, i.e. (o supply consumers
with electric power of the set quality and in the required
volume, is high. Hence, development of the emergency
disturbance with large-scale interruption of consumer supply
is inadmissible.

The limiting state for EPS is determined by inadmissible
decrease in frequency and voltage in the system, insufficient
values of spinning reserve of the generating capacity and
transfer capability margins of the tic lines. The EPS limiting
state for consumers is determined by the minimum
admissible (from the conditions of their technology) value of
power supplied by the system and the limiting length of
interruption of their supply with power.

The limiting stale of EPS in terms of survivability can also
be determined by the level of emergency load shedding that
exceeds the value of load disconnected by automatic
frequency load shedding devices or by the system slate when
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the auxiliary power supply of power plants is not violated by
emergency disconnections and hence, the complete power
supply can be restored sufficiently quickly |2,12], On the
whole, the quantitati\c characteristics of the limiting state
arc determined to a great extent by specific requirements to
EPSs from the survivability standpoint which can differ
depending on specific conditions.

It is necessary to make the sense of the functions fulfilled
by EPSs from the view point of survivability more concrete.
These functions must consist in power supply only to the
most important consumers. Less important consumers may
be disconnected using the emergency control, including
automatic frequency load shedding, that opens greater
possibilities for the EPS control to improve survivability,
preventing from emergency cascading, and facilitates the
system restoration.

With such an approacli the EPS survivability level is
characterized by the extent of remoteness of the system post-
cmcrgcncy state Sj. determined by the operating parameters,
the spinning reserve value, the transfer capability margins,
etc.. from the limiting state Slim. The emergency character
turns out to be important only as much as it brings the power
system nearer to the limiting stale. The emergency danger
extent also depends on the character of the prc-cmergcncy
state So: less intensive disturbances can turn out to be
dangerous for heavy conditions of EPSs than for normal
conditions with the sufficient transfer capability margins of
tic lines, the spinning reserve value, etc.

The indicated aspects of the EPS survivability problem arc
supported by the experience accumulated in the study of
other complex systems of different nature, when the process
of system sophistication is accompanied by the growing
probability of large-scale fluctuations, decrease of its
reliability and survivability which in turn can be improved
using new means and ways for the structural arrangement of
the system and its control. It reflects objective contradictions
in development of complex systems. For EPSs they consist in
the appearing discrepancy between the changing structural
properties of the system in the process of its sophistication
and development, which determine the variation in the
conditions of its operation and dynamic properties, and the
remaining principles of the EPS formation and control of its
operating conditions.

Accumulation of these contradictions leads to negative
consequences, such as appearance of "weak places" in the
system, deterioration of the EPS controllability, decrease of
its survivability, etc. Resolution of the arising contradictions
is the key goal of the EPS development management which
should comprehensively consider conceptual aspects in the
main structure formation of the system, conditions of its
operation, principles of dispatching and automatic control.

Hence, the EPS survivability is characterized by
endurance, vitality of its stucturc and reflects vulnerability to
disturbances. Whereas survivability is an internal property of
EPS. uilnerability indicates as if an external response of the

system to disturbances. Consideration of survivability as an
internal property of EPS provides constructive possibilities
and ways for its improvement.

3. TECHNOLOGY OF STUDIES

The sense and contents of the EPS survivability study is 10
reveal weak places in the system in terms of survivabilily and
to identify measures on their elimination. The problem
complexity consists in the fact that due to difficulties in
adequate probabilistic description of disturbances
determining survivabilily (as a result of their rare occurrence
and uniqueness) the estimates of the EPS survivabilily level
and the impacts of insufliicnt survivability level can be only
relative in the majority of cases. At the same time inaccurate
economic estimates of the indicated impacts (specific
damages of consumers) as well as absence of the
survivability standards lead to its treatment as an
independent criterion determining the EPS development and
operation and to orientation to comparative studies on
substantiation of survivabilily improvement decisions.

From the standpoint of quantitative estimation of the EPS
survivability and substantiation of means for its improvement
important is the choice of the survivabiity indexes applied.
Such indexes should characterize to some or other extent the
closeness of EPS to the limiting state. Most of the EPS
survivabilily indexes suggested by different authors arc
connected to the load that is tripped as a result of the specific
emergency. Among other indexes worth to be mentioned is
the extent of emergency "propagation" in the system that is
measured for example, by the number of subsystems isolated
as a result of emergency development, the number of possible
contingencies at the emergency cascading, the value of
critical disturbances in terms of the EPS survivabilily. etc.

The risk concept can validly underlie the methodological
approaches to study the EPS survivabilily. The quantitative
risk estimation is determined by the possibility for the system
to reach the limiting state Slim. i.e. it is necessary to estimate
the risk of power supply interruption of the most important
consumers.

The models for the risk analysis are usually intended for
the solution of the following problems: construction of
scenarios of emergency situations and determination of the
associated probabilities of different contingencies:
quantitative determination of risk by modeling the chains of
possible contingencies in the system; estimation of feasibility
of the determined risk level and identification of measures on
its decrease.

When constructing the scenarios of heavy emergencies
which can lead to the EPS limiting state account should be
taken of different reasons for such situations: cascading
emergencies, large single disturbances, coincidence of
relatively light emergency situations with heavy prc-
cmcrgency conditions, etc.
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Feasibility of the system state Si in the indicated sense at
the restoration step i can be estimated in three stages. Stage 1
is similar to stage 1 of the preceding problem, however it is
simplified due to consideration of the conditions zi only that
corresponds to the stale Si and the set of disturbances V =
{vl,...,vk}. Stage 2 is also similar to stage 2 of the preceding
problem, differing in the fact that the emergency control
devices are fixed and the EPS stability is supported by
variation of the conditions zi. Stage 3 analyzes possible
impacts of restoration disruption by representing conditions
for its occurrence (sudden disturbance, failure of emergency
control devices, etc.) and simulation of the developing
emergency process for a long-term period.

The rational restoration strategy can also be determined by
using the models at two levels: analysis of possible ways for
the system restoration by the relatively simple model and
study of the selected suitable strategics by the more detailed
model of long-term dynamics.

The EPS survivability study also comprises the problem of
selection of means for its improvement. This problem can
hardly be solved by the formal methods of optimal control
due to sophistication of the mathematical models.

The method of targcl-oricntcd simulation that is based on
the target-oriented procedures of the factor planning of
experiments for estimation of the gradient of the function to
be optimized is an effective approach to this problem. The
rational structure of the algorithm for using the saturated
factor plans and simplified mathematical models of the EPS
dynamics makes it possible to approach the optimum region
of the objective function with comparatively small computing
resources and then to adjust the quantity and allocation of
means recommended for survivability improvement in the
complex power system on the base of more detailed models

5. MEANS FOR SURVIVABILITY IMPROVEMENT

It is advisable to consider the following three directions in
survivability improvement of EPS:

1) creation of the "good" structure of EPS in terms of
survivability. i.e. formation of the expedient structure of
generation, topology and types of equipment in the main
grid; creation of the necessary' fast reserves of generating
capacity and transfer capability margins of tic lines;

2) creation of means for prevention and termination of the
emergency cascading, in particular emergency control
devices;

3) creation of means and conditions for fast restoration of
EPSs after heavy emergencies; both automatic devices and
intelligent means to support the operator's decisions on
system restoration are meant here.

As to the time aspect the problem of EPS survivability
improvement consists in:

a) formation of the expedient "design" of the system,
creation of the required fast capacity reserves, transfer

capability margins, emergency control devices to prevent
development of emergency processes and to restore the
system, etc. at the stage of EPS expansion planning:

b) provision of conditions expedient from the survivabiliu
standpoint for use of the means for survivabilily
improvement, that are realized in the system, b\ the
corresponding scheduling and dispatching, adjustment of
emergency control, etc.

The EPS survivability in generation can be improved by
decrease of unit capacities of power plants, their siting near
consumers, increase of the fast capacity reserves. As to the
main grid it implies improvement of controllability of
transmission lines and the grid as a whole, decrease of transit
power flows, etc. These means guarantee the required
"security margin" of EPS in terms of survivability, i.e. the
required remoteness of its state Si from the limiting stale
Slim, and improve the system controllability, i.e. the
"intensity" of its response to disturbances and emergency
cascading 15.6],

It is important to foresee the required "security margin" in
the EPS expansion project and to continuously ensure that
this margin is maintained in the course of the project
realization, as far as due to inevitable change in the external
conditions of system expansion the decisions planned at
stage I can turn out insufficiently effective later on. Hence,
the EPS structure must be flexible in terms of its adaptivhy
to the changing conditions of expansion. This flexibility can
be achieved by construction of small power plants, whose
time of construction and bringing into operation is shorter
than for large power plants, they arc less exacting to site and
therefore, can be constructed near consumers.

The means to improve controllability of the main grid arc
controlled VAR-compcnsalors. FACTs. HVDC transmission
lines. SMESs also have considerable opportunities |16. ctc.|.
As to the generation it is important to improve controllability
of power units, to ensure reliable start-up of standby units
[12. etc.].

lnsufficicnl amount of the required emergency control
devices, incorrect adjustment, inadequate adaptivih.
uncoordinated and ineffective operation of the existing
emergency control devices are the reasons for development of
many system emergencies 112.17). It becomes urgent to work
out new principles and means for emergency control [IS],
especially automatic devices for stability control.

If the automatic stability control cannot fulfil its tasks due
to failures, incorrect adjustment, etc., then it is necessary to
put into operation the automatic devices for prevention of the
emergency process development which include automatic
devices for out-of-step protection and frequency load
shedding. Besides, an adaptive system for generation control
to prevent from dangerous frequency rise is also needed.

As distinct from the emergency development process, in
prevention and termination of which the emergency control
plays a decisive role, the EPS restoration particularly from
heavy post-emergency stales requires correct actions of
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As was noted above, the quantitative estimation of risk is
connected to determination of probabilities of power supply
interruption of important consumers as a result of
implementation of the constructed scenarios by modeling the
states and processes in the system. To estimate feasibility of
the determined risk level the corcsponding standards should
be developed.

4. SPECIFIC FEATURES OF MODELING

The goals of the EPS survivability studies determine
different specific problems to be solved: analysis of cascading
development of emergencies: study of specific features of the
EPS conditions near the limiting state; analysis and'
optimization of Ihc system restoration processes: estimation
of the survivability level, etc. As a result of sophistication of
the processes taking place in the system their effective
modeling is a non-trivial problem.

The problems of EPS modeling in the survivability study
arc determined by: a) the necessity of sufficiently detailed
representation of structural and functional characteristics of
the system, including static and dynamic characteristics of
elements at substantial deviations of the EPS operating
parameters from the nominal ones: b) large duration of the
considered processes of emergency development and
restoration of EPS with different combinations of influencing
factors at different stages of these processes: c) the diversity
of specific problems of the EPS survivability study due to the
complex and multiaspect nature of this property.

The mentioned problems arc successfully solved using the
hierarchical principles of the EPS modeling. Let us consider
their application on the example of two specific problems.

The first problem deals with estimation of the conditions
for cascading development of emergencies on the specified
set of EPS initial conditions and disturbances. At its solution
the application of a scries of successive steps allows
transition to more and more detailed mathematical
description of the studied properties of EPS with
simultaneous decrease of the set of conditions and
disturbances studied at each step.

Let Z = {zl zL} be a set of conditions for the studied
EPS which arc determined by the typical points of the load
curves of consumers and power plant units and V =
{\i,....vk} be a set of disturbances (short circuits, emergency
tripping of generators, transmission lines and consumers,
etc.) which can superpose on each state from zl e Z. At
some combinations {zl, vk}, where 1 = 1,....L: k = 1.....K, the
EPS stability is maintained and for some other combinations
it can be violated. The cases for the EPS stability loss arc
dangerous from the standpoint of cascading development of
an emergency.

Stage 1 determines the so called calculated conditions
representing some set of the combinations {zl. vk}. for which
the EPS stability loss is possible. As far as there arc very

many possible combinations {zl. vk} for complex systems,
the classical model of the EPS dynamics with the pairwisc
analysis of the equations of mutual motion of generators
under certain assumptions on the motion of the remaining
part of the system is applied for their estimation | 3 | . The
elements of the square matrix |wij], i.j = 1. ...n. where n - the
number of generators in the EPS scheme, reflect dynamic
interaction of generators for the considered combinations {/.I.
vk}. Analysis of the matrix [wij] allows:

1) identification of the combinations {zl, vk} that arc not
dangerous in terms of stability and hence will not be further
studied;

2) classification of the combinations {zl, vk} into clusters
with respect to the closeness of the system responses, such

that for the cluster {zs, vp} {zr. vq}, where (s. r) e L.:(p.

q) £ K, we have F(wijsp) « F(wijrq). where F - sonic

operator. Let us denote the considered cluster by Gd. d G D.

D - the number of clusters:
3) selection of a representative combination {/.Id. vkd} for

each cluster, the set of which represents the calculated
conditions, at which more detailed analysis of the EPS
dynamics is required.

Stage 2 comprises studies of the first stage of transient
processes in EPS on the set of the calculated conditions {/.Id.
vkd}. d € D lo specify whether the system is stable or not
and to choose the emergency control schemes for stability
support. The mathematical model of short-term dynamics of
EPS that reflects its behavior during several seconds of the
transient process is applied at this stage [14]. In so doing the
dimensionality of the set reduces to D*<D due lo additionall)
revealed stable states of EPS.

Stage 3 is intended for simulation of failures of the
emergency control devices and subsequent unfavorable
development of emergency conditions with disconnection of
power plants and consumers, system splitting into
subsystems by applying the mathematical models of long-
term transient processes for the remaining combinations of
{zld. vkd}. d £ D*|14].

In the problem of the EPS restoration after the heavy
emergency peculiarities of the joint application of models
with different levels of detail of the system clement behavior
arc determined by the necessity to reveal feasibility of the
next restoration step, danger of the restoration disruption and
rationality of the whole restoration strategy [15].

To restore a large power system from heavy post-
emergency conditions the following successive operations un-
performed: introduction of fast reserve, connection of tripped
consumers, synchronization of power plants with the power
system and individual subsystems with each other, loading of
power plants, etc. The quasi-stcady-statc conditions Si at
each step i of the restoration process should satisfy stability
margins to guarantee sustainable transition from the
preceding state Si-1 and to prevent from the restoration
disruption.
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operators. Advisers and training simulators on system
restoration can greatly assist the operators in this case. They
represent hybrid expert systems which concentrate
knowledge that is contained in the manual on EPS
restoration, obtained by preliminary calculations and
formalizes the operators' experience, and supplement this
knowledge with the capabilities of fast algorithms for
analysis of some or other situations [ 10,11,15,19).

6. ILLUSTRATIVE EXAMPLE

The Ukrainian interconnection (Fig.l) illustrates
peculiarities in the processes of development of a complex
hypothetical emergency situation and system restoration after
it (Fig.2) 16.15], In this case in Fig.2 (p=(Pl-|f-fo|)/Plo-fo ,
where Plo and PI - loads of EPS in the pre-emcrgency and
other slates at the emergency development and restoration, fo
and f - frequencies of the system in the same conditions.

The scenario of the hypothetical emergency situation
consisted in the following.

The emergency overloading of lie lines with EPSs of
Eastern Europe results in splitting along these tic lines with
failure of automatic balancing devices in the Ukrainian
interconnection and great excess of power in its western part.
Overloading of transmission lines between the western and
eastern parts of the interconnection leads to its splitting
along these lines after long-term oul-of-stcp conditions due
to the failure of out-of-stcp protection relays. In this case two
units of the South-Ukrainian nuclear power plant (NPP) are
switched off by the technological protection because of long-
term out-of-stcp conditions.

In the isolated western part of the interconnection fast
frequency rise causes disconnection of three NPPs: Rovno.
Chernobyl and Khmclnitsk, and then the frequency is
restored almost to the nominal level.

In the eastern part the swings result in disconnection of
three units at the Zaporozhic NPP and this part of the system
is isolated from the interconnection of the Russian Center

;20 kV
330 kV
300 kV
ISO kV

1
•

1,
1
1

Fig. 1. Structural scheme of the interconnection;! • EPSs of the East-European
countries; 2 - western part of the Ukraine; 3 - eastern part of the Ukraine;
4 - EPSs of Center of UEPS of Russia; 5 - South-Ukrainian NPP; 6 -
Rovno NPP; 7 - Chernobyl NPP; 8 - KhmelniuJc NPP; 9 - Zaporozhie
XPP; 10 -Kursk NPP
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Fig.2. Generalized dynamic pattern of emergency develop-nient in and
restoration of the interconnection: 1-pre-emergency conditions', 2-
cmergency development; 3-post-emergcncy conditions in the western pjrt
of the interconnection; 4-same in the eastern part: 5-optimal restoration
strategy; 6-restoration disruption; 7-restoralion resumed afier its
disruption

due to overloading of transmission lines. The frequency
drops to 46.5 Hz. and the operation of automatic frequency
load shedding leads to frequency rise to the admissible level.

Analysis of the interconnection restoration process
revealed a weak point in the eastern part in the post-
emergency conditions due to overloading of some
transmission lines that could disrupt the restoration process
(sec Fig.2) and aggravate impacts of the emergency. Hence,
correction of the post-emergency conditions in the eastern
part of the interconnection was required to eliminate this
weak point and to guarantee implementation of the rational
strategy of the EPS restoration (Fig.2).

The considered example indicates the role of emergency
control in cascading development of the emergency and
importance of fast estimation of the situation in the
restoration process that can be made by using the adviser on
the EPS restoration after emergencies.

7. CONCLUSIONS

Growth and complexity of interconnections increase ihc
urgency of the EPS survivability problem.

Introduction of the notion of the limiting stale of EPS
makes the understanding of the survivability property more
certain, specifics the composition of survivability problems.
The main goal of survivability study is to identify weak
points in EPSs and to select means for their elimination. The
technology of studies is based on the risk notion (with respect
to interruption of power supply to important consumers).
Specific features of the EPS states and behavior in
survivability study give rise to the system modeling problems
which are solved using the hierarchical principles of
modeling.

The multiaspect nature of the survivability improvement
problem is explained by the complexity of this property. The
appropriate set of means for its improvement should embrace
the stages of system development planning and its operation.
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These means should guarantee the required "security
margin" of EPSs in terms of survivability. on the one hand
and improve the system controllability, i.e. "intensity" of its
response to disturbances to prevent undesirable development
of the emergency process and to accelerate the EPS
restoration, on the other hand.
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POWER SYSTEM STABILIZER OUTPUT FEEDBACK DESIGN FOR
EXPANDING CONSTRUCTION OF MULTIMACHINE SYSTEM

Mahmoud A. El-Gammal
Department of Electrical Engineering,

Alexandria University, Egypt

Abstract-A. decentralized power system stabilizer output feedback
design approach is considered, which is compatible with
expanding the construction of multimachine systems. We presume
that the interconnected power system is constructed by connecting
closed-loop subsystems one after another. We take the proper-
stable factorization approach for calculating the local
compensators. We apply the result to the new subsystem at each
connection stage with unfixed power system stabilizer parameters.
We then determine the parameters appropriately, before
connection, so that the expanded system is stable after connection.
A numerical example is worked out to illustrate the proposed
design technique.

Keywonis : Power system stabilizer output feedback design.
Stultimachine systems. Proper-stable factorization approach for
controller design. Expanding construction of large-scale systems.

I. INTRODUCTION

Modern electric power systems have grown complexly large
due to increasing interconnections, installation of large
generating units and extra high voltage lie-lines. In addition,
tlicrc is economic incentive to operate the existing generating
facilities as close to their limits as is possible, rather than build
new facilities. Heavier loadings, combined with the large size
of interconnected systems, tend to decrease tlic system stability
margins. Consequently, a disturbance of localized nature may
propagate thereby increasing tlic probability of system-wide
emergencies.

The power system stabilizers (PSSs) liavc been conceptually
simple, yet very useful tools for maintaining power system

stability, and have been widely used as local feedback
controllers connected to power generating sets. Its design is
based on a one machine and infinite bus model [1]. However,
due to the existence of dynamic interactions among machines,
it is necessary to coordinate tlic PSSs of a power grid to ensure
a stable operation of the interconnected system [2]. Most of the
mcllmds proposed for tlic design of stabilizer parameters are
based on modal control techniques [3]. An approach based on
output feedback control law is used in [4-6] to affect only tlic
dominant cigenstructurcs of the overall system. Tlic drift
problem of tlic unspecified eigenvalues in tlie output feedback
approach is faced in [7] by using an optimal subcigcnslructurc
assignment algoritlim based on reduced order model.

In tlic present paper, we consider a decentralized PSS output
feedback design approach which is compatible with expanding
the construction scheme of mullimachinc systems. In such a
scheme, tlie interconnected power system is constructed from
one subsystem by connecting other subsystems one after
another [8J. Furthermore, the connection of a new subsystem
is carried out to an already existing portion in operation. For
the expanding construction, at each stage of connecting a new
subsystem, Uic design of local controllers of the new subsystem
is based on stabilizing both tlic closed-loop subsystem and tlic
expanded system. For this purpose, we use tlic proper-stable
factorization approach [9]. Tlie most fundamental and
significant result of this approach is the paramctrization of all
local stabilizing controllers. Thus our decentralized stabilization
problem is reduced to that of choosing appropriate local
controllers from tlic set of all parametrized stabilizing
controllers, so that tlic expanded system is stable after the
conncctioa

Paper SPT PS 12- 03- 0058 accepted
for presentation at the IEEE/KTH
Stockholm Power Tech Conference,
Stockholm, Sweden, June 18-22,1995

II. STATEMENT OF THE PROBLEM

In this section we formulate a decentralized model which is
suitable for the expanding construction of N mullimachine
system (each subsystem consists of one machine model) by
using the simplified One-Axis state-space model [11] as
follows :

** = Vi
= H,x,

(1)
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where x, = [A Ö, A u , consists ofa3rd-
ordcr generator model with IEEE IS excitation system [12].
The control input to tlie AVR u; is a scaJar and tie mcasurcd

output is y, = A u , . In (1), Vj e R is the interconnection

input and w, = [A 6( A co( A É Y is the interconnection
output of the i(th) subsystem S|. The second-order speed-input
PSS (local controller), associated with each subsystem, can be

described in the state variable form z feR2 as :

LC, : z, = M,z, + Lfy, ,

K,y,u, = J,z,
(2)

where

M;e

K j£ R

1
2x1 _

"" [-k,]

L,€ R

J,e R1*2 = [-k -k3]
Here, « , « ! , a , - - and T is a prc-spccificd PSS time

constant, kj. k2 and k3 arc tlic free design parameters of tlic
stabilizer. Tlie matrices

B,£R411 , C , e R u 4 , G,eR 4 U , H,eR3x4

arc constant, and we assume tliat (Aj.Bj) is stabilizablc and
(Cj.Aj) is detectable.

Tlic N closed-loop subsystem Sj arc :

h

w i

A, + B K C, B,J,

L,C, M,

•p . °]
\

i =

z i .

1,2

+

G

0

N

= A.

(3)

arc connected with each otlicr tlirough the static
interconnections

N

(4)
J - l . J - iJJ

to form a large-scale decentralized control system Sc, where E-
arc constant matrices which represent the interconnections
from S: to Sj. With the motivation staled in [10], we presume
that the overall decentralized control Sc is constructed by

connecting the multimachinc expanded constructionS[(= S,c)

to S2
C to form S | and S£ to S3

C to form S3 till S£_, to S^ to

form S c . We assume also that each closed-loop subsystemSf

has been stabilized by the appropriate design of its PSS before

it is connected to the expanded construction S,0.,. The

expanded construction system S,0., can be described as :

Vl ' (A+BKC),.

(i-C), -1

1

O

:B J)i- l

z t - l 0

w. (5)

, — F T T T I T - f T T

where x , . , - ^ , Xzv.Xj.,] , 2 , . ! = ^ , z j , . .

Vi-i=[v,T v2
T,..,viIJT , w,_,«[wjr w

(A+BKC),., - diagp^B^jC,)

(51),., ..,^.,!,.,] . (LC),., = dUg[LIC1,..,L,.1CM]

. 0, . ,-diagp O,.,] , H,., -dU

III. DECENTRALIZED STABILIZATION TECHNIQUE
FOR EXPANDING CONSTRUCTION OF LARGE-

SCALE SYSTEMS

For stabilization of Sj, we use a doubly coprimc
factorization of tlic scalar open-loop transfer matrix as :

= N,D,-' =P,(s)

where N, , D, , N, , D, e Rp, satisfy

-N.. D,

D, -X,

N, Y,

I 0

0 I

(6)

(7)

for some Xs , Y, , X, , Y, e R,,, as in [9].

Tlie various (lxl) scalar matrices are defined as follows:

D, - 1 + W,[sl -

Y, - 1 - W,[sl -

D, - 1 + C,[sl -

Y, - 1 - C,[3l -

where tlx; constant gain matrices w, £ R"4 and F, e R4*1 arc
selected , by using any technique like in [13], such tliat the
closed-loop matrices AO,=A,*B,W, , Ä^Aj+FjC, arebotli stable.

The set of all proper stabilizing controllers for the subsystem
S; [9] is described by :

LCj : u,(s) = [Y, - RjN,]- 1 !* + R,DJ y,(s) (8)

wlrere Rj(s) e RpS is a proper stable rational function

parameter which is yet unspecified. When Rj(s) is specified,
the time-domain realization of this controller is LC; of (2) and

the closed loop subsystem SjC is stable.
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The principal result of the decentralized stabilization
technique proposed in [10] is that tlve local controller LC; can

stabilize both the closed-loop subsystem S,c and the expanded

system Sf, if and only if an R1(s)cRpg is found so that the
matrix

S, = I - T,.iT,(Ri) (9)
and its inverse are belonging to R^; or is R^ unimodular.

The various transfer matrices in (9) are defined as

- v (10)

(11)

(12)T,.,

where E M . , = [En Ea E i>M] , E,.1(1 =

IV. PSS DESIGN FOR EXPANDING
CONSTRUCTION OF MULTIMACHINE SYSTEMS

Let the transfer function of the speed-input second-
order local controller PSS (one-parameter compensation
scheme [9j) for the i(th) generator Fig. 1 be :

h,(s) =
u,(s) P,s + P2s2)
y,(s)

where k=k! +

(1 + sT)2

, p 1 =
k, a ,

' 2

hdi(s)

k,

By using the definition (13) in tlic result of (8) to get

Wiicre tlic (1x1) scalar matrices, defined in (14), arc

AJs)-C1A,i(s)F( YJs)
(15)

"PTW

Fig.l Local Control of i(th) Generator

N,

W,A.,(s)B,

(16)

(17)

(18)

However A,(s) = Aoi(s) + W ^ ^ s J B , is the characteristic

polynomial of the open-loop matrix A, [14]. The other
matrices are defined as

\i(s) , Ä^s) : are the numerator matrices of the

resolvent matrices [sI-A^]"1 , [sI-Äo l]"1 ; respectively,

Aoi(s) , Aoi(s) : arc the characteristic polynomials of the

closed-loop matrices Aol , Äol; respectively,

YDi(s) , Xni(s) : are tlie numerators of the scalar matrices

Y| , Xr. respectively.
Now, by substituting the results of (15)-(18) into (14)

and rearranging to get

VM -*™ --»-« (Aol+W,ABlB1)h(11*C,AlllB,hlll|
Kj(.s; =

which will yield

(13) Ri(s) = Ad(s)
(19)

where Ad(s) = A ^ h ^ s ) + C,AB,Cs)B,h11,(s) is the
characteristic polynomial of the closed-loop system

matrix SjC [14], and hence R^sJeRp,.
Our decentralized stabilization problem for the

expanded construction of multimachinc system has been
reduced to that of selecting the free design parameters of
the second-order controller (or PSS) of each machine
sequentially, in stead of selecting the parameter Rj(s) of
each controller as in [10], to stabilize both s , c ,s ' by-
satisfying the condition of (9). This result overcomes the
difficulty of implementing the high-order local controller
designed by Tan & Ikcda [10].

V. APPLICATION TO A THREE-MACHINE
INFINITE-BUS SYSTEM

The system chosen for the study [5] is shown in Fig.2.
The machine data and system matrices are given in
Appendix.
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Fig.2 Three-machine Infinite-bus System

As there are three poorly damped pairs of mechanical
modes, three PSSs, one for each machine, are designed
sequentially using the proposed decentralized
stabilization method for expanding construction of
multimachinc system in the following three steps :

Step 1 : Start with the isolated open-loop system Sj,
the free design parameters of the stabilizer arc selected
by using the efficient method of Ramar et. al in [5] to
shift the poorly damped mechanical modes (-0.089 +
J7.414) to stable locations (-3 + J6.874) with damping
ratio 5=0.4. The result ing control law
AuA = [-126.065 - 14.747]z, + 0.7y, is used to obtain the

closed-loop system S,c.
Step 2 : Consider the second subsystem S2 which is

0 E,.
connected with S,c via

E,, o
Initially, the free

design parameters of the second stabilizer are selected by
the method of [5] to assign the unstable mechanical
modes of machine 2 to prescribed stable locations (-3.5
+ J8.02) and the extra design freedom available in the
design parameters is utilized to shift the unassigncd
eigenvalues to stable locations. Next, the selected
parameters are modified to guarantee »2 to be R,s

modular as follows :

as

• = • • > =

where YN, » TN2 are the numerator matrices of

Tj , T2(Rj); respectively. While &c,. A^ arc the

characteristic polynomials of S,c , S2
C; respectively. This

yield that S2 belongs to IL,S. Then S^1 belongs to R^.

and hence E2 is RpS unimodular, if and only if the

characteristic polynomial |AC A *I3 - TN TNJ is stable.

Step 3 : Finally, Rj(s) e Rp, is selected as in (14)
using the same calculation procedures as in step 2 so thatS3

is R_s unimodular. The results of the design calculations
are listed in Tables 1,2.

The power system with the designed PSSs is simulated
for an impulse disturbance in the state A Uj of machine
1 and the results are given in Figs.(3-5).

VI. CONCLUSION

For the purpose of decentralized stabilization in large-
scale power systems, an output feedback PSSs design
approach, which is compatible with expanding
construction of multimachinc systems, is developed. For
the expanding construction, at each stage of connecting
a new subsystem, the second-order local compensator
(PSS) parameters are determined appropriately, before
connection, using the proper-stable factorization approach
so that the expanded system is stable after the
connection.

The proposed dc:cntralized stabilization technique is
suitable for expanding the construction of large-scale
power system by installing a new generating plant. We
do not change the local controllers in the already
connected portion, and impose the duty of stabilizing the
expanded system on die local controller for the new
subsystem. We design the controller using the
information about the new subsystem, the already
connected portion, and the interconnection between them.

A numerical example of a three-machine infinite-bus
system is worked out to illustrate the proposed
decentralized stabilization method.
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TABLE 1

Stage
No. i

2

3

Open-loop
Eigenvalues of S,

.074 ±j7.448
-1.609 , -18.78

.165 ± J4.607
-3.93
-16.6

Assigned Eigenvalues Of S '

-3.5 ± J8.02
-3.54 + J2.62 , -8.95 , -25.79

-3 + J6.874
-4.27 , -6.72 + jl.38

-25.08

Eigenvalues of Sf

-2.077 ± J8.45 , -2.855 , -3.94 ± J4.63
-4.15 ±j4.04,-6 .14 ± jl 1.05 ,-8.852,-25.81 ,-28.21

-1.54 + J3.04 , -1.68 ± J8.48 , -2.48 ± J8.72
-2.68 , -2.92, -5 .83 ± J5.21 , -6.84 ± j 11.2
-8.10 +J2.21 , -9.25 , -25.7 ±j.060 , -27.88

TABLE 2

Local Controller
LC;

1
2
3

Power System Stabilizer Parameters

k

-0.0823
-K). 1266
-0.0930

+0.3128
-0.1115
+0.3612

+0.0417
-0.0194
+0.0263
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C. Subsystem Matrices
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VIII. APPENDIX

A. Glossary of symbols

A 5 , A (0 : deviations in torque angle and machine speed

A E , AE f l ) : deviations in stator voltages corresponding to field

winding flux-linkage and voltage \ , , V ,

R ( : denote the set of all matrices which arc composed of

stable rational functions

B. Machine Data

Subsystem #1 :

0 1 0 0

-55.42 -0.039 -4.901 0
A ' " -0.266 -0.009 -0.922 1

-30.10 -0.820 -60.94 -20.

Subsystem #2 :

0 1 0 0 '

-56.17 -0.032 -3.016 0

^ * -1.6 -0.004 -0.210 1

106.09 -1.368 -21.67 -20

Subsystem #3 :

0 1 0 0 '

-21.11 -0.017 -3.393 0

-1.2 -0.003 -0.197 1

70.1 -2.369 -54.40 -20

- B, =

0

0

0

800

T

0

1

0

0

0

0

0

900

0

1

0

0.

' 3 a

0

0

0

1000

T

0

1

0

0

M/C

1
2
3
4

Table 3:

X'

M
.33
.20
.001

1.68
0.88
1.02

Machine Data (X in p.u & T in

X

1.68
0.53
0.57

•

X"

0.19
0.22
0.14

-

Tdo'

4
8

7.76

Xdo"

1.9
0.02
0.04

-

"V

1.9
0.04
0.09

-

s)

H
MWVMVA

2.32
3.4

4.63
60

Subsystem Mi

G, e R " 3 =

; i=

h

1,2,3 :

, H, £ R3 '4 = [L

nterconnection matrices :

E , , •»

8.29

-0.09

24.6

1.51

0.12

-18.5

0.38

0.08

-10.1

.004 0

.002 .024

-24 -3.50

-.03 -2.43

.003 0.02

-.17 -12.6

-.02 -1.13

0 -.002

-.09 -6.78

. E , , -

> B» =

: C

17.3

-0.25

62.05

29.8

0.46

16.70

6.410

0.22

1.7

0.02

.003

-4.4

-.03

.002

-.46

-.01

0

-.12

1.13

0.072

-10.2

0

.06

-11.4

0

0.01

-2.10
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VIII. APPENDIX

A. Glossary of symbols

A 5 , A (O : deviations in torque angle and machine speed

A E , A E fd : deviations in stator voltages corresponding to field

winding flux-linkage and voltag*- Xf , V f

R f : denote the set of all matrices which are composed of

stable rational functions

B. Machine Data

Table 3: Machine Data (X in p.u & T in s)

M/C

1
2
3

.32

.33

.20

.001

x,,

1.68

0.88

1.02

x

1.68

0.53

0.57

-

X"

0.19

0.22

0.14

THo'

4
8

7.76

-

Tdo"

1.9
0.02

0.04

V

1.9
0.04

0.09

-

H
MWs/MVA

2.32
3.4

4.63

60

C. Subsystem Matrices

Subsystem #1

A -
I "*

0

-55.42

-0.266

-30.10

1

-0.039

-0.009

-0.820

0

-4.901

-0.922

-60.94

0

0

1

-20

p _
> B i "

0

0

0

800

r T -

0

1

0

0

Subsystem #2 :

0 1 0 0 '

-56.17 -O.032 -3.016 0

^ = -1.6 -O.0O4 -0.210 1

106.09 -1.368 -21.67 -20.

Subsystem #3 :

0 1 0 0 '

-21.11 -0.017 -3.393 0

-1.2 -O.003 -0.197 1

70.1 -2.369 -54.40 -20

0

0

0

900

cT -

0

1

0

0

. B 3 =

0

0

0

1000

T

0

1

0

0

Subsystem #i ; i= 1,2,3 :

G, e RM = <l3

Interconnection matrices :

8.29 .004 0

E,2 = -0.09 .002 .024

24.6 -24 -3.5Oj

1.51 -.03 -2.43'

Ej, = 0.12 .003 0.02

-18.5 -.17 -12.6

= [I, .

0.38

0.08

-10.1

-.02

0

-.09

-1.13

-.002

-6.78

. E,2 =

17.3 0.02 1.13

-0.25 .003 0.072

62.05 -4.4 -10.2

29.8 -.03 0

0.46 .002 .06

16.70 -.46 -11.4

6.410 -.01 0

0.22 0 0.01

1.7 -.12 -2.10
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THE SIMPLIFIED LINEAR MODEL DERIVATION OF POWER SYSTEMS WITH STATIC VAR
COMPENSATORS TO IMPROVE SYSTEM DAMPING

C. S. Chen. Member. IEEE C. T. Hsu

Department of Electrical Engineering
National Sun Yat-Scn University

Kaohsiung, Taiwan, R. O. C

Ahstruet:This paper develops a simplified linear model of
single machine-infinite bus with static vnr compensators
(SVC) system . The model is derived based on the basic
generator field voltage, electrical torque, terminal voltage
and swing equations. A SVC system with proportionnl-
intcgral(Pl) type controller has been implemented and the
gains of the controller arc obtained by the proposed modal
control theory so that the electro-mechanical mode can be
exactly located at the prespecified locations. The system
dynamic responses are examined after applying a small
disturbance condition. It is found that the derived simplified
linear model can be easily included in the study of power
system simulation and the modal control theory docs provide
a very effective tool to improve system damping.

INTRODUCTION

Since the development of large interconnected electric
power systems, the low frequency oscillations have been
recognized and investigated by power engineers. It is found
that the low frequency oscillations are mainly due to the
shortage of electro-mechanical damping of the bulk power
system. Based on the dynamic linear model of power systems,
different strategics have been presented! 1-3J to enhance the
system damping for the affected synchronous machines. In
this paper, the SVC system with the proposed control theory
is used to improve the power system damping[4-7], A
combination of thyristor-controlled reactors and fixed
capacitors (TCR-FC) type SVC. which has been widely
utilized in power systems, is considered to improve the
system damping in this paper. It is well known that a voltage
controlled SVC docs not provide sufficient damping for
system stability. A significant contribution to system
damping can be achieved when the SVC is controlled by
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using some auxiliary signals such as deviation of generator
speed, system frequency, tie line power flow etc.. The
deviation of generator speed is adopted for the auxiliary
feedback control signal in this paper.

This paper begins with an investigation of the simplified
linear model of a single machine-infinite bus with SVC
system. It is represented as a state space form and the
eigenvalue analysis, which provides information for the
damping of all system modes, can be easily applied to predict
the system dynamic stability. After integrating the simplified
linear model of the power system and SVC system, the
dynamic responses of interconnected systems can be
improved, which will be verified by the computer simulation.

SYSTEM MODEL

Single Machine-Infinite Bus System

To demonstrate the derivation of simplified linear models
of power systems for dynamic stability analysis, the study
power systcm[8] which consists of a synchronous machine
with an IEEE type 1 excitation system connected to an
infinite bus through a transmission line has been selected in
this paper. Fig. 1 shows the control block diagram of the
simplified linear model of the study power systcm[8].

Fig. 1 Block diagram of the simplified linear model of a
single machine-infinite bus system

This simplified model can be described by the state space
representation form as
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X=,IX + BU

Y=CX

(1)

(2)

where .V. )', iind IS arc the state vector, output and input
signals respectively, and A, B. C are all real constant
matrices of appropriate dimensions. The stale variables in A"
and the elements in .-1 of this simplified model arc as follows:

-V = (3)

211

0

-D

211

0

o

o

o

0
-AV

- i

0

0

1

- T " <•>

- A ' .
O j -

TETF TETF TF J ( 4 )

where the subscript "A" denotes the deviation from the
initial operating point. The parameters of the synchronous
machine, excitation system and transmission line arc listed
in Table 1. The generator is assumed to be operated at 1.0
p.u. terminal voltage. 1.0 p.u. electrical power output and
0.85 lagging power factor. Table 2 lists the values of A'i
through A'tf which arc calculated based on the data listed in
Table 1 and the initial operating condition. Since all of the
entries in matrix A can be calculated through the relative
parameters, the eigenvalues of the open loop system are thus
obtained by eq. (5).

dct ( /J- .-!) = 0 (5)
The first column in Table 3 shows the eigenvalues of the
open loop system. It is found that the eigenvalues.

{-0.047±j9.022}. arc very close to the imaginär,- axis of

the complex plane which implies that the clcciro-mcchanical
modes may result in the system oscillation and unstable even
with small disturbance. It is therefore necessary to enhance
the system damping to prevent the system from dynamic
stability problem.

SVC Model

A fixed capacitor-thyrislor controlled reactor type SVC is
connected to the generator bus of the study system via a step
down transformer as shown in Fig. 2. Fig. 3 shows the basic
control block diagram of the SVC system. The feedback
signals arc mainly taken from the terminal voltage. However,
with speed deviation as the auxiliary control signal as the
input of the PI controller, the system dynamic stability can
be improved by the proposed SVC system.

Table 1 System parameters
Synchronous

Machincfp.u.)
,t ,y= 1.7.x, = 1.64

x'j =0.245,0 = 0 0

H = 2.31.X, = 0 15

Excitation Systcm(p.u.) and
Transmission lincfp n.)

A.',, =4110,7',, =0 .05

A>=OO25i7> = 1.0
A't- =-0 \1,TE =0.95
' ' , ? m « = 5 ' M , r i ? n l i n = - 5 ( M
•S'ffmax = 0.002 ,S f f m i n =0.001
/?, =0 02, A' =0 4

Table 2 Tin
at

: defined constants in
7=1.0 p.u.. PG= 1.0 r.

the simplificc
.u. and PF=0.

i linear model
85 lagging

Simplified linear model without SVC

A',
1.075

A'2
1.I5X

A'.,
0.307

Sim

A'i
1.016

K;
0 rjyi

A'̂
1.71-

A'5
-0.0-4S

A'6
0.497

Dlificd linear model with SVC

A-;

1 MA

A-;

0 3 16

A"6 A-:

-0 7O9| -0.057

A",
0.510

4
O.23-4

Table 3 System cigenvalucs(rad/scc) at 17=1.0 p.u.. PG=1.0
p.u. and PF=0.85 lagging

open loop
sv'stcm without

SVC
-O.047+J9.022
-8.038+J9.308
-3.736. -1.466

open loop
svstcm with

SVC
-0.030rj8.988
-9.088±jll 560
-O.76OrjO.695.

-23.861

close loop system
with SVC and
PI controller

-3.0±j9.5
-7.235 ±J9.849
-O.534±j0.718.

-22.079

Infinite bus

Fig. 2 Single machine-infinite bus with SVC system.

v,

w
'•< m a x

• " ' A

's inin

Fig. 3 Block diagram of SVC PI controller system.

DERIVATION OF SIMPLIFIED LINEAR MODEL OF THE
SINGLE MACHINE-INFINITE BUS WITH SVC SYSTEM
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The derivation process of the simplified linear model for
the single machine-infinite bus with SVC system is based on
the basic generator field voltage, electrical torque and
terminal voltage equations. The synchronous machine
modcl[8| can be represented as

equations.

£,', - ft>:<*.t lFlF lSHXj-Xd) IJ (6)

where A- = ,/3/2 . iF is the field current and Id = id I V3 .The

terminal voltage components, y^and v . can be calculated as

= -V3f ' ' M s in(o- a) + Re(ij -iBll) •<- coRLe(iq -iBq ) (7)

= v3I-'xcos(o- a) + Re(iq -i3q)-

Linearizing cqs. (7) and (8)
-iBJ

0 = ~

U cos(So -

3I « sin( Jo -

where the subscript "0" denotes the initial operating quantity.
Rearranging eqs. (9) and (10)

cos( c>0 - a )
(H)

(12)

where /,.A =i^/yfij3JS =;B J A / V3 and IBq±

Since SVC is added, v^and v can also be espresscd as

vj = - (J;i Lqiq = LB i sd + &R LoiBq = XBiBtl

vq ~ xj'd ^ V3 E,j = / . 3 ( Bq - COR LQiQli = - A 3/flJ

where A'̂  = XT-\J(BC + DL)• In the above equations, the

terms LB\Bd nnd LBiBq a rc neglected since they are
numerically much smaller as compared to the terms
Mrt/^ifl^ind coRLBiaj respectively. In addition, it is
assumed that the machine operation speed is very close to
the synchronous speed. co=coK- Therefore, the terminal
voltage is rewritten as

! j = - y ^ = AVfl(, (15)

f^+V^-AVft, (16)

where \'j = \>jl >[?> and I"(/ = vfj / vT . By linearizing the above

= (A 'fi0 + -Vfl,

Thus,

tl\

(17)

(IS)

(19)

(20)

where .V3Ais approximately equal to BiA/i3o and 5 0 is

equal to BC + BLO- Substituting /3l/Aand /#?Ainlo cqs. (11)

and (12),

I ; /'i3

(21)

where

xj + A'ö0 ){xq+ A'ao) + (xqXBQ + XB0Xe

Xexq )(x'jXBQ + XB0Xe + Xexd)]
(22)

h\ 1 = '-'oe-VflO I Re (xq + XB0 ) COS( J o - a)

* (xqXB0 * XB0Xe + Xexq)sin(S0 - a)]

/;, 2 =- /? ; ( xq + A'fl0 )-[(Xe + A-fl0)

(23)

(24)

A13 = (-l
A BOA',J + A exq) ] I3JQ - RexqXB0JSq0}

+ (xd A'flo + A'floA't. + Xex'j) cos (<50 - a) ]

hi = Rex

+ A'BOA'O + XeXj q

Field Voltage Equation

The field voltage equation may be written as

(28)

where J is the Laplace transform variable. Substituting JJS

into an incremental version of cq. (29), the incremental field
voltage is solved as

3 7 2



. . . / . . . ,. Terminal Voltage Equation

where K through K arc defined as T l i e t c r m i n a l v°'tngc of the synchronous machine is given

'' ' by

- ' - . , . ' - - r 2 = v2 +\'~ (42)

-{xqXBn+XB()Xe+Xexq)s\n(Ö()-a)} ' The incremental tcrminal voltage is then derived by
/ . ,. -, linearizing cq. (42).

\/Ks = l + kl(xj-xd)lR-(xq+X[i0)
•^(A^ + A'ooJf.r^Vflo + AfloA^ + AVv,)! ( 3 2 ) h* -0 JOP'IQW'JS+Oqop,o)1

 q±

Replacing 1'^ and !'Afrom an incremental version of eqs.
" 6 " »2 \l'<c^^.\ai)l...e^r.at) ( I5 )and(16) ,

+ A"fl()A ^ + ̂ "e-v<7) 1 hjO ~ Raxq-\'BohqQ ) (33)

Eq. (30) cnn be rearranged and written in .v domain relation.

A4A5 e ^ Kt,

l + 4 r > ^ ' 1 + A^
E K'sK'6

rdos 1 + A'5 TdOs

(34)

Again,

obtain

where

substituting 'JA

'»*

and /.,S l n c cl ' (21) into cq. (44) to

(45)

Electrical Torque Equation

A'7=(AVW^oAW';o)[^(^+A5o)cos(£y 0 -a)
The electrical torque Te of the svnehronous machine can , v , ,- ,- , r . • , r ..,

be expressed as ' ' ,
~ (xj+XB0)sin{S0-a)

7 i - 3 l v j ' j+V '? J - ! J / J + ' 1 ' ? / <7 P-«- (35) +(.vJA3o + A'soA' l J+A>j)cos(Jo-a)] (46)
By combining eqs. (15). (16) and (35). the Te can also be
written as K^ = ( ^ /i ;Q) {1 _ ̂ . r j [ /?; (xq + XB0)

T =[É - (x - x'j) I ]l (36) + ( A ' s o + A'e ){xrv30 + A'aoA',, + A > , ) 1}

. • . . . . . ~0'jo/''io)^-Ix
qRe-'-80 (47)

Linearizing the above equation.

^•^ ~ q^ q^~^ qo^) q^~ ^ q ~ d ) qO^ d\ ' A9 = ( Ay.Y^ f j o / ' /OMI ) u ̂ e (-̂ t/ "̂" A BQ ) + A e (XjÄ BQ

Where £?o0 = EqQ-{xq-Xd)IdQ. +^B0^e+^exj)]IBq0 +^exJ^B0!BJ0}

Substituting eq. (21) into cq. (37). the incremental electrical -(A'/-fly''go/^/o^o)U^e (xq + A f l 0 ) + A,,(x9A50

torque is represented as + A'fl0A't, + A ' ^ )]!Bdo ~ ̂ vxq-^BohqQ) (48)

'A v = A>\ + K\ f', + K\B, (38)
" ^ To complete this new simplified linear model, the linearized

u c swing equations should be introduced.
Equo[Ke(xJ +A' s o)sin(d"o-a) ,

A'z?o + A'floA'* + Xexd)cos(So-a)] ( 3 9 ) ^ = JJJ("Df<;A + ̂ »A " ^ A ) • ( 4 9 )

(.Vq - JTj ) [ Re {Xq + A' f l0 ) COS( J 0 " « )

A'flo+ A'aoA't + AVr ) s in ( J o -a ) \ ) d± = ̂ Awfl ( 5 0 )

_, , Thus, the whole control block diagram of the single
A 2 = A / 0 + A'/ { E q a 0 R e . \ Bo + I(ji) ( x t j - xj ) [ R e { x q + A B Q ) machine-infinite bus with SVC system can be drawn when it

+ (XB0 + Xtl)(xqXB0 + XDQXe + Xexq))} is combined with cqs. (30). (38). (45). (49) and (50). Fig. 4
(40) shows the control block diagram of this new simplified

Kt 2 • • linear model. It can also be represented as a state space form
3 BQX q° q J e q B0 e q' °° as shown in cq. (1), where

+ AfloA«; + A^.r(. /))/ /wo-/?[,x(.rV/jO//j,7O] ^ _

- £,„() I < Re (xd + A"«()) + A't, (XdXB0
 X = [ ̂  • WA • E q \ • EFD,\ • ' « A •' ~E.\ -BU\\ ^5^

+ A B(]AL, + A e . r j ) ) Il} 0 + RexdXBI)IBjQ \)
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Fig. 4 Block diagram of ihc simplified linear model of a
single machine-infinite bus with SVC system
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(52)

B = [000 QO 0 Kr/Ty}
T (53)

By applying the same initial operating condition of
synchronous machine in the pervious section and the
corresponding SVC parameters as listed in Table 4. the
defined constants AY through AV can be calculated as shown
in the Table 2 loo. The open loop system eigenvalues can be
obtained by solving eq. (5) as shown in the second column of
Table 3. It is found that the system damping can not be
improved if only the terminal voltage is used as feedback
signal for the conventional SVC control algorithm.

Table 4 SVC parameters and initial operating condition(p.u.)

A',.

10.0

7[-(sec)

0.15
Be
0.6

AV
0.08

fy.0
-0.45

Bl mil

-0.30 -0.90
' jnm

0.12
.! min
-0.12

Design of the SVC PI Controller

The PI controller of SVC used in this study will employ
the generator speed deviation as feedback signal to generate
a different modulated control input I'.v to improve the system

damping for the electro-mechanical modes. Therefore, the
inpui and output signals of the derived new simplified linear
model arc given as

U(t)=l-'s • > ' ( ' ) = (o.x (54)
Hence, the transfer function of PI controller in .v domain can
be obtained

/ / ( . ) = £ l £ l = / ? . ^ r ,55)
} U) s

where p and •/ arc two unknown gains of the PI controller
to be determined by using the modal control theory. At first,
the s domain state equations are obtained by taking the
Laplace transformation of cqs. (1) and (2).

sX(s) = AX{s) + BU(s) (56)

V(s) = C.Y(s) (57)
The input signal can be given as

L'(5) = ff(s)V(s) = I!(s)CX(s) (58)
Eq. (59) is then derived by combining cqs. (56), (57) and
(58).

sX(s) = [A**-BH(s)C)X(s) (59)

The characteristic equation for this close loop system is
therefore given by

{ C ] } = 0 (60)

Since cq. (60) is a scalar equation, the gains of the /? and v ,

can be determined by applying one pair desired complex
conjugate eigenvalues corresponding to the electro-
mechanical mode into this SVC study system. These two
parameters are then solved easily for two algebraic equations
with two unknowns.

The desired eigenvalues can be arbitrary assigned. In this
paper, one pair complex conjugate eigenvalues.

{-3.0±y'9.5}, is chosen to enhance the system damping.

After introducing this desired eigenvalues into eq. (60). the

P and varc solved as 27.0 and 0.1 respectively. The third

column of Table 3 lists eigenvalues of the close loop system
with SVC and PI controller.

DYNAMIC STABILITY SIMULATION

To demonstrate the effectiveness of the new simplified
model derived and the Pf controller designed, computer
simulation of the power system by applying a small
disturbance with 5% decrease of the synchronous machine
shaft torquc(7m) is assumed to be happen at 0.0 second and
this step change is assumed to last for 0.1 second. The
dynamic responses of three study cases, system without SVC,
system with SVC but without controller and system with
both SVC and controller, arc investigated. Fig. 5 and Fig. 6
illustrate the dynamic responses of the generator terminal
voltage deviation and speed deviation respectively of the
three different system cases. It is clearly found that the
system responses start oscillation because of the poor system
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damping if the SVC is not installed. On the other hand,
when the SVC is installed in the system for the function of
voltage control, the system oscillation is not improved and
the speed deviation curve is very similar to the original
system because the SVC docs not contribute sufficient
damping by this control mode. It is believed that the smaller
oscillation magnitude of the generator terminal voltage
deviation when the system with SVC can be considered as a
result of the SVC operation. By adding the speed deviation
as feedback signal and using the modal control theory to
determine the desired gains of PI controller, the system
damping will be significantly improved and the oscillation
will be successfully suppressed. According to the above
computer simulation, the system dynamic stability can be
enhanced significantly by implementing the SVC system
consisting of well designed PI controller with the speed
deviation as the auxiliary input signal.

3
i 0.012 Original System

Syilem with SVC (without ControUer)
Syitem with SVC k ControUer

2 3
TIME (second)

Fig. 5 Variation of generator terminal voltage deviation.

0.0012 ' Original System
Syitem with SVC (without Controller)
Syitem with SVC 4c Controller

A

-0.0012
2 3

TIME (second)

Fig. 6 Variation of generator speed deviation.

CONCLUSIONS

In this paper, the simplified linear model of a single
machine-infinite bus with SVC system has been derived in a
very detailed manner. A SVC system consisting of fixed
capacitors and thyristor switching reactor is selected to be
installed in the study system. Combining the SVC model, the
simplified linear model is developed based on the basic
synchronous machine field voltage, electrical torque.

terminal voltage and swing equations. The eigenvalue
analysis is then applied to the simplified linear model for the
prediction of the system damping. Poor system damping has
been found in the original system without SVC existence.
The system damping is still not improved even if the
installation of conventional SVC system with terminal
voltage as feedback signal only. However, the significant
contribution to system damping can be achieved when SVC
is controlled by the generator speed deviation superimposed
over its voltage control loop. By using the proposed modal
control theory, the gains of the PI controller can be easily
obtained to result in belter eigenvalues of the electro-
mechanical mode of the power system.

To demonstrate the effectiveness of the proposed method
for the system dynamic stability, computer simulation of
three study cases or the system without SVC. system with
SVC but without controller and system with both SVC and
PI controller arc performed. After applying a small generator
shaft torque change, the dynamic responses of generator
terminal voltage deviation and speed deviation arc examined.
From the simulation results, it is found that the system
dynamic responses arc very consistent with the eigenvalue
analysis. It is concluded that the derived simplified linear
mode! is very useful to help analyzing the dynamic stability
problem and the proposed modal control theory is very
effective to help designing the SVC controller so that the
system damping can be enhanced in a very effective manner.
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LA. Hiskens J.V. Milanovic

Department of Electrical and Computer Engineering
The University of Newcastle, Callaghan, NSW, 2308, Australia

Abstract
Static var compensators (SVCs) have boen successfully
used for improving the damping of electromechanical
oscillations in power systems. Damping control causes
voltage fluctuations which modulate local voltage de-
pendent loads. With appropriate tuning, the load
variations act to damp modal oscillations. This tun-
ing traditionally assumes that loads are statically volt-
age dependent, i.e., loads do not respond dynamically
to voltage variations. However loads often do exhibit
some dynamic response. This dynamic behaviour can
introduce a phase shift between voltage and load re-
sponse, and so can detune the damping controls. The
paper explores this mechanism, and illustrates the de-
tuning effect.
Keywords: SVC damping control, electromechanical
oscillations, load dynamics

1 Introduction
Poorly damped electromechanical oscillations are usu-

ally an indication that a power system is close to a sta-
bility limit. Further, they are undesirable because they
can make a power system difficult to operate and can re-
sult in wearing of mechanical components of power plants.
Damping of oscillations, and hence improving stability
margins, is therefore a priority in designing power sys-
tems.

Damping control has traditionally been achieved thr-
ough the use of power system stabilizers (PSSs) on AVRs
of machines [1, 6], Machine PSSs are usually effective,
though in systems with large distances between machines
and/or with weak interconnections, they may only have
limited effect on clamping interarea oscillatory modes. In
such cases, damping may be improved by incorporating
damping controls in the control scheme of FACTS devices.
In this paper we will consider only the damping controls
of static var compensators (SVCs). The ideas extend nat-
urally to the control of other FACTS devices though.

Static var compensators (SVCs) have been successfully
used for improving the damping of electromechanical os-
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dilations in power systems [4, 8]. Damping control is
achieved through a stabilizing control loop. This is shown
diagrammatically in Figure 1, where the stabilizer transfer
function is given as CSS(s). The input to the stabilizer is a
quantity such as the real power flow on an adjacent feeder
or the frequency deviation at the local bus. The stabi-
lizer introduces some desired phase shift, with the phase
shifted signal being added into the summing junction of
the SVC's AVIt. The stabilizer output signal causes fluc-
tuations in the SVC susceptance, and hence in the bus
voltage. If (he stabilizer is tuned correctly, the voltage
fluctuations act to modulate the power transfer level and
the local load to damp modal oscillations.

1AV

G v(s)

AVr
Static VAr compensator

AV,CSS

SVC(s)

Compensator stabilizer

AB

Gp(s)

CSS(s)
A Pij or A9

Figure 1: SVC/system representation

Load modulation is often the dominant clamping effect.
As the voltage varies, real and reactive power also vary.
The relationship between voltage and load has tradition-
ally been modelled in the static form,

Pd = Po(V/VB)n>

Qd = Qo{V/Vo)
n<

(1)

(2)

The voltage indices np,nq are therefore important, gains
which determine the magnitude of load variation in re-
sponse to voltage variation. Notice that in this load repre-
sentation, voltage and load are in phase. However loads of-
ten respond dynamically to voltage variations [2, 5, 7, 101.
This dynamic behaviour generally introduces a phase shift
between voltage and load. This is explored further in
Section 3. The effectiveness of SVC damping control is
due largely to forcing load variations to have a partic-
ular phase relationship with the intermachine power os-
cillations. Therefore if this phase shift due to the load
dynamics is not taken into account when tuning the con-
trols, the effectiveness of the SVC damping control could
be significantly diminished. This paper addresses that is-
sue.
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The paper is organized ;is follows. Section 2 provides
some background on the tuning of SVC clamping con-
trollers. The behaviour and influence of dynamic loads is
considered in Section 3. Section 4 then explores an eight
bus example. Conclusions are presented in Section ">.

2 Tuning of SVC damping con-
trols

A frequency domain procedure for tuning the stabiliz-
ing controls of an SVC is given in [8]. The procedure is
based on the SVC/system model given in Figure 1. Block
SVC(s) is the transfer function of the SVC, and block
CSS(s) is the compensator stabilizer. The block Gv(s)
models the response of the SVC bus voltage V to changes
in SVC susceptance D. The block GP(s) models the re-
sponse of the CSS input, signal to changes in B. The
dynamics of the power system (including load effects) are
included in Gv and GP.

Different, measurements can be used as inputs to the
CSS. In this paper we shall use bus frequency deviations
0 as the input. This is an adequate choice for illustrating
the effects of load dynamics. However the significance (or
otherwise) of these effects is independent of the choice of
input signal.

In tuning the CSS, we first determine the phase shift
through the system, i.e., through the transfer function
A0(s)/AVr(s). The phase compensation of the CSS is
then chosen to ensure the open loop transfer function
AV'c,,(s)/AV>(s) satisfies the Nyquist stability criterion.

Notice that there is a close link between the phase shift
through the system and the desired phase compensation
of the stabilizer [81. As we shall discuss later, load dy-
namics influence the system phase shift, and hence the
CSS tuning.

3 Dynamic loads

3.1 Model
In response to a step change in voltage, loads will gener-

ally undergo a step change in real and reactive power de-
mand. The load will often then recover, over some time, to
a steady state value which may be different to its predis-
turbance value. Important characteristics of this dynamic
behaviour are the initial step change, the final value, and
the rate of load recovery. A generic model which cap-
tures these characteristics (for non-oscillatory recovery)
was proposed in [2]. That model can be expressed for real
power as,

= P.(V)-Pd (3)
(4)

A similar model can be used to describe reactive power
load. The functions Pt(V), PS{V) define the initial step re-
sponse, and the final value of power demand respectively.
A convenient form for these functions is,

P,(V) = P0(V/V0)
n>-

Pt(V) = P0(V/V0)
n»

(5)
(6)

where V0,P0 are the nominal voltage and the correspond-
ing real power demand respectively, and nP , ,np t are the
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Figure 2: Bode plots for different time constants. '/),.
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steady state and transient voltage indices. Reactive power
functions Q,(V"),Qi(V) can be defined similarly, but with
voltage indices nqS,n,jt respectively. The time constants
Jj,,T( describe the rate of recovery of the real and reac-
tive power loads. A review of typical values for all these
parameters is given in [3].

For small disturbance studies of system damping, the
model (3),(4) is linearized. After some manipulation, we
obtain,

A r. _ ,P ,v A'lptTpS + npi)
d ~ l o / o j (Tps+l) ^ (l)

Bode plots of this relationship, for two different values of
ratio »;></";..< and a number of values of TJ, are shown in
Figure 2.

Figure 2 shows clearly that in general there will be a
phase shift between voltage deviations and load devia-
tions. The size of this phase shift depends on load pa-
rameters and the system modal frequency. However from
Figure 2 and (7) it can be seen that for normal values
of parameters, e.g., 0 < nps < npt, the phase shift will
always l>e positive.

3.2 Load - system interaction
Load-system interaction can be conveniently analysed

by decomposing the power system into a feedback system
such as shown in Figure 3 [9]. (This figure shows a real
power disturbance AP. In general the ideas remain valid
for reactive power also.) The load provides a feedback
path. Depending on load and system parameters, this

APi

AP

Dynamic Load

Power System
AV

Figure 3: Load - power system interaction.
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feedback may improve damping. But a deterioration in
damping is also possible.

Consider some sinusoidal variation in bus power AP. A
variation in the bus voltage AV will result. The magni-
tude of that variation, and its phase relative to AP, will
depend on the transfer function of the power system. But
AV will induce, through the load, some variation A/V
The magnitude of this APd, and its phase relative to AV,
are given by the transfer function (7) of the load.

If the load variation APj happened to be in phase, or
nearly so, with the original disturbance AP, then the load
would serve to reinforce oscillations, with a corresponding
reduction in damping. One could also envisage situations
where the load fed back a APd which was out of phase
with the original disturbance AP. In that case the load
would cause an improvement, in damping. The exact ef-
fects depend on the gains of the system and the load at
the oscillation frequency of interest.

These effects will be seen in the example of Section 4.

3.3 Effects on SVC tuning
As mentioned earlier, the tuning of SVC damping con-

trols usually involves an assumption that loads respond
statically to voltage deviations. This further implies an
assumption that voltage and load deviations are in phase.
However we have seen that load dynamics introduce some
phase shift. If this phase shift is not taken into account,
then the load modulation induced by SVC damping con-
trol will not have the correct phase relationship with the
power swings caused by the intermachine oscillations. The
SVC stabilizer will be less effective.

This is illustrated in the example of Section 4.

4 Example
The example eight bus system of Figure 4 will be used

to illustrate the sensitivity of damping to load dynamics,
and the effects on SVC tuning. Firstly though, Figure 5
provides results which illustrate the effectiveness of SVC
stabilizers. The first points of each of the loci (marked
by an 'X') indicate the position of the eigenvalue corre-
sponding to the interarea mode of the system. (These
points were obtained using a static voltage dependent, load
model.) The figure shows three cases: the system with-
out an SVC, with an SVC which did not have a stabilizer,
and with an SVC which had a stabilizer. In this particu-
lar case, the addition of an unstabilized SVC made system
damping a little worse. But adding a stabilizer to the SVC
improved damping considerable.

5.5

5.45

5.4

5.35

_ 5-3

£5.25

5.2

5.15

5.1

5 05

»Retuned CSS, Tp.q=0.25s

lTp.q=0.25s

' SVC

SVC + CSS
no SVC>

•0.6 -0.5 -0.4 -0.3
damping [1/s]

•0 2

Figure 4: Eight bus example system

Figure 5: Variation of system damping

These changes in damping can be explained as follows.
With the addition of the unstabilized SVC, the voltage
at bus 7 was effectively held constant. This in turn held
the local voltage dependent, loads constant. The natural
load relief provided by the voltage dependence of the loads
was lost, with a consequent reduction in system stability
and damping. The SVC also had a positive effect how-
ever; that of maintaining a consistently higher voltage on
the interconnection between the two groups of machines.
(This strengthening of the system caused the increase in
modal frequency observed in Figure 5.) But because of
a relatively large amount of local load, the reduction in
load relief was the dominant effect. The effectiveness of
the SVC stabilizer in improving damping was also due to
the relatively large local load, and its voltage dependence.

In Figure 5, the points marked 'X' correspond to the
assumption that load is a static function of voltage, i.e.,
given by (1),(2). They also correspond to the situation
where load dynamics are extremely fast, i.e., TP.Tq — 0.
In that case, load is effectively static, with indices given by
steady state characteristics i)ps,nqt [3]. The root loci of
Figure 5 illustrate the effects of load dynamics op damp-
ing. The loci correspond to increasing the load time con-
stants Tv,Tq away from zero for the load at bus 7. Recall
from (3) that load time constants determine the rate of
recovery of the load following a voltage step. Referring to
Figure 2, variation of time constants alters the phase shift
through the load, and hence the overall system damp-
ing. In all cases for this example, as the time constant,
increases, damping initially deteriorates, then begins to
improve. The value of time constant which gives mini-
mum damping is around 0.2-0.3sec in all three cases.

When there is no SVC in the system, the electrome-
chanical mode is reasonably sensitive to load dynamics.
(Sensitivity is given by the size of the root locus.) With
an unstabilized SVC, sensitivity is reduced. This is to be
expected because the SVC will tend to hold the load bus
voltage constant. The dynamic variation ofload is depen-
dent on voltage movement, so the overall influence of the
load is diminished. Referring to Figure 3, the SVC reduces
the gain of the 'Power System' block. The feedback effect
of the dynamic load is correspondingly reduced. When
the SVC has a stabilizer, the system becomes significantly
more sensitive to load dynamics.

This increased sensitivity of damping to load time con-
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Figure 6: Variation of system phase with load lime con-
stants

stant is due to the detuning of the SVC stabilizing loop,
which in turn is caused by the load phase shift. Figure 6
provides further insights into this effect. The figure shows
tlie phase of the 'system' transfer function A0(s)/AVr(s)
(referring to Figure 1) for various values of load time con-
stant. It can be seen that for time constants up to l.Osec.
the system phase varies. The appropriate section of the
figure is highlighted. (Recall that the dynamic load is part
of the system, so its effects are imbedded in this transfer
function.) Closer investigations have revealed that the
variation in the dynamics of this single load at bus 7
can result in a variation of up to lOdeg in the phase of
A0(s)/£Vr(s). This is enough for the SVC stabilizer to
become less effective.

Note however that even when the unmodelled load dy-
namics have their most significant detuning effect, damp-
ing is still far superior to the case where the SVC had no
stabilizer.

Figure 5 also shows the eigenvalue location when the
bus 7 load is dynamic, with time constants Tp = Tq =
0.25, and the CSS is retimed to match the load dynamics.
Damping is restored to a level similar to that obtained for
the static load model. This indicates that the ability of
an SVC to provide damping is largely unaffected by load
behaviour provided that load behaviour is correctly taken
into account in the tuning of the CSS.

5 Conclusions
SVCs often provide an effective way of damping elec-

tromechanical oscillations. Stabilizers on SVCs induce
voltage fluctuations which modulate the power transfer
level and the local load. If the stabilizer is correctly tuned,
this modulation will act to damp the oscillations.

In tuning SVC stabilizers, it is often assumed that load
is statically dependent on voltage. Under that assump-
tion, voltage and load variations are in phase. However
loads often exhibit dynamic behaviour in response to volt-
age changes. This introduces a phase shift between the
voltage and the load. To provide optimal damping, that
phase shift should be considered in tne tuning of the SVC.

If the phase shift is ignored, i.e., if loads are arbitrarily
assumed to be static, then the damping provided by the

SVC will be reduced. However provided loads are mod-
elled correctly, the ability of an SVC to provide damping
is largely independent of load behaviour.
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NEW CONCEPTS FOR

MICROPROCESSOR BASED VOLTAGE REGULATORS

F. P. de Mello, Fellow
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Burnt Hills, New York

Abstract - Improvements in automatic voltage regulators on
synchronous alternators to render their performance less sensitive
to operating conditions are described. They involve use of a
combination of a feedforward control of excitation, responding to
measured machine terminal voltage and current and measured or
derived machine rotor angle, and slow feedback control from
terminal voltage.

The basic concept depends on knowledge of the machine and
excitation system model and is readily implemented in
microprocessor based AVR's.

The need for more robust AVR's insensitive to loading and load
response characteristics can arise in isolated systems with large
motor load content. Their more uniform response characteristics
regardless of operating condition are also helpful in application of
power system stabilizers.

KEY WORDS

Automatic voltage regulators, feedback and feedforward
control, synchronous machine models, microprocessor based
control.

INTRODUCTION

Developments in microprocessor technology have opened
opportunities for improvement of conirol functions through
use of high speed computer control capabilities with no
adverse impact on reliability. In contrast, the addition of
computation logic to improve control performance in analog
based systems was often hampered by cost of additional
hardware, and, more importantly, by the impact of additional
components on reliability.

A control system addressed in this paper is the automatic
voltage regulator controlling excitation of synchronous
machines in power systems.

Paper SPT PS 12- 07- 0633 accepted
for presentation at the IEEE/KTH
Stockholm Power Tech Conference,
Stockholm, Sweden, June 18-22,1995

State of the art AVR's (in the normal mode, without
override actions) operate almost universally as a single input
single output non adaptive control system. One problem of
this control structure is that its closed loop performance is
affected by operating conditions.

Ref. 1 described the voltage oscillatory instability problem
that can arise in systems with large content of motor load.
Even though AVR closed loop performance under open
circuit conditions is perfectly stable, instability can occur
under load, such instability being unrelated to angle
instability.

In the application of power system stabilizers the dynamic
response characteristics of voltage regulation is a dominant
factor (2) and it is advantageous to have these characteristics
fairly independent of system and loading conditions.

The control structure for AVR's proposed in this paper
using d and q components of both voltage and current solves
both the problem of oscillatory instability with motor loads
addressed in ref. 1 and simplifies the tuning problem in
stabilizer applications.

CONTROL PRINCIPLES [8]

Prediction is the fundamental concept of control. The
precision with which one is able to model, or predict, the
characteristics of a process determines the suitability of a
control structure relying on a mix of feedforward and
feedback control.

Fig. 1 shows a single variable process whose output
variable q(t) is to be controlled by the input m(t). The
process is subject to the single disturbance u(t). Defining the
response functions

q(s)/u(s) - G^s) (1)

and
q(s)/m(s) = G2(s) (2)

and assuming that there are no errors in the estimate of G j(s)
and G2(s), one could control the process in feedforward
fashion as shown in Fig. 2 where control action is tied to the
measured disturbance u(s) by the anticipatory function

(3)
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Perfect transient and steady state cancellation of the

disturbance effects would be possible if the function

Gi(s)/G2(s) is physically realizable i.e., in terms of a linear

system description, the zeroes of G^sVG^s) are of an order

equal to or less than the order of its poles. If this is not the

case a transient deviation of q(s) would have to be tolerated

but, if the steady state gain of Gi(s)/G2(s) is correct, then,

at least, cancellation of the disturbance effects would be

obtained in the steady state following a transient period.

PROCESS

u(t)
DISTURBANCE

Fig. 1. Single Variable Process

G2(a)
PROCESS

Tig. 2. Feedforward Control of Single Variable Process

r~ '

L _ __

•si/

PROCESS

CONTROLLER

q(»)

SCTPOIN7

Fig. 3. Feedback Control of Single Variable Process

The virtue of the feedforward concept is in avoiding
instability of closed looped systems, providing, of course,
that the uncontrolled process is stable. The problem of the
feedforward approach is the need for a very precise
calibration of the gain of Gj(s)/G2(s) in order to obtain
acceptable control accuracy.

Using feedback, the configuration would be as in Fig. 3
and

Aq(s) " (u(s)G,(s))/(l + G2(s)H(s)) (4)

With l-Ks) as a controller with reset (integral) action,
expression (4) will guarantee Aq = 0 in the steady state.
Further, by making G2(s)H(s) large (tight control) in the
bandwidth of concern, transient deviations are minimized.
The problem of tightening the feedback loop and preserving
stability for a process with appreciable lags is one of
providing compensation in the function H(s) which may have
to change with changing operating conditions and changing
process response characteristics.

Evidently a blend of the two principles is often indicated,
with feedforward used to minimize transient deviations, and
feedback to assure accuracy in the steady state.

TRADITIONAL AVR CONFIGURATION

Turning now to the application in point, the AVR, one can
look at the process, the synchronous machine and excitation
system, as a highly predictable, albeit non linear, process. A
commonly used d,q model of the machine is a second order
model in each axis [4] [5]. Considering the excitation voltage
Ejy as the input (manipulated) variable and the load current
components id and i as the disturbance, the process has
consistent response characteristics to these external inputs
and the only significant variation is the gain of Efd to lf(j due
to field temperature changes.

Traditionally the AVR configuration including the
generator process supplying an isolated load can be described
in Fig. 4 where the functions are:

Gc(s)

G(s)

Y(s)

L(s)

= AVR/EXCITER FUNCTION

= c t(s)/Ew(s)

= i(s)/ct(s)

Fig. 4. Model of Generator with Motor Load

The variables id and L are embodied in i in Fig. 4, and the
parameters Ld(s) and L (s) likewise are symbolically
embodied in L(s).

Some of these functions are nonlinear, i.e. they change
with operating condition due to trigonometric relations in the
process equations, saturation, limits, etc.

The small signal stability of the closed loop of Fig. A is
revealed by the roots of the polynomial derived from the
transfer functions describing the linear response
characteristics about an operating point. That is, the roots of

1 + Gc(s)G(s)/(l + L(s)Y(s)) = 0 (5)

As shown in ref. 1, in the case of generators supplying
heavy motor load, the voltage control can become unstable
even though the regulator is well adjusted for the open circuit
condition. For this latter condition the roots of the closed
loop polynomial are the roots of:

1 + Gc(s)G(s) = 0 (6)

IMPROVED AVR CONFIGURATION

With reference to the generator model there is a well
defined, consistent relationship (with appropriate account of
saturation effects) between Efd and e . Similarly there arc
predictable relationships between id and eq and L and ed.
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A "feedforward" prediction of the desired excitation
voltage E,-d is therefore possible as function of id, L, ed, and
desired voltage reference VR. These current and voltage
components are derivable from measurement of phasor
quantities for terminal voltage, current and rotor angle. The
latter can be measured in a number of ways [5,6] including
a simple way described in Appendix I based purely on
knowledge of the machine q axis characteristics and real time
measurement of terminal voltage and current phasors.

A first order d-axis model including field transient effects,
shown in Fig. 5, is adequate for the feedforward action,
considering the normal bandwidth of voltage control.
Saturation effects can be treated in a number of ways to
yield satisfactory accuracy [5]. For a 60 Hz machine a
sampling period of 20 to 25 ms is adequate with the results
of the discrete control showing little difference from those of
a continuous control.

SQ (saturation effect)

Fig. 5. D-Axis Model of Machine

At sampling instants, readings of the "e t" and "i(" phasors
are entered into memory. If a convenient rotor angle
measurement is available it is also sampled and entered as an
input for control calculations. As previously noted, an
alternate approach is to derive rotor angle from measured
values of et and i( (Appendix I).

The scheme in Fig. 6 shows the basic primary controls
using a form of feedforward philosophy. Evidently accuracy
requirements dictate inclusion of additional slower response
feedback control to offset errors in estimated model
parameters. This supplementary feedback will be discussed
in the next section containing sample results of voltage
control for a machine under a number of operating
conditions.

Performance with this control logic is compared with that
of a conventional continuous control described in Fig. 7.

The operating conditions for performance evaluation were
mainly those of an isolated machine or system supplying
motor load, a condition identified in (1) as problematic for
conventional AVR's. The more traditional scenario of
machine against infinite bus was also investigated.

SAMPLE RESULTS

Isolated Machine and Motor Load

The effectiveness of the control logic of Fig. 6 is
demonstrated for the isolated machine scenario, defined in
Appendix II, assuming exact knowledge of the parameters of
the model in Fig. 5. In this case exact steady state

conditions arc, by definition, obtained without the need for
additional feedback. The implementation of the control
function is assumed to be with discrete computer controls.
Comparison is made with results using a conventional analog
based AVR tuned for satisfactory performance on open
circuit.

Colculotion ol d 4 q components

Colculotion ol desired volue of
eqd ond intemd voltage e'

Calculation of des'ted q-on's
voltoge e'qd ond desVed field
voftoge Ejjjd.

I S (optional)
•if

S j = saturation effect

47 = control inl

Cq = o cosS
ej = o s'nS
ig = i COS(8 - t
id = i sn(S " V

o'qd = eqd + Xljid

E a"- vl| WtfY j ' U ^

command to
field volloge Ref. E|<)d

Fig. 6, Feedforward Control Logic

"EFDMAX

VR V
\

K, (1 + T, s)
s

1 /
1 +/sTe

X
et

E FDMAX = 5 - 5 Pu T | = 2 s e c

K| = 2 5 Te .05 sec

Fig. 7. Model of a Continuous Control AVR

Figs. 8a and 8b show the voltage response to a step change
in voltage reference for the two types of control for the open
circuit condition. Subscript "a" is for the discrete control of
Fig. 6, while subscript b is for the continuous conventional
AVR. Shown are traces of AVR, AE-p, AE p D 1 and EpQ
(EfDd is the desired value of Epj-), a discrete set of values in
the set of "a" figures and a continuous signal in "b"
figures). Figs. 9a and 9b show the effects of +5% step
changes in V R for the case of heavy motor load (1 pu) and
external reactance X E = .2 between machine terminal and
load. As brought out in ref. 1, the effect on oscillatory
instability is more pronounced as the step change of voltage
reference is in the negative rather than positive direction.
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Fig. 10. Response of Step Change in VR, ! pu Motor Load: XE = .2 pu, AVR = -.01 pu

Figs. 10a and 10b show the difference between the two
AVR types for a step change in VR of - 1 % . Note the drastic
difference from that for a positive step in the conventional
AVR cases.

ADDITION OF FEEDBACK

The control structure labeled feedforward, whose results
were described with cases labeled with subscript "a", is,
strictly speaking, not purely "feedforward" since the input
variables (currents) to the control are in part dependent on
the controlled variable "et". Control accuracy is dependent
on the values of the assumed basic generator model
parameters. The steady state accuracy is a function of the
accuracy of the values for parameter Xd and measured or
calculated angle 5.

Figs. 11 to 12 show the effect of errors in the assumed
values of T ' d o and Xd respectively. The condition is heavy
motor load and X E = .2. The transient response is affected
by the assumed value of T ' d o in the control computation
outlined in Fig. 6.

The effect of (+20%) errors in the assumed value for Xd

is shown in Fig. 12.
Estimation logic could be included in the control function

to automatically refine the model parameters, providing
automatic tuning of the feedforward controls (to be used
mainly in initial tuning). In an actual AVR design a great
deal of additional logic would be provided in self checking,
initial tuning, diagnostic functions and overrides such as
maximum and minimum excitation limiters, volts/hertz
protection and PSS functions.[2]
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In order to compensate for errors due to inaccurate
estimation of parameters in the feedforward logic a simple
integral feedback control operating on a limited error, as in
Fig. 13, was tried. It develops a correction AVR to the
voltage reference value used in the computation of desired
field voltage Eppj in the feedforward logic shown in Fig. 6.
Inclusion of this additional feedback logic cancels the effect
of errors in the estimate of XD .

This feedback control is also a safety feature to guard
against positive feedback for the case where X D is estimated
as greater than actual.

MACHINE AGAINST INFINITE BUS

In the great majority of situations the conditions of
operation of a machine can be likened to those of a
generating unit supplying an infinite bus through some
external impedance. The behavior of the two types of
AVR's for this scenario was investigated and discloses
basically no significant difference except for a more uniform
response characteristic of the feedforward logic regardless of

load condition. As described in [2] the response
characteristic of change in flux, voltage or power to a change
in AVR reference, with no change in machine angle, is
fundamental to the determination of stabilizer compensation
adjustments. The less the variation of this response
characteristic with operating condition the less are the
problems with stabilizer tuning.

Fig. 12. Step Change in VR.
Effect of Error in Estimate of Xj

Top, X = .8 Xd Bottom, X = 1.2 Xd

Fig. 13. Supplementary Feedback Two Mode Control

CONCLUSIONS

There can be operating conditions under which
conventional AVR's, well tuned under open circuit, become
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poorly damped, exhibiting oscillations related to voltage
rather than angle stability. This phenomenon is peculiar to
situations where the power system is structured, or can be
viewed as an isolated generating source supplying
preponderantly induction motor load.

An AVR control structure based on a combination of
anticipatory feedforward and feedback control logic is shown
to circumvent the problem, rendering voltage regulator tuning
less sensitive to loading, load characteristics and system
structure (isolated or interconnected). The basis for the
suggested AVR control design is knowledge of the machine
and excitation system model, particularly the d-axis
synchronous reactance and the field open circuit time
constant. A key variable used as input to the controls is the
machine rotor angle which can be independently measured
or, alternately, derived from terminal voltage and current
given knowledge of the machine q-axis operational
impedance characteristics.

The implementation of the suggested control logic is easily
accomplished within a microprocessor based system which
logically would also include several other functions such as
diagnostics, self checking, minimum and maximumexcitation
limiters and power system stabilization (PSS).
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APPENDIX I

Calculation of Rotor Angle from
Measurement of Terminal Voltage and Current

1. Calculate an internal voltage E" behind a symmetrical
reactance X" = X"

E" = E"r +
^ - ( E J - X - ' I J ) (1)

2. Using the previous sampling time's calculated value of
8m, calculate:

E"d a = E"r sin5m - E"j cos 8,
Iq = Ir cos 8m - 1 ; sin 8m

m
(2)
(3)

3. Use Iq as input to the q-axis model and extract the
present value of \|/" from model using an appropriate
integration algorithm and computation time step.

E"d b = -V" (4)

4. By forcing E"^ b to be equal to E"^ a one can prove
that

E"db/[(ET - (E"db) i]1/2+tan"1E" i/E"r (5)

Update 8m for the next time step. It should be noted that as
long as the model is kept tracking (the states are following
the input values of L in real time), the compulation of (5) is
non iterative.

APPENDIX II
Study Parameters

—1

n
G V

AVR
and
EXC.

Fig. 14. System diagram

Generator: Xd = 2, X = 1.6, X'd = .35
X' =.8,X"d = X" =.22.XL=.15
T^-8,T -.8>do-.l,T» -.1
H = 4

Motor: X = 4, X '= .2, Tm « cor
2, H = 1.5

For machine versus infinite bus cases motor load is replaced
by infinite bus.

Referring to the machine q-axis model [5], the following
computation procedure yields the rotor angle 8m with
reference to an arbitrary frame of reference, given
measurements of positive sequence terminal voltage and
current phasors Ef + jEj, and Ir + jlj on that arbitrary frame
of reference. At each sampling time:
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Abstract
This paper addresses the computation of the Hopf limit
cycle. This limit cycle is associated to the appearance of
an oscillatory instability in dynamical power systems.
An algorithm is proposed to estimate the dimensions and
shape of this limit cycle. The algorithm is computationally
efficient and is able to deal with large power systems.

Keywords Oscillatory Instability, Hopf Bifurcation.

1 Introduction

The existence of power systems oscillatory instabilities,
often related to the electromechanical dynamics, has been
for long time an important issue in the power systems
analysis. Traditionally, the small signal analysis has been
focused in the eigenvalues computation in a given operat-
ing point.
However, as shown by nonlinear systems analysis tech-
niques, the scope of small signal, or local techniques is
broader that just the linear analysis. In the case of os-
cillatory instabilities it is possible to determine the exis-
tence and dimensions of a limit cycle (a periodic trajec-
tory) which is associated with that instability: the Hopf
limit cycle [1, 2].
In this paper an algorithm for the estimation of this
limit cycle is proposed. The rest of the paper is orga-
nized as follows. Section 2 introduces both the kind of
models which can be dealt with the proposed algorithm
(algebraic-differential models), and the notation which is
used in the sequel. Section 3 shows the main character-
istics of the oscillatory instability and its associated Hopf
cycle. In section 4 the proposed algorithm is explained.
Section 5 addresses some additional computational issues.
The algorithm is applied to a simple study case in section
6. Finally, in section 7 our conclusions are established.

Paper SPT PS 13- 01- 0097 accepted
for presentation at the IEEE/KTH
Stockholm Power Tech Conference,
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2 System model
Power systems are often modelled by a set of algebraic
and differential equations:

x =
0 =

where

f(x,u,p)

g(x,u,p)
(1)
(2)

• x is a vector containing the state variables of the sys-
tem. The derivative of these variables appears in the
power system equations. The machines angles and
speeds or the machines excitation voltages are typi-
cally state variables.

• u is a vector containing the algebraic variables. The
derivatives of these variables do not appear in the
system equations. Network currents and voltages are
typically algebraic variables.

• p is a vector containing the operating parameters of
the system. Demanded loads or generators reference
voltages are typically operating parameters, because
they define the system operating point. They arc
considered to be constants in each operating point.

• f and g are vector functions. Its dimension is equal
to that of x and u, respectively.

In this paper, these equations shall be written in the gen-
eralized state notation. For that purpose, let us define:

z = h = E = (3)

Then, (1) and (2) can be written in a compact form as:

Ez = h(z,p) (4)

3 The Hopf bifurcation
As the system parameters vector p changes, the operating
point changes as fulfills the equation:

O = h(a,p) (5)

For a given operating point (zeq,peq), the small signal
stability of the system is analyzed by considering its lin-
earization around zeo:

EAz = hzAz (6)
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Hopf

Saddle-Node

Supercritical

-; Causal

Figure 1: The three bifurcations

where hz is the jacobian matrix of h respect to z, in the
current operating point (zL.q,pcq). Az = z — z,.q is the
variables increment on the operating point.
Then, the eigenvalues of the pair (E,hz) are computed.
If the real part of every eigenvalue is less than zero, the
system is small signal stable [3]. Conversely, when the real
part of any eigenvalue becomes zero the system becomes
unstable.
In power systems, the parameters vector is slowly chang-
ing as the time passes. Around the point where the system
becomes unstable, it is possible to assume that p changes
according a law

p = {v-t'c)d + pc (7)
pc is the value of the parameters vector in the critical
point, where the system has a pair of purely imaginary
eigenvalues, d is the parameters change direction in the
critical point, which is assumed to be known, and v is the
only independent parameter. vc is the value of v in the
critical point. The system may become unstable in three
ways (figure 1):

1. A pair of complex conjugated eigenvalues crosses the
imaginary axis. This is called a Hopf bifurcation. The
well known electromechanical oscillatory instabilities
are of this kind. Some authors [4] has also related the
Hopf bifurcation to voltage stability problems.

2. A real eigenvalue reaches the origin. This is called
a saddle-node bifurcation. It is a static bifurcation,
which means that it can be detected by studying how
the equilibrium point changes with the parameters.
In fact, in the saddle-node bifurcation, two equilib-
rium points merge and disappear. It is the bifurcation
more often related to the voltage collapse [5].

3. A real eigenvalue changes halfplanes by crossing from
-co to +oo: a causal bifurcation. It happens when
the jacobian g u of equation (2) becomes singular.

A Hopf bifurcation has associated limit cycles. In fact,
there are two possibilities (see figure 2):

• Supercritical Hopf bifurcation: A stable equilibrium
point yields an unstable equilibrium point and a sta-
ble limit cycle.

Figure 2: Hopf bifurcation

Subcritical Hopf bifurcation: A stable operating
point and an unstable limit cycle merge into an un-
stable equilibrium point.

It is worth to emphasize that both cases have very differ-
ent dynamical properties. In fact, the stable equilibrium
point of the subcritical bifurcation has an attraction basis
limited by the unstable cycle which shrinks until disap-
pear in the bifurcation point. On the other hand, in the
supercritical cases the system oscillates around the equi-
librium point beyond the bifurcation point. Therefore, the
subcritical case is more dangerous than the supercritical
one.
It can be shown [2, 6] that the kind of limit cycle that is
actually found, as well as its magnitude and shape, it is
locally determined from the derivatives of f with respect
to x up to the third.
In fact, the system has a pair of purely imaginary eigen-
values for v — uc. Then, consider other values off given
by:

u = vc + X&2 (8)
6 is anew parameter, and x ls + 1 o r -I) depending if there
is a subcritical or supercritical Hopf bifurcation. Then, in
a neighbourhood of UQ, there is a periodic trajectory

z(t) =

= W+XT(V-U0)

(9)
(10)

In this formula, zo is the equilibrium point in the critical
point, and /3, r, Vo and V2 are different quantities com-
puted as shown in the following section. !R denotes the
real part of a complex number.
Note that this formula yields the magnitude and phase of
the two first harmonics of the periodic orbit around the
critical point. The amplitude of the cycle increases as the
value of the parameters moves away from its value in the
critical point.
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4 Hopf cycle estimation algo-
rithm

The proposed algorithm is, essentially, a numerical imple-
mentation of the theorem proven in [6]. Let us assume
that the dynamical system

E z = h ( z , p ) (11)
has a pair of complex eigenvalues (A, A") close to the imag-
inary axis in the equilibrium point zcq ,peq . This equilib-
rium point may be the current operating point. Let us
also assume that p is changing according the law:

p = p r q + i>d (12)

Then, the algorithm has the following sequential steps:

1. Compute the system eigenvalues (A, A") and right (v,
v") and left (w, w"). eigenvectors. They fulfill

v o w =

( ) ( )
v(l)w(2)

v(2)w(l)
v(2)w(2)

(19)

V(TI)W(TI)

v o w o y i s analogously defined.

The derivative terms can be computed by finite dif-
ferences. For instance, consider the term

h z z (3
j h z z

o v0) +
o v0) (20)

AEv —

AwrE = w r h z

gj is the real part and £s is the imaginary part of a
complex number. Note that v is a complex vector,
and Vo a real one. Note also that

and the complex conjugated equation. hzz (v ° vo) = hzz (vo ° v) (21)

2. Evaluate j ^ . That task may efficiently performed as
discussed in the following section.

3. Compute the vectors vo, V2 and y by a numerical
evaluation of the formulae:

h 'hzz(vov")

v-., = ^(2AE-hz)-'hzz(vov)

1, ,
y = -hz z z(vo vo v) +

o

hzz(v o v0) + -hzz(v" o v2)

The following notation has been used:

(15)

(16)

(17)

Then,

) o v0)

h(zc.q+e!R(v),p,q)

h(zeq + evo,pcq) +

(22)

being e a suitable small number.

The term hzz (^(v) ° vo) can be analogously com-
puted, as well as the other terms. The computation
of hZzZ(vo vo v) is similar, as explained in appendix
A.

4. Compute the number a

• * denotes the complex conjugation.

• hzz denotes the second derivative matrix: a =
w r y (23)

dhj

5. Define x as the sign of 5R ( ^ ) K (a).

(1°) 6. Compute f3 and T as the two reals needed to fulfill
the formula

is similarly defined,

v o w denotes the Kronecker product:

dX
(24)
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Now, all the quantities which appear in equations (8,9,10)
has been computed. Therefore, an estimation of the Hopf
limit cycle has been obtained.
The proposed algorithm requires the computation of 19
mismatches (quantities of the form h(z, p)) to evaluate
the derivatives. It also requires to solve linear systems
whose coefficient matrices are hg and (2EA — hz). The
algorithms for the eigenvalues computation, which is the
algorithm step 1, have very often similar requirements.
Therefore, by using information generated by these eigen-
value computation algorithms, it is possible to solve the
above systems in a highly efficient way. However, the pre-
cise way is dependent of the eigenvalue computation algo-
rithm.
In any case, the proposed algorithm is able to deal with
large power systems at moderate computational cost.

5 Eigenvalue sensitivity compu-
tation

Let us consider the system

Ez = h(z,p) (25)

This system has an equilibrium point (z,.q,p,.q), which is
going to change its parameter values according the law

p = p(.t, + ud (26)

where d is some given increment direction. The first step
to evaluate 4£ is to compute the vector

= -hz"'hpd (27)

This vector gives the direction of change of z as p changes.
Then, an infinitesimal change in p causes a jacobian
change

Ah z = hz(zCq + fe, p,.q
From the known formula

AA = w ' Ah zv

it can be established:
dX

<rd) - hz(z,.q, p,.q

= - w
du e

Ah zv

(28)

(29)

(30)

This formula can be written, by inserting (28) and using
the derivative definition, as

dX
dv

= w7 h z z (v o e) + h z p (v o d)] (31)

This formula can be evaluated directly from the derivative
definition as in (22).
The following situation is very often found. There is a
dynamic power system with a pair of conjugated eigen-
values close to the imaginary axis. No variation in the
system parameters is going to be considered. It is desired
to know if there is or there is not a Hopf limit cycle in
that point. To deal with these cases, the previous the-
ory can be extended to consider a system which has no
parameters. That means, let us assume that the system

Ez = h(z) (32)

is considered. That system has no parameters, but it has
a pair of eigenvalues close to the imaginary axis for the

Figure 'i: Case study

equilibrium point z = zeq. Then, a parameter u needs to
be introduced. It can be accomplished by considering the
system

Ez = h(z) + i 'E(z-zc .q) (33)

In the equilibrium point u = 0, z = zo, all the derivatives
of the system with respect to z remain unchanged. On
the other hand, it is easy to check by using (29) that

6 Study case
To apply the proposed algorithm a simple case was con-
sidered (see figure 3). The considered case was that of
a machine and an infinite bus. In the machine the elec-
tromechanical dynamics, the electric machine dynamics,
the AVR dynamics and the governor-turbine dynamics
were modelled. The system equations are:

• Machine equations.

- Electromechanical dynamics

6 = w (35)

w = — [Pm - Dui-

i < • \ ' / ' • \ • i /o r \

\e(l Xqlqj- jlrfr \£q XdZdr Jlqr J V' J

6 is the rotor angle, u is the rotor speed, II is
the machine inertia, Pm the mechanical power
in the machine shaft, D the damping coefficient,
e,i and eq the d and q components in the Park's
axis of the machine internal voltage, and idr and
iqr the d and q components of the current in the
machine coordinate system. x'q and x'd the q and
d components of the transient reactance.

Machine electrical equations.

(37)

eq = — [-eq - {xd - xd)idr + eJd] (38)

xd and xq are the q and d components of the
synchronous reactance, Tqo and T<JO are the time
constants of the q and d circuits, e/d is the ex-
citation voltage. This model neglects the sub-
transient dynamics and do not include machine
saturation.
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- AVR dynamics.

VT = • Ka(ercj - es-

^r [-e/j

T, =

(39)

(40)

(41)

These equations model the IEEE-DC1 regulator.
vr, Ta and if,, are the voltage, time constant and
gain of the voltage regulator, respectively. Tc is
the exciter time constant. erci is the reference
voltage setpoint. e, is the regulated voltage, rj,
Tj and Kj are the state variable, the time con-
stant and the gain of the stabilizing feedback
loop, respectively.

Governor-turbine dynamics.

x'i

•1-.'

x'n

pm

1 i — i 2

TiT3

2
= - j r » , "

= 2X2 + 3X;

• x i

1

2

i —

J
1

T;>,X'

x:i +

2Pmo

AT.
'' T-AT\W

2

(42)

(43)

(44)

(45)

This is a simplified model for a hydraulic tur-
bine, where x\ and xi are governor state vari-
ables and S3 the turbine state variable. T\ to
T.\ are difFerent time constants and P,,,o is the
power setpoint.

Coordinates change.

id = ijr cos S + iqr sin 5
iq = —idr sin 5 + iqT cos 6

v,i — Vitr cos 6 + vqr sin 5
vq = — Ujjr sin (5 -f i)^r cos 6

(46)

(47)

(48)

(49)

id, iqt V<1 an<i vq a r e currents and voltages in
the network coordinates. idri iqT, Vdr and vqr
are currents and voltages in the machine coordi-
nates.

- Output machine voltages

= ed — (50)
(51)

Network equations.

- Controlled voltage equations.

X(

0.15

Tdo
5

Kj
0.103

Ti
16

x,
0.67
T 1

1.5

Tj
1

T2

2.4

Xd

1.05

Ka

25

H
0.0147

T3

0.92

x'q
0.67

0.2

D
0.035

T.,
0.6

Xd

0.32

Tc

0.64

0.25

K
0.1

Table 1: Study case data

-xtiq

(52)
(53)

(54)

es is the magnitude of the controlled bus, and
e.,7 and e,j is g and d components. xt is the
impedance of the transformer which connects
the generator to the network.
Line equations.

(55)

(56)

xy is the line impedance.
Infinite bus voltage equations.

0 =

(57)

(58)

In these equations, the different variables vectors are:

• u = {es,esq,esd,id,iq,Vd,vq,vloq,

• P = {PmO,vlo,ercj}-

The value of the different constants are shown in table 1.
For the parameters values Pmo = 1-23, vl0 — 1 and ercr =
1.05, there is a pair of complex conjugated eigenvalues
A = 0.117075 ± j'2.21803. For a value of Pm0 somewhat
smaller this mode is a stable one. The algorithm was
applied in the above unstable operating point, detecting
the presence of a stable Hopf limit cycle, as shown in the
figure 4. This figure shows the evolution of the machine's
angle and speed.
To check that estimation a time simulation was performed.
The result is also shown in figure 4. The initial point
was close to the unstable equilibrium point, although the
transient prior to the convergence to the cycle has been
neglected.
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Figure 4: Estimated and actual Hopf limit cycles

7 Conclusions
In this paper an algorithm for the Hopf limit cycle es-
timation has been proposed. This algorithm involves a
relatively small computational burden. Therefore, its ap-
plication to large power systems is a feasible task.
The knowledge of the Hopf cycle could be important in
the design of novel control schemes [7], as well as in the
detection of those instabilities particularly dangerous (the
subcritical ones).
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A Third derivative computation
The purpose of this appendix is to show how to compute

h z z z ( v o v o v ) (59)

v is a complex numbers vector. Therefore, it is possible
to write v = 3J(v) -f j'5(v). By inserting that formula in
(59), it is obtained

h z z z ( v o v o v ) = hzzz(D?(v)oD?(v)o3?(v)) -
3hzzz(K(v) o ö(v) o 5(v)) +
3jhzzz(D?(v) o 5?(v) o ö(v)) -
Jh z z z (5 (v )o5(v)o5(v) ) (60)

Each one of these terms can be computed by finite differ-
ences. For instance,

hz z z(K(v) o !R(v) o 0?(v)) i [-h(ze,)+ (61)

3h(Zc(J + eK(v)) -
3h(Zc(? + 2e5R(v)) +
h(ze, + 3e!R(v))]

or

hzzz(3J(v)oSR(v)oö(v)) » -g [-h(«e,)+ (62)

2h(zc, + e!R(v)) -
h(ze, + 2eR(v)) +
h(ae, + e9(v)) -
2h(ze, + eSR(v) + eS(v)) +
h(zeq + 2e3?(v) + eö(v))]
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Representation of control devices in the calculation of transients in
power systems.

V.A. Stroev, Yu.V. Sharov, V.S. Asambaev
Moscow Power Engineering Institute

Moscow, Russian Federation

Abstract - The paper presents an approach to the calculation
oT controlled power system transients which can reduce the
order and stiffness of the set of differential equations. This is
achieved by calculating responses of control devices with the
help of convolution integral. Two typical control devices of gen-
erating unit - automatic excitation regulator and turbine gov-
ernor - are considered as an example. It is shown that linear
dynamic parts of these regulators should be transformed to
simple dynamic elements connected in parallel to provide high
accuracy in the response calculations even for long integration
steps. Analytical and numerical results for typical cases are
presented.

I. INTRODUCTION

The calculations of electromechanical transients in elec-
trical power systems (EPS) caused by large disturbances such
as short circuits, etc. are widely used in EPS planning and
design practice aiming at the estimation of EPS transient
stability as well as at the choice of appropriate measures en-
suring specified stability margins. For this reason the soft-
ware for EPS transient stability calculations has been devel-
oped as early as that of load flow, and was being constantly
modernized allowing for more detailed representation of
synchronous generators and complex loads.

At the present stage of EPS development automatic con-
trol is considered most effective means of ensuring EPS sta-
bility. This resulted in wider application of PSS at power
stations and in the increased number of

Paper SPT PS 13- 02- 0149 accepted
for presentation at the IEEE/KTH
Stockholm Power Tech Conference,
Stockholm, Sweden, June 18-22,1995

EPS controlled elements such as SVC's, DC transmissions.
FACTS. In these conditions EPS stability has become very
sensitive to the behavior of automatic control systems
(including emergency control and relay protection). This
necessitates adequate representation of various control sys-
tems in corresponding software in order lo analyze their ef-
fect on stability in given specific cases, and to adjust the con-
trol systems maximizing this effect.

Introduction of control systems in the mathematical de-
scription of EPS transients increases both the order and stiff-
ness of differential equations which complicates the calcula-
tions, makes them much more time consuming [1.2]. The
paper presents one of the ways in avoiding these difficulties
by using convolution integral in the description ci' control
effects.

II. MATHEMATICAL MODEL FOR EPS TRANSIENTS

Electromechanical transients in EPS arc described by
nonlinear ordinary differential equations representing gen-
erating units and other dynamic and static controlled ele-
ments, and by algebraic equations representing electrical

network. The resulting set of differential and algebraic
equations can be solved numerically only due to nonlincar-
ity, and various implicit and explicit methods have been pro-
posed and successfully used for the purpose 11], For instance,
one of the approaches is to reduce the equations lo those of
load fiow at each integration step of trapezoidal rule [2,3 J.

In order to observe the structure of EPS transients
mathematical description consider a typical dynamic clement
of EPS - power station generating unit.

Well known 5-th order model of a synchronous generator
for the analysis of clcctromechanic transients can be pre-
sented as [2,3J:

clö/dt = s

M ds

Uyin.n dt

Eq'q ~ Ed'd ~ ' d ~ xq\

Tdo
dt
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Fig. 1 Block diagram of excitation system with forced excitation control Continuous control ofescttation reacts (o the delation and firbt derivative of termi-
nal generator voltage magnitude ( ' i ) and frequency ( / , ) Under large disturbances additional emergency control I e y" signal) is actuated

dE.i
—

+ 'd xd ~ xd ) \ k

qc
- excita-where 7', - represents turbine torque, and Et

tion voltage.
Normally the last two values change during the transients

due to the action of automatic regulators and emergency clude control systems equations into simultaneously intc-
control systems and may considerably affect dynamic behav-

ior of the generators and, therefore, EPS as a whole.

Simplified block diagrams of controlled excitation system
and controlled steam turbine arc shown respectively in Fig. 1
and Fig. 2. where p = cl/clt.

As can be seen, taking into account of excitation dynam-
ics adds 5 differential equations to generating unit model,
and that of the turbine - two. Apart from considerable in-
crease in the number of differential equations their stiff-
ness also increases as time constants of excitation regulator
elements may be very' short (for instance, Td = 0.02 sec).

In the circumstances it seems very expedient not to in-

pT.

Fig. 2. Block diagram of two-stage steam tmbine with governor (
disturbances Fast Valving Signal may be actuated.

kt.Tg ) and steam reheuef ( kf.Tf ) dynamic* included Under large
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grated set but to calculate Eqc (/) and Tt (t) separately by

the values of input signals at given time instances specified
by integration processes. Such an approach is possible by
using discrete form of convolution integral.

III. COMPOSITION OF COMPUTATIONAL MODELS
OF CONTROL SYSTEMS

It is known that output of linear dynamic element v(/)

for a specified input signal x(t) can be determined with the

help of convolution integral, for instance, in the form

.vo=O,

where /;(/) - is transient function of the clement, i.e. its

lime response to unit step input signal.
If the transients arc calculated by numerical integration

method with constant time step A/, then

1=1

<t ( l l - l >

where l(f) - is a unit step function. Av( (/) depends on the

form of .v(/) approximation inside the integration step.

Three forms of approximation have been considered for typi-
cal linear dynamic elements of automatic excitation regulator
[2,3]: stepwisc. linear and quadratic. It has been shown that
stepwisc approximation, while requiring simple calculations,
results in large errors, especially for differentiating elements.

Quadratic approximation gives negligibly small errors
even for integration steps 25 times longer than element's
time constant, but requires cumbersome calculations. Linear
approximation appeared to be a reasonable trade-off be-
tween complexity of calculations and accuracy, and it has
been chosen for the calculations of linear dynamic ele-
ments time responses.

For proportional and differentiating first order elements,
which constitute dynamic part of the circuitry in Fig. 1 and
2, the linear approximation gives the following time re-
sponses:

-proportional element,

n= 1,2,...

- differentiating element,

.v0 = far0/7\

yn = >'n-\ exp(-Af / T) l - exp(-Af / 7")) x

»=1.2....
For the elements having T = 0.05 sec, ht = 0.05 sec

and input exponential signals with time constant Ts = 0.5 sec
the above formulae calculate time responses with the error
less than 1%.

In general automatic regulators consist of a number of
linear dynamic elements connected in parallel and in series,
as well as nonlinearities, and the calculation of their re-
sponses can not always be reduced to the above simple formu-
lae. Two possible cases can be distinguished here:

1) dynamic part can be separated as linear subsystem with
nonlinearitics at the input and output (as in Fig. 2);
2) dynamic part can be represented as several linear subsys-
tems connected via nonlincarities (two linear dynamic blocks
connected in scries via adder2 in Fig. l).

In the first case direct handling of the elements connected
in scries means successive application of linear approxima-
tion of signals which evidently leads to the increase in the
error. It is expedient to transform series connected elements
into equivalent parallel connected ones thus avoiding the
additional error. This can be done according to the following
relations

for proportional elements

+ T2p T2p

* . = :

- for proportional and differentiating elements
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pk2 _ A',

T2p T2p

A-, =-k 2 =
7, -T,

- for differentiating elements

pkx pk2 pk} pk2

l+T^p \ + T2p l + T^p \ + T2p

The time responses of thus obtained parallel connected
elements can be calculated separately or with the help of a
single subroutine. This follows from the fact that for propor-
tional and differential elements time response can be pre-
sented as:

yn=yn-\f +/n

where/ = e.\p(-A // f).

/„ = k(xn - xn.J ) -

- for proportional elements

- for differentiating elements.

For two different elements connected in parallel we have

y'n=y'n-J' +/«.

y',, =y"n-\f" +/«"
and output signal yn =yn +y"n can be presented in a similar

way as

yn =(/" + /").Wi -ff'yn_2 +f'n +K-f'f'n-\ -/'/„'-,
Regardless the types of elements connected in parallel
(proportional or differentiating) their lime response can be
calculated by a general formula

(1)
exp(-A//r,)exP(-A//r2)yM.2T>))n,

where cpn depends on specific combination of the connected

elements.
For proportional and differentiating (P-D) or two differen-
tiating (D-D) elements connected in series and transformed
to equivalent parallel connection we have:

(2)

where k = A',As/[(7; - 7l)A/]> a n d

for P-D case:

a = r : ( l -exp(-Af/r : ) ) - 7;(l-e.\p(-Ar/7j)).

(3 = 7;(l-exp(-Ar/7;))esp(-Ar/7;)-

7i(l-exp(-A//7i))exp(-Ar/7;),

for D-D case:
a = p = exp(-Af/7;)-exp(-Ar/7^).

Thus, in the first case considered above, when dynamic
part of the regulator can be separated as a single linear sub-
system its time response can be calculated with the same
accuracy as in the case of a single linear dynamic element.

In the second case when regulator is represented by linear
dynamic subsystems connected in series via nonlincaritics the
calculation of its time response using convolution integral
will require successive application of approximate relations
thus reducing the accuracy. In order to estimate this addi-
tional error the simplest way is to compare time responses of
two dynamic elements connected in scries calculated either
directly or with additional equivalent transformation to paral-
lel connection. The latter case has been considered above.
The former one leads to the following results for P-D and D-
D elements connected in scries: general expressions are the
same, i.e.(l) and (2), but coefficients A-, a and p are dif-
ferent, namely:

for P-D case

P = (l-cxp(Af/r:))[cxp(- Af/7;)-iL(l-cxp(-AfA)))

for D-D case
/t = A-,A-:/Ar,

a = p = (l - exp(-År/7i))(l - exp(-A//72)).

It can be shown that for integration step &t -» 0 both ap-
proaches in handling two elements connected in series - with
or without equivalent transformation to parallel connected
elements - give the same results, but for finite integration step
the results will be different.
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IV. TEST CALCULATIONS

In order to estimate additional error resulting from direct
handling of the dynamic elements connected in series, com-
parative calculations were carried out. Two typical cases of P
and D as well as D and D elements connected in series were
considered. Values of the time constants of these elements
correspond to AVR channels (Fig. 1), namely:

1) in P-D case (voltage channel)

7", = Tov = 0.05 sec, T2 = Td =0.02 sec,

2) in D-D case (frequency channel)

71, = T = 1.0 sec, 7", = Td = 0.02 sec.

For simplicity A-, = 1 and As = 1 were adopted in both
cases. Responses of these elements to input signal
x - 1 - cxp(-r/0.05) have been calculated with and without

using equivalent transformation to the elements connected in
parallel. As can be seen from Fig. 3, without the transforma-
tion the error in the calculated response is high. At the same
lime the calculations conducted with the transformation result
in much smaller error. The errors calculated as absolute val-
ues of the difference between exact and approximate re-
sponses with (Ep) and without (£ s ) equivalent transforma-
tion to parallel connection for the case of At = 0.1 sec are
shown in Table 1.

TABLE 1.

ABSOLUTE ERRORS IN THE CALCULATIONS OF DYNAMIC

ELEMENTS RESPONSES

P-D case

t
EP

Es

0

0

0

0.1

0.5705

I.2S93

0.2

0 5232

1.8671

0.3

0.1337

0.5439

04

0.0266

0113!

0.5

0.0048

0 0207

06

0 0008

0 0035

D-D case

/
Ep

Es

0

0

0

01

4 3765

4.6254

02

0.6100

0.6217

03

0.0720

0.0520

04

00

0 0222

05

0.00S8

0 0295

06

0.0091

0 0279

As it can be seen, even in the case of very long integration
step (Ac = 0.1 sec) the equivalent transformation reduces the
errors in response calculations to reasonable values. Thus the
calculations have shown the possibility of using convolution
integral in (he modeling of regulators' dynamic responses in
transient stability analysis. The accuracy of the modeling
depends on the structure of the regulator and the values of the
time constants of its dynamic elements. Judging by the results
of numerous calculations with the integration step
A/ = 0.02 + 0.05 sec the above approach ensures sufficient
accuracy.

p o. t = o os.« = o i
V. CONCLUSIONS

Algorithms for EPS transients calculations should be
construclcd in such a way that automatic regulators responses
are calculated outside the general numerical integration
procedure, thus reducing the order and stiffness or simultane-
ously solved set of equations.

The regulators' responses can be easily and accurately de-
termined with the help of convolution integral in discrete
form for piecewise linear approximation of input signal. High
accuracy of these calculations can be achieved for long inte-
gration steps provided equivalent transformation of series
connected dynamic elements to parallel ones is used.

Fig. 3. Response rfp-D demenu conn«ied in s«ies to the exponential input signal solid Separate calculations of EPS automatic regulators re-

line commends to exact case, points- to the calculations by (i) and (2) with (0) and sponses may be useful in the construction of EPS digital

without (+) transformation to parallel connection, 6i — 0.1 sec. simulators, as it allows easy transition to parallel computa-
tions.
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Abstract: This paper discusses the relationships between
types of bifurcations in power systems and their expected oc-
curance for regulated and unregulated synchronous machines.
A time-scale decomposition is performed to identify critical
dynamics in the slow and fast subsystems. For single-machine
Hopf bifurcations, the existence of unstable limit cycles is anal-
ysed in the context of the region of attraction.

1. INTRODUCTION

The analysis of bifurcations requires a nonlinear representa-
tion of the system under investigation. However, a large part
of the literature on power system bifurcations deals with the
analysis of various linearized Jacobian matrices. In this paper
the bifurcation conditions are analyzed using the linearization
coefficients of single machine and multimaclune power system
models. The classical HefTron-Phillips linearized model of a
synchronous generator has been used successfully in the past
[l] for the analysis of electromechanical oscillations and the de-
sign of Power System Stabilizers. A similar model generalized
for any number of synchronous machines and any nonlinear
load-voltage characteristics, has been used in [2] for voltage
stability analysis. On the other hand, singular perturbation
analysis has been used in [3] for t he time scale decomposition
of synchronous machine dynamics.

This paper combines the methods mentioned above to pro-
vide a detailed analysis of the dependence of bifurcation phe-
nomena on generator unit dynamics, as well as on the behavior
of the loads. The modeled dynamics include the synchronous
machine, the excitation system with the Automatic Voltage
Regulator, and the system loads, which may depend nonlin-
early on the bus voltage. The following issues are examined:

• Conditions under which a system can loose stability
through a Saddle Node Bifurcation (SNB): Cases will be
shown where the SNB initially involves only the field flux
dynamics of the machine, whereas the electromechanical
oscillation mode continues to be stable. Synchronism is
lost only eventually due to the demagnetization of the
generator field. The same results are examined for a mul-
timachine system, in which all machines are without au-
tomatic voltage regulation.

Paper SPT PS 13- 03- 0225 accepted
for presentation at the IEEE/KTH
Stockholm Power Tech Conference,
Stockholm, Sweden, June 18-22,1995

• Conditions under which a system cannot loose stabil-
ity through a SNB: The stability limit in this case is
a Poincaré-Andronov-Hopf bifurcation (HB). It is shown
that the mode undergoing Hopf bifurcation depends on
the excitation system dynamics (fast or slow exciters).
This unstable mode can correspond either to unstable
electromechanical oscillations (typically when the loads
arc mostly of the constant impedance type) or to unsta-
ble voltage oscillations (if the loads are represented as
constant MVA). The occurrence of a Singularity Induced
Bifurcation (SIB) after this last type of HB is also exam-
ined.

Section 2 deals with modeling aspects. In Section 3 a sys-
tematic time scale decomposition is performed using singular
perturbation techniques, so that the system splits into a fast,
and a slow subsystem. This lime scale decomposition is valid
even after a SNB is experienced, in which case the fast dy-
namics (electromechanical oscillations) converge rapidly to the
''integral manifold'1 of the slow dynamics (field demagnetiza-
tion). During such transients the voltages (ami angles) can
vary considerably with insignificant frequency and power fluc-
tuations. Section 4 introduces the generator AVR in a single
machine - infinite bus system and derives t he exact HB con-
ditions for this system. Finally, in Section 5 the limit cycle
aspects of the IIB are examined.

2. POWER SYSTEM MODELING

2.1. Nonlinear equations

As stated in the Introduction, both single machine, and mul-
timachine systems are considered in this paper. The nonlinear
model formulation is discussed first.

A power system consisting of m synchronous machines can
be described in the transient time-scale by the following set of
equations, known as the one-axis model [5]:

6 — w
•w = Pm-P(<5,E;,)

= E/-E(5,E',)

(1)
(2)

(3)

where 8, u>, E' , , and E/ ire m x 1 vectors representing the
rotor angles, speed deviations, internal voltages proportional
to field flux linkages, and excitation voltages of the m ma-
chines respectively, TJK, D, and Td are m x m diagonal ma-
trices containing the mechanical starting times [Tu< = -ffi),
the damping terms, and the field open circuit time constants
respectively, and finally wo is the synchronous speed.

The functions P and E are m-vector functions of the state
variables 6 and E', , representing the interconnection between
machines and loads. These function are defined implicitly using
a set of algebraic equations (constraints) which consist of the
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Figure 1: Single machine linearized model

2(1 power How equations on the » buses of the power system,
and the 2m generator algebraic equations giving the machine
terminal currents as a function of the state variables. Symbol-
ically:

[P E]T = F(<5,E;,.y,,,) (-1)

where, F are 2m functions of the state variables 5, EJ; and the
2m x 1 vector y,,, of machine algebraic variables (typically d-
and q-axis components of slator currents), G are 2m+2n equa-
tions on the state variables, the machine algebraic variables
y m , the 2» x 1 vector yn of the network algebraic variables
(typically bus voltage magnitudes and angles) and the input
vector w (typically loads).

When the algebraic equations (5) are nonsingular, P, E can
be defined as functions of only the state variables <5,E',. The
singularity coditions of these equations define a singularity or
impasse surface [7], which separates in general t lie state space
into disjoint components called causal regions. The assumption
made here is that the system remains within one such causal
region, where the algebraic constraints have no singular points.
Therefore, the functions P and E remain unique.

2.2. Linearized models

Although bifurcation analysis is a nonlinear approach, the
analysis of bifurcation conditions is facilitated by referring to
the linearized models of a single machine or a multimachine
power system. Fig. 1 is a classical single machine - infinite
bus linearized model [1] with constant impedance loads. This
model has been generalized for a general multimachine system
with an arbitrary load-voltage relationship [2]. The generalized
model has a similar block diagram form, shown in Fig 2, where
the linearization coefficients have been replaced by correspond-
ing m x m matrices. A similar model has been developed also
in [4].

An important detail when comparing results for the single
and the multi- machine case is that matrix M3 of Fig. 2 has
been defined so that:

Man = -1/A'3;

All other matrices are such that their diagonal elements are
equal to the single machine coefficients.

(APrn)

( A V . )

( A E , )

Figure 2: Multimachine linearized model

3. SYSTEM WITHOUT AVR

The machines considered in this section are modeled without
automatic voltage regulators. The operation without AVRs is
possible in practice when the machines are either under man-
ual voltage control, or they have reached their overexcitation
limits. In the following sections the multimachine dynamics
are formally decomposed and the conditions for a SNB and a
Hopf bifurcation are examined.

3.1. Decomposition into shaft and flux dynamics

The multimachine model (l)-(3) can be decomposed into
two subsystems, a slow one consisting of flux-decay, or voltage
modes, and a fast one describing the electromechanical oscilla-
tions. To achieve this decomposition, the following parameters
are introduced:

(6)

H = diag[7/,///o]

Using the above notation, the system (l)-(3) takes the fol-
lowing standard form for singular perturbation analysis [6]:

eS =

cu' =

ÉJ =

(8)

-1 [pm-P(«,Ei)-^-Dw'] 0)
?A)1 (10)

Consider the m—dimensional manifold in the state space of
the system (8)-(10) denned by the 2m equations:
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<5.. = luo (11)

w', = - e M r 1 M a T 7 1 [ E / - E ( h 1 0 , E ; ) ] (12)

where liio is the implicit function of Ej, defined by the solution
of:

P ( h i o , E i ) s = P m (13)

and matrices M ] , M j are the linearization matrices appearing
in Fig. 2. It has been shown in [9] that 8s,u}[, are the sloiv
components of the fast variables corresponding to the shaft
dynamics.

Note that the speed variations during slow transients are
small, being proportional to c. This observation justifies the
omission of the frequency control loop when analysing voltage-
flux dynamics. It is also characteristic of the classical descrip-
tion of voltage stability problems, where large voltage varia-
tions are accompanied by negligible frequency errors.

3.2. Saddle node bifurcation

The decomposed version of the slow flux dynamics is derived
simply by replacing 6 in (10) by hjo, which is obtained by
solving (13). Thus:

(14)

The linearized version of (1-1) gives the following state matrix
in terms of the linearization matrices:

A, = Tj'[M3o + (15)

where the subscript "o" denotes the evaluation at an equilib-
rium point.

Note that the approximate state matrix of the slow machine
dynamics (15) is the same matrix that was introduced in [8]
as a Voltage Stability Matrix. A zero eigenvalue of this ma-
trix corresponds exactly to a Saddle Node Bifurcation of the
original system, as can be easily verified from the matrix block
diagram of Fig. 2. The SNB condition of this system is the
following:

det[Ma, + M ^ M ^ M j o ] = 0 (16)

A saddle node bifurcation in a multimachine system will in-
volve one or more generators experiencing a slow flux decay.
This will have a similar drifting effect on the generator termi-
nal and load bus voltages leading the whole system either to a
voltage collapse, or to the loss of synchronism of the generators
involved.

The single machine equivalent of the above SNB condition
is the well known formula [1]:

A'i - A'2A'3Å'4 = 0

3.3. Poincaré-Andronov-Hopf bifurcation

The fast dynamics of the multimachine system can be re-
constructed using the off-manifold variables defined below:

= 6-6,
= to — {l

(17)

(18)

The linearized version of the off-manifold dynamics is the fol-
lowing [9]:

[ A& ] = [ f &Sj 1
[ Aw, J

(19)

0 20 40 60 80 100 120 140 160 180
rotor angle (dog)

Figure 3: Steady stale and transient power angle curves

The M matrices in the above state equation are computed at
the point (5,,co, of the slow manifold. This point serves as an
equilibrium point of the off-manifold dynamics.

Consider for instance the evolution of a system after the
SNB point shown in Fig. 3. The machine will remain in syn-
chronism even after this point, because the synchronizing co-
efficient, which is the slope of the transient power-angle curve
(shown in Fig. 3 with a dotted line) is still positive. How-
ever, since the excitation level is inadequate to maintain the
required power transfer at steady state, the trajectory will de-
part slowly from the equilibrium curve. The field flux will begin
to decrease, and the machine angle will start increasing very
slowly, with a small frequency error according to (12), along
the clashed constant power line. If the corresponding voltage
degradation does not bring about a serious disruption of sys-
tem operation, the machine will eventually loose synchronism
at the point, where the transient power angle curve becomes
tangent to the constant power line. At this point the syn-
chronizing coefficient A'j, calculated on the slow manifold will
become zero.

A qualitative examination now of the Poincaré-Andronov-
Hopf bifurcation (HB) condition of (19) reveals that as long as
the matrix M ^ M ^ T j ' M - i is positive definite the electrome-
chanical oscillations will have positive damping. This is the
case in all practical power systems, since the field is function-
ing effectively as a damper winding. There are no oscillatory
instability cases of unregulated synchronous machines. A pos-
sible destabilizing effect of the governor turbine loop is not
considered in this paper.

In the single machine case the condition for an HB is the
following:

As stated earlier, for practical machine loading conditions these
coefficients are always positive, so that an HB of the unregu-
lated synchronous machine is practically impossible.

4. EFFECT OF AVR

The introduction of automatic voltage regulators in the mul-
timachine system analysed in the previous section modifies sig-
nificantly its response and also the time scale separation be-
tween flux and shaft dynamics. The main effect of the AVR
is to force the "slow" variables of the previous section, so that
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their response rate can become comparable with that of the
shaft dynamics. For instance, it is well known that a fast, high
gain AVR can introduce negative damping to the electrome-
chanical oscillations, thus destabilizing the "fast" subsystem of
the previous section. Due to the increased difficulty presented
by the analysis of the regulated system, this section deals only
with a single machine - infinite bus configuration.

•1.1. Decomposition of flux dynamics

An IEEE Type I excitation system has been decomposed
into fast and slow dynamics in [10]. In this section, a first
order excitation system is assumed, which is typical for static
exciters. The ODE representation of this system is:

(20)

where V is a nonlinear function giving the terminal voltage of
the generator as a function of 5, Eq.

Under certain conditions, the time-scale decomposition of
Section 2 is still valid for a fast, low gain exciter described by
(20). In this case the field flux variable E'q is still the only slow
variable. The small AVR time constant can be written as:

TE = (21)

with the same value of c defined in (G), where Ho is obviously
equal to // in the single machine case. If the AVR gain K E is
sufficiently low, (20) can be added to the fast equations (8)-(9).
The slow manifold of the excitation voltage E/ is given by:

Ejf = [ v ; , ; / - V[lii0, E'q)

KET

A',

KiK.
(22)

where /iio is still defined by (13).
The slow flux dynamics are given by the linearized version of

(14), in which the excitation voltage E; lias been substituted
by its slow component Ej, given by (22). This linearization
gives:

7,,AE,, = [AE [h, - -j

, KETE

where cT has been replaced again with the small AVR time
constant TE-

•1.2. Saddle node and singularity induced bifurcations

The time-scale decomposition achieved above is limited to
the case of fast, low gain excitation systems. A general con-
dition for a saddle node bifurcation, however, can be derived
directly from the block diagram of Fig. 1 and the ODE repre-
sentation of the excitation system (20). To do this the char-
acteristic equation of the regulated generator is first written

= 0 (24)

where, neglecting the damping coefficient D:

1 , 1
03 ~ TB nju

1
TET'

Cl " III
K?Iu

Tdo

Clearly the SNB condition is Co = 0. This condition is valid
for all values of the AVR parameters, i.e. for all first order
excitation systems. It is interesting to note that the SNB con-
dition is independent of the exciter time constant. The same
condition can be derived from (23) in the special case of fast,
low gain exciters.

Examining now the SNB condition of the voltage regulated
generator, it is seen that even when A'I — A'oA'sA^ < 0 a SNB
is avoided when:

A'c - A'2A'5/A'i > 0 (25)

For voltage sensitive loads, the above condition is practically
always met, since A'c remains positive for such loads and I\\ is
always small. For constant power loads, however, it has been
found that A'o can change sign through infinity [2]. This occurs
at a singularity of the algebraic equations and it corresponds
to a Singularity Induced Bifurcation (SIC) [11].

In conclusion, a voltage regulated synchronous machine is
not expected to loose stability through a SNB in all cases
(constant power or voltage sensitive loads). For this reason,
in voltage stability simulation studies, a loss of the genera-
tor equilibrium point is usually not experienced before at least
one generator looses voltage regulation through the action of
its overexcitation limiter [12].

•1.3. Hopf bifurcation conditions

Contrary to the case of the unregulated machine, where sta-
bility was lost through an SNB, the voltage regulated machine
can normally loose stability only through an IIB. To derive the
IID condition the characteristic equation of the single machine
- infinite bus system (24) is used. At the HB point, this equa-
tion will have one purely imaginary pair of roots. Replacing 5
by ju> in (24) we arrive at the following two conditions:

d / c 3 > 0 (26)

(fi/c3)2 - c2(ci/c3) + co = 0 (27)

The first of the above conditions (26) can be written in terms
of the A' coefficients as:

> o

where a/ is defined as:

(28)

(29)

For all practical values of TE, Q is very small and the condition
(28) is almost always met. The exact HB point is determined
by the second condition (27). An application of the Routh
array criterion can provide the following stability condition:

(ci /c3)2+co <c 2(ci /c 3) (30)

with the equality giving the HB condition (27).
Substituting the coefficients of the characteristic equation

and making use of the definition of a, the following stability
condition is derived:

- a) - - ^

(31)
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The right hand side of (3]) is normally positive due lo the
small value of a. Therefore, when A't is not large and A"<, is
positive, i.e. when:

the system is stable for all values of the excitation gain. In all
other cases, i.e. when:

O.A'G — A'jA's > 0 (32)

a value of KE exists, for which the system looses stability
through a n HB. The condition (32) can be encountered in
two ways:

1. When A's < 0. This is the typical case of unstable elec-
tromechanical oscillations due to the negative damping
torque introduced by the AVR [1], This instability is usu-
ally corrected using power system stabilizers.

2. When Kc is large, even when A's is positive. This con-
dition always occurs before an SIB, because A'c tends to
infinity in this case. For this reason, a singularity induced
bifurcation is usually preceded by an HB, that determines
the actual stability limit of the system. The unstable volt-
age oscillations arising in this case have been analysed in

Table 1: Svstem data

Generator data
rated
freq.

50 Hz

•Yd
(PU)
1.7

(PU)
1.5

•vi
(pu)
0.35

D
(PU)

0 .

(sec)
O.

AVR and transmission data
KE
(pu)
25.

TE

(sec)
0.2

-Ye

(pu)
0.5

VinJ
(PU)
1.0

P
(PU)
1.0

H
(sec)

6.

Table 2: Stable and unstable equilibrium points

sep

uep

b

68.2°
A'/

2.32
Q

0.405
V,

1.0735
reduced damping

101.4° 6.982 | 3.042 0.8875

eigenvalues
-0.138 ±;4.88
+0.028 ±>4.yO

+8.476 , -8.S17

The IIB condition (31) is greatly simplified when assuming a
very small excitation time constant (TE — 0, so that also a —
0). In this case the second type of HB, i.e. unstable voltage
oscillations, occurs closer to the SIB as TE becomes smaller
and disappears completely when TE becomes formally zero.
The stability condition for the electromechanical oscillations
with TE = 0 becomes simply:

A'2(A
-4 + KE!<•,)> 0 (33)

Clearly for very fast excitation systems the stability of the
electromechanical oscillations is lost only when Kb < 0. Since
t lie damping coefficient D has been neglected, the HB occurs
when the negative damping torque contributed by the voltage
control loop (A'gA'i) becomes equal to the positive damping
torque provided by the field winding of the machine (A".|).

5. LIMIT CYCLES

The preceding analysis specified the conditions for the oc-
currence of a Hopf bifurcation in terms of the linearization
coefficients A', which depend on the operating point of the
synchronous machine. At the HB point the stability of the op-
erating point is lost through its interaction with a limit cycle.
There are two types of HB depending on the nature of this
interaction:

1. Either an unstable limit cycle exists before the HB and
disappears at the bifurcation point (subcritical HB)

2. Or a. stable limit cycle is created at the bifurcation point
(supercritical HB).

It appears that most simulations of unstable electromechan-
ical oscillations, if continued long enough, usually result in an
eventual loss of synchronism. This is an indirect indication that
most of the HB encountered in power systems are subcritical.
However, little work has been done on the implications of the
unstable limit cycle existing before the bifurcation point of a
subcritical HB.

In this section, a typical subcritical HB of electromechanical
oscillations is analysed and the corresponding unstable limit
cycle is identified. The restrictions imposed on the region of

ome (rad'soc] dot (rod)

Figure 4: Critical and diverging trajectories

attraction of the stable equilibrium point before the IIB are
also discussed.

Table 1 shows the parameters of a single machine - infinite
bus system. The damping coefficient D has been purposefully
increased to stabilize the initial operating point, shown in Ta-
ble 2 as 'sep'. When the damping is lowered to D = 1 pu, the
electromechanical oscillations become unstable, as seen by the
eigenvalues of the second row of Table 2.

A nonlinear simulation of the reduced damping system re-
veals that there is no stable limit cycle after the bifurcation.
Therefore, we have to conclude that an unstable limit cycle
must exist around the sep of the first row of Table 2. This
unstable limit cycle is detected with the help of the following
transient stability experiment: A three phase short circuit is
applied at the infinite bus. By gradually increasing the clearing
time of the fault a critical trajectory is obtained, which lingers
around the unstable limit cycle. Before the critical clearing
time the trajectories spiral back to the stable equilibrium point,
whereas after the critical clearing time the trajectories diverge
leading eventually to a loss of synchronism.

The critical trajectory (solid line), as well as one diverging
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Figure 6: Two dimensional view of the region of attraction

trajectory (dotted line) are shown in Fig. 4 in the three di-
mensional subspace of 6,u.\E{ state variables. The unstable
equilibrium point (uep) corresponding to the third column of
Table 2 is also shown in (his figure. Clearly, the limit cycle is
reducing the region of attraction (ROA) that would stretch up
to the uep in the absence of HD. The boundary of the ROA in
this case is the stable manifold of the unstable limit cycle.

Another 3-dimensional view of the limit cycle is shown in
Fig. 5 in t lie 5.u.\E'q subspace. Note that the limit cycle is
not a planar curve. Finally, a 2-dimensional view of the region
of attraction is shown in Fig. 6 in the &,ui plane. The criti-
cal (solid line) and the diverging (dotted line) trajectories are
again shown in this figure. It should be kept in mind that the
state space is of dimension 4, therefore the projection of the
limit cycle on the 6, u> plane is not the actual boundary of the
ROA. "

CONCLUSION

This paper reviewed the classical synchronous machine sta-
bility analysis introducing concepts from bifurcation theory
and time-scale decomposition. It was shown that a system
of unregulated synchronous machines looses stability through
a SNB involving initially the field flux dynamics, while syn-
chronism is lost only after a demagnetization stage.

On the contrary, the typical bifurcation for a system with
all the synchronous machines under AVR control is Poincaré-
Andronov-Hopf bifurcation. The usual electromechanical os-
cillation instability, as well as the unstable voltage oscillations
predicted by models using constant power loads, both fall in
this category. The exact HB condition for a single machine

infinite bus system without mechanical damping was derived
in the paper.

Finally, the effect that the unstable limit cycle before a sub-
critical HB has in reducing the region of attraction of a stable
equilibrium point was clearly demonstrated through a single
machine - infinite bus example.
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On the Practical Experience With Two Numerical
Algorithms for Frequency Estimation

V.V. Terzija, M.B. Djuric
Faculty of Electrical Engineering

University of Belgrade, Belgrade, Yugoslavia

Abstract: In this paper a brief description of two now
numerical algorithms for power system frequency mea-
surement will be given: 1) Newton Type Algorithm and
2) Self-Tuning Algorithm Based on Least Error Squares
Method. The results of the application of the algorithms
in off-line real-life data records processing will be provided,
too. The description of real-life tests provided in South
Europe will be presented. The results of frequency esti-
mation for the most interesting events will be given, as
well.

Keywords: digital signal processing, parameter estima-
tion, frequency measurement., real-life testing

1 Introduction

A number of numerical algorithms dedicated to frequency
measurement have been published in the last decade.
They have shown a great variety of approaches and the
importance of these measurements. A reliable frequency
measurement is a prerequisite for effective power control,
load-shedding, load restoration and generator protection.
This paper is a part of the project dealing with the appli-
cation of two already developed and published numerical
algorithms for frequency estimation [1, 2] in the off-line
processing of real-life data records.

In the first numerical algorithm [1], Newton Type Al-
gorithm (NTA), the problem of frequency estimation was
treated as an unconstrained optimization problem. Ap-
plying Newton's well-known iterative procedure for solv-
ing the system of nonlinear equations (in the power en-
gineering practice commonly used in Load-Flow studies),
the authors derived a very efficient algorithm, capable to
estimate frequency over a wide frequency range.

Paper SPT PS 13- 04- 0462 accepted
for presentation at the IEEE/KTH
Stockholm Power Tech Conference,
Stockholm, Sweden, June 18-22,1995

In the second, Self-tuning digital signal processing algo-
rithm based on Least. Error Squares Method (STLS) [2],
the input signal model has been extended with the decay-
ing DC and higher order harmonics components. By this,
the frequency of distorted signals can be precisely esti-
mated, too. Moreover, the magnitudes of higher harmon-
ics and time constants can be estimated under off-nominal
frequency conditions, which provide us with an opportu-
nity to deal with detection, propagation and measurement
of power system harmonics.

Roth algorithms have been extensively tested through
the computer simulation and laboratory testing [1, 2]. Of
course, that is just an idealization of the reality. The best
possible way to check the quality of numerical algorithms
is to test, them under real-life conditions. At this stage of
the project, the authors have not yet been capable to pro-
vide on-line frequency measurement, but they took part
in an unique and very interesting real-life test: "Prelimi-
nary Trial Parallel Operation of the Electric Power System
of Rumania With the. Electric Power Systems of Albania.
Greece and Ex-Yugoslav Republics". Through this real-life
test, a set of data records has been obtained and latter on
off-line processed on PC computer, i.e. used as an input
to the NTA and STLS algorithms.

In this paper a brief description of NTA and STLS nu-
merical algorithms will be given first. Afterwards the
aforementioned real-life test, will be described. Finally,
the most interesting results concerning frequency estima-
tion and the application of new methods will be given and
discussed.

2 Two Numerical Algorithms for
Frequency Estimation

In this Section NTA and STLS algorithms for frequency
estimation will be briefly presented.

Both methods are based on the simple 'one-sinusoid'
voltage model. Thus, the unknown system frequency is
estimated from digitized voltage samples, under the as-
sumption that the voltage signal can be represented as
follows:
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in which v(t) is an instantaneous voltage at time t,
a zero mean random noise, x a suitable parameter vector
and ;/(•) is expressed in the following way:

For the generic model (2), a suitable vector of unknown
parameters is given by: x = [ui, V, ip] where ui is the funda-
mental angular velocity (equal to 2irf, f being frequency),
I' is the magnitude of the fundamental harmonic and ip
is the phase angle of the fundamental harmonic. All men-
tioned unknown parameters are time-dependent.

The adopted signal model is a highly nonlinear function
of the unknown frequency, so the application of nonlinear
estimation is required. If one knows the fundamental fre-
quency o/'o and the measurement time, then Eq. (2) is lin-
ear in the unknown parameters. In practice we have vari-
ations in the frequency and we also have to estimate it, i.e.
to treat it as an unknown parameter. Assuming that the
input signal waveform has been uniformly sampled with
rate / , and sampling period T, = l / / j , during a finite
period of time (called data window), a measurement win-
dow containing 771 samples can be obtained. From these
samples (i.e. from the measurement vector) the unknown
mode! parameters can be estimated.

2.1 Newton Type Algorithm (NTA)
Given a sinusoidal voltage model (2), a set. of 771 voltage
samples represents a system of 771 highly nonlinear equa-
tions to be solved. The key relation of the NTA algorithm
is given by:

X'+i = x -+ j ' f v — K(X- /)1 (3)

when- i is an iteration index, J! is referred to as a left
pseudo-inverse of Jacobian J j . v is an (771 • 1) measure-
ment vector and g(x,-,/) is an (771 • 1) vector of nonlinear
functions determined by the assumed mathematical model
of the input signal. It was shown that ihe number of iter-
ations can be reduced to imax — 1. For the purpose of the
algorithm initialization the common Least Error Squares
algorithm can be applied [3].

2.2 Self-Tuning Least Error Squares Al-
gorithm (STLS)

In order to apply the ordinary Least Error Squares
Method, voltage model (2) has been extended into the
Taylor series in the neighborhood of an expected frequency
(f0 = (50;60)Hz). The unknown frequency has been re-
calculated from the model parameters estimated through
the following equation:

where H ! is the left pseudo-inverse of matrix H and where
(1) the elements of H depend on the expected frequency [2].

Since the algorithm accuracy has been mainly affected
by the previously selected expected frequency (equal to
the system nominal frequency: 50 or 60 Hz), i.e.. by the
off-line calculated pseudo-inverse matrix H, the authors
drew the conclusion to iteratively update the matrix H in
accordance with the actually estimated frequency devia-
tion. In other words, the model linearized in the neigh-
borhood of one point, in the next iteration is linearized in
the neighborhood of the new point, calculated as a func-
tion of the frequency estimated in the previous iteration.
In the context discussed above, the estimation in the p-th
iteration could be expressed as:

where /;,_i is the frequency estimated in the previous,
the. (p — l)-st, iteration. On the basis of the frequency
deviation estimated, follows the update of the H and the
new estimation in the step (p+ 1), i.e.:

where an update is provided by:

fp = / ; - l +ClAfp (7)

Factor a represents a tuning parameter, used in the al-
gorithm to control the speed of the algorithm adjustment.

Compared to the Newton-Type Algorithm, Self-Tuning
Least Error Squares Algorithm has somewhat slower con-
vergency, but still fast enough to track the unknown model
parameters in an electromechanic transient process. In
comparison to the NTA. STLS does not. require the rig-
orous algorithm initialization. Moreover, it could be used
for the NTA initialization. Further, the new algorithm
showed a very high level of robustness and smaller sensitiv-
ity to the random noise. It was proved by processing the
pure 5 011 z sine wave corrupted with additive zero-mean
Gaussian noise with a prescribed value of the Signal-to-
Noise-Ratio (SNR). Maximum estimation errors in terms
of SNR for both algorithms are depicted in Fig. 1.

From the on-line algorithms application point of view,
the normal matrix inversion determines the CPU require-
ments. For the adopted 'one-sinusoid' voltage model (2),
the model orders for NTA and STLS algorithms are 3 and
4, respectively. That means that the CPU requirements
for NTA algorithm are lower, in comparison with STLS
algorithm.

= (HTH)-1HTv =-1HTv =

3 Real-life Test Description

Since September 21, 1991 (04:50pm) Electric Power Sys-
tem of Serbia has been operated as an isolated power
system disconnected from the Europian Interconnection
UCPTE and connected only to Greek, Albanian, Mon-

(4) tenegrian and Macedonian networks (Serbia, Montenegro
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Figure 1: Maximum estimation errors in terms of SNR
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2: Interconnected power systems regions (Case 1Figure
testing)

and Macedonia are the former republics of Yugoslavia) -
see Fig. 2. Fig. 2 shows certain parameters of the op-
erating conditions in the interconnected electrical power
systems prior to generator disconnection. Under these
conditions on October 20, 1993 a set of experiments (Case
1 testing) has been provided through which input voltage
signals, measured in Belgrade has been recorded. These
data records were off-line processed by using NTA algo-
rithm. The results of frequency estimation will be given
in the next Section.

In order to prepare the studies necessary to determine
the conditions and possibilities of parallel operation of
the Romanian Electric Power System (RENEL) within
the Europian Interconnection UCPTE, preliminary trial
parallel operation of the RENEL with the electric power
systems of Albania, Greece and ex-Yugoslav republics was
performed on October 28, 1993 (Case 2 testing). One of
the objectives of the trial parallel operation was to analyze
the synchronous operation of the interconnected power

Figure 3: Interconnected power systems regions (Case 2
testing)

systems in the conditions of sudden active power imbal-
ance (disconnection of generating units).

Before the trial parallel operation, RENEL operated in
parallel with the East Europinn Interconnection IPS (In-
tegrated Power Systems). In the frame of the prepara-
tory activities relative to the trial parallel operation, all
interconnection lines between RENEL and IPS were dis-
connected. At 10:06am on October 28, 1993. RENEL was
connected with the electric power systems of ex-Yugoslav
republics, Greece and Albania through the 400 kV line
D.jerdap 1 - Portile de Tier by synchronization in the Hy-
dro Power Plant (HPP) Djerdap 1. The conditions at the
instance of synchronization were as follows [4]:

1. RENEL: frequency / = 50.00Hz, voltage in IIPP Por-
tile de Fier V = 417kV.

2. ex-Yugoslav republics, Greece and Albania: fre-
quency / = 49.96Ilz, voltage in IIPP Djerdap 1
V = 420kV.

Immediately after the synchronization, through the 400
kV interconnection line Djerdap 1 - Portile de Fier, active
power flow of 20 MW and reactive power flow of 60 MVAr
were measured in the direction towards HPP Djerdap 1
(see Fig. 3).

In the testing voltage samples were acquired using Data
Acquisition Digital System (12-bit-A/D converter, sam-
pling frequency 1600 Hz) installed at Faculty of Electical
Engineering (FEE) in Belgrade. The recorded data have
been firstly prefiltered by means of the 4th order low-pass
Butterworth filter and further processed by STLS algo-
rithm.

Thus, NTA has been applied for the frequency estima-
tion in the Case 1 testing and STLS in the Case 2 testing.

In the next Section the results of frequency estimation
for the described real-life tests will be presented.
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4 Results of Real-Life Testing

4.1 Case 1: ex-Yugoslavia -f Greece + Al-
bania

For the interconnected electrical power systems depicted
in Fig. 2 the following tests were provided:

1. Test 1:

Date: October 20. 1993

Time: 10:00 a.m.

Event: Disconnection of 200 MW generating unit in
ex-Yugoslavia (in Serbia).

Conditions: Secondary load-frequency control
(LFC) switched off.

Remarks: /„„•„ = 49.779Hz. Unplanned disconnec-
tion of approximately 40 MW of customers load
in Macedonia.

•1. Test 2:

Date: October 20, 1993

Time: 11:00 a.m.

Event: Disconnection of 260 MW generating unit in
Greece.

Conditions: LFC switched off.

Remarks: /„„•„ = 49.723Hz.

3. Test 3:

Date: October 20, 1993

Time: 12:00 a.m.

Event: Disconnection of 200 MW generating unit in
Greece.

Conditions: LFC switched off.

Remarks: /„„•„ = 49.742Hz. a greater value than in
Test 2. as expected.

By applying NTA algorithm, data window size lasted
Tdm = 4 • 20 = 80ms. The results of frequency estimation
are depicted in Figs. 4, 5 and 6, respectively.

System frequency was parallelly measured by using HP
3457A Multimeter. The maximum difference between the
respective values was less than 10~3Hz. Such an accuracy
satisfies the frequency relaying requirements and some
other measurement applications in power systems.

4.2 Case 2: ex-Yugoslavia -+- Greece + Al-
bania -f Romania

For the interconnected electrical power systems depicted
in Fig. 3 the following tests were provided:

1. Test 4:

50.100 -i

50.000 :

N
X 49.900 :

4-9.800 -

4-9.700
20 4-0 60 80

time (s)
too 120

Figure 4: Frequency estimated in Test 1

50.000 n

4-9.900 -

N
X

4-9.B0O -

4-9.700

time (s)

Figure 5: Frequency estimated in Tes1 2

50.000 -l

49.900 -

49.800 -

4-9.700
20 4-0 60 80

time (s)
100 120

Figure 6: Frequency estimated in Test 3
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Figure 7: Frequency estimated in Test '1
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50.000 -

+9.950 -

+9.900
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Figure S: Frequency estimated in Test 5

Date: October 28. 199:5

Time: 11:59 a.m.

Event: Disconnection of 120 MVV generating unit in
Romania.

Conditions: LFC switched on. LFC on IIPP Djer-
dap 1 blocked.

Remarks: /„„•„ =-19.91211;;.

2. Tast 5:

Date: October 28, 1993

Time: 12:31 a.m.

Event: Disconnection of 120 MVV generating unit in
Romania.

Conditions: LFC switched on.

Remarks: /„„•„ = '19.903IIz.

By applying STLS algorithm, data window size lasted
7rf,,, — '1 -20 = 80ms. It was found that n =0.1 gives
satisfactory good results. The frequency estimates
arc depicted in Figs. 7 and 8, respectively.

The maximum difference between the respective val-
ues measured by HP 3457A Multimeter was less than
10~3Hz.

5 Conclusion

In this paper the results of testing of two new nu-
merical algorithms for frequency estimation by means
of input voltage data records obtained in a full-
scale real-life tests provided in South Europe (ex-
Yugoslavia, Greece, Albania and Rumania) are pre-
sented. The objective of tests was to analyze the syn-
chronous operation of the interconnected power sys-
tems in the conditions of sudden power imbalance.

Frequency was estimated from the sampled voltage
signal. The obtained results have shown that both
numerical algorithms can be successfully applied as
a reliable measurement tool in power systems. The
experience with the described tests and frequency es-
timation are the basis for the development of new de-
vices for measuring applications in power systcmos.
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ASSESSMENT OF DYNAMIC STABILITY OF LARGE-SCALE POWER SYSTEM
BY RAYLEIGH'S QUOTIENT

Naoto Kakimoto
(Kyoto University)
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(Kansai Electric Power Co.)

Abstract - This paper presents an efficient method of
calculating securely all eigenvalues associated with swing
modes in large power systems. The method is based on a
reduced-order operational transfer matrix whose dimen-
tion is qual to the number of generators. It applies the
Rayleigh quotient to yield very accurate estimates of the
eigenvalues. We first describe basic ideas underlying the
method, and then explain its algorithm. Lastly, we ap-
ply the proposed method to 9- and 107-machine power
systems to examine its accuracy and computation time.

INTRODUCTION

Many generators are connected to a power system, and
as many power swing modes exist. Power system sta-
bilizers(PSS) are widely used to stabilize these swing
modes. Many studies have been made on identifica-
tion of optimum parameters and locations for stabilizer
applications[l-5]. The studies all aim at stabilizing one or
a few swing modes. However, the recent increase in power
transport among control areas necessitates development
of power system stabilizers effective for low-frequency in-
terarea swing modes as well as for local swing modes [6-
8]. Such stabilizers are designed to provide generators
with adequate damping torqes over some frequency range.
Hence, the stabilizers are robuster than the conventional
ones. However, all generators do not necessarily have pos-
itive damping torques. Suppose a generator has negative
damping torque at a frequency. Is a swing mode with the
frequency is unstable? In general, the damping torque is
a continuous function of frequency. If it is negative at a
frequency, it is also negative in the neighborhood of the
frequency. Many swing modes will exist in the area in a
large power system. Do these modes all become unstable?
We empirically know that this is not true. However, no
clear answer has been made yet to the above questions. In
order to answer them, we must show the relation between
the damping torques of the generators and the damping
constants of the swing modes.
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In this paper, we first derive an equation which re-
lates the damping torques with the damping constants.
The sensitivity of eigenvalues is commonly used to know
the stabilizing effect of controllers. It is hard to under-
stand its physical meaning, however. By using damping
torques, we can directly see their effects. It is also shown
that swing modes do not necessarily get unstable even if
some generators have negative damping torques. Next,
we show that the derived equation is a particular form
of Rayleigh's quotient, and we expand the above results
to a general system representation. Namely, we use the
Rayleigh quotient to calculate the damping constants of
the system formulated with an operational transfer ma-
trix[9]. Lastly, we apply this method to eigenvalue anal-
ysis of large power systems. The elements of the oper-
ational matrix are functions cf the operator. Hence, we
had to iterate eigenvalue analysis to obtain its accurate
eigenvalues! 10]. Besides this method, several methods
have been proposed to obtain some eigenvalues related
with dominant swing modes[ll-19]. However, there is
no guarantee that all eigenvalues are obtained. Here, we
propose a method of accurately estimating all eigenval-
ues from eigenvalue analyses at several frequency points.
Much computation time is saved by using this method
compared with the method in ref.[10].

In the followings, we first show a formulation of system
equations, and frecjuecy characteristics of a generator.
Next, we derive the equation for the damping constants
of the swing modes, and generalize it with the Rayleigh
quotient. Then, we explain the method of estimating the
eigenvalues. Lastly, we apply the method to 9- and 107-
machine power systems to verify its effectiveness.

FORMULATION

System Equations
Assume that m generators are connected to a power

system. The generators are synchronous machines, and
their motions are described by the following equations:

oi—^- = Efdi - E'qi - (xdi - x'di)idi

(1)

(2)
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where, for each generator i,

Pmi:mechanical power input,
Pe;:electrical power output,
r?i,:angular momentum constant,
<5,:rotor angle,
E/dj-.excitation voltage,
E'qi:q-axis internal voltage,
i d i armature current,

synchronous reactance,
£j;:<i-axis transient reactance,
T'do,-:</-axis transient open-circuit time constant

The excitation voltage Efdi is controlled by an automatic
voltage regulator(AVR) and, if necessary, by a power sys-
tem stabilizer(PSS).

By linearizing the above equations at an operating
point, the following equation is obtained:

Mp2A<5 = -5(p)A<5 (3)

where, p = d/dt, A: small variation, M = diagfjrii),
6 = (5i,..., 6m)'. S(p) is a m x m matrix defined by

(4)

where, Y,B\ : 2n x 2n matrices, Bi : 2n x 771 matrix,
Bz : m x 2« matrix, B\ : m x m matrix, n: the number
of buses. The elements of B\ ~ B4 are functions of the
operator p. AVR and PSS are incorporated to these ma-
trices through tranfer functions. Refer to [9] for details.

Frequency Characteristics
The elements of S{p) in eq.(3) are functions of the op-

erator p. If substitute jui for p, then S becomes a complex
matrix, and is expressed as follows:

(5)

whrere, K(UI),D[LJ) are the m x m matrices defined by

, D(u) =

K is called synchronizing torque coefficient matrix, and
D is damping torque coefficient matrix. Each element of
K and D varies with the angular frequency u>. Here we
consider the diagonal elements. The ith diagonal element
is the ratio of the ith generator torque to the rotor angle
deviation A<5,-. Ifall rotor angles but the ith one are fixed,
then

; = ~{ku{u) + judu(u)}A5i (6)

is obtained. Hence, the diagonal elements express the
torque characteristics of each generator.
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(b) Damping torque.
1 Frequency characteristics of torque

Fig.l shows the torque characteristics of a generator in
a 9-machine system. If no PSS is equipped, the synchro-
nizing torque coefficient k is kept almost constant. On the
other hand, the damping torque coefficient d is negative
for u = 0 ~ 1.7rad/s, and positive for w = 1.7 ~. The
damping torque characteristics is improved by adding a
PSS. However, the synchronizing torque coefficient now
increases with w. The broken line denotes the torque
characteristics obtained after transformation of the power
system into a one-machine infinite-bus system. The char-
acteristics is almost the same as that of the original sys-
tem. The small difference between them arises from the
fact that all the internal voltages E'q but for the object
machine are fixed in the transformation. Power system
stabilizers are usually designed in a one-machine infinite-
bus system. Its validity in a multimachine system, is
checked through step-by-step simulations and eigenvalue
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analyses. However, as is clear from Fig.l, design of PSS
corresponds to adjustment of a diagonal element in S(p).
In the next chapter, we consider how damping torques
are related with damping constants of swing modes.

DAMPING CONSTANT OF SWING MODE

Let us consider a simple system described by

Mp2A<5 = -K&6 - DpA6 (7)

where, K, D are constant matrices, and

where TJ denotes the amplitude of the mode. For sim-
plicity, we eliminate the subscript j hereafter. If D — 0,
r is kept constant. However, if D is not 0, r changes with
time. Here we assume | d; | is small, and examine the
change of r. By substituting eq.(10) into eq.(8),

1 m

V = i(5>,«?)rV (11)

is obtained. V is in proportion to r2. On the other hand,
from eq.(9),

1=1

bij = bji > 0

D = diag(di)

is obtained. If di is small in magnitude, then r changes
slowly compared with the period of the swing. The aver-
age of V in one period, denoted by V, is given by

(12)

A' is a symmetric matrix. This is true if we express gen- where r is assumed to be constant during the period,
erators as constant voltages behind transient reactances, From eqs.(ll) and (12),
and neglect transfer conductances between generators.
For this system, we define an energy function V as fol-
lows:

V/V = -la

where

(13)

m — 1 m

E M c = — (14)

where, <5,- = d6{/dt. V is positive definite. The time
derivative of V is given by

V changes slowly, so it is approximated from eq.(13) as
follows:

(9)
1=1 V is further in proportion to r2, so

If di > 0 for all ;', then V < 0. V becomes a Lyapunov
function, and the system is always stable for small distur-
bances. Then, what will happen if d; > 0 is not satisfied
for some generators. In this case, the system is not nec-
essarily stable.

If D — 0 in eq.(7), then its eigenvalues A and eigenvec-
tors x are expressed as follows:

T — rT — To

(15)

(16)

\j = ±JLJj

Xj = (a;); (j = 1 ~ m)

Since M, K are symmetric, the real parts of the eigen-
values and the imaginary parts of the eigenvectors are 0.
The eigenvalues and vectors correspond to swing modes
peculiar to the system. Now consider the jth swing mode.
The motion of the ith rotor is described by

is obtained. The damping constant of the swing mode is
a, and —a corresponds to the real part of the eigenvalue.
Since the denominator in eq.(14) is always positive, the
swing mode is stable if the numerator is positive. Namely,
if X ^ " Q 2 'S positive though some d;'s are negative, the
swing is stable. It is also clear that a,- determines how
much extent each damping torqe affects on the swing. It
is effective to apply PSS's to generators with a,- of large
magnitude.

As an example, let us consider a 3-machine system,
where its parameters are given as follows:

ra\ — m.2 = 1

A6; = TjCiij sin Wjt

A6j = TjClijLJj COS Uljt (10) di,d2,d3 = ±0.1
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We first assume that the damping torque coefficients are
all zero. Then, two swing modes are obtained by eigen-
value analysis.

A! = jl.732, xi = (1,-1,0) '

A2=jl.414, x2 = (1,1,-1) '

where a mode corresponding to A = 0 is eliminated. Since
d{ = 0, the real part of the eigenvalues are 0. Next, we set
di at 0.1 or-0.1, and estimate the damping constants with
eq.(14). Table 1 shows the results. The estimation yields
results almost equal to those by the eigenvalue analysis.
The damping coefficient d$ has no infuence on the mode
1 as is clear from its mode shape x\. Further, the mode is
not always unstable even if some d,'s are negative. Thus,
the validity of eq.(14) is verified.

Table 1. Estimation of damping constant a

where

Damping torque
d\
0.1
0.1
0.1
0.1

-0.1
-0.1
-0.1
-0.1

£*2

0.1
0.1

-0.1
-0.1
0.1
0.1

-0.1
-0.1

ds
0.1

-0.1
0.1

-0.1
0.1

-0.1
0.1

-0.1

Eigen analysis

°\
0.0500
0.0500
0.0000
0.0000
0.0000
0.0000

-0.0500
-0.0500

CT2

0.0375
0.0125
0.0125

-0.0125
0.0125

-0.0125
-0.0125
-0.0375

Estimation
o\

0.0500
0.0500

-0.0001
0.0001

-0.0001
0.0001

-0.0500
-0.0500

CT2

0.0375
0.0125
0.0126

-0.0126
0.0126

-0.0126
-0.0125
-0.0375

GENERALIZATION BY RAYLEIGH QUOTIENT

Ä" was assumed to be symmetric, and D was to be
diagonal in eq.(7). However, in eq.(3), K is not always
symmetric, and D v. n-'t diagonal. Here, we generalize
eq.(14) to include eq.(3).

When 5 is a general matrix in eq.(3), one ralation is sat-
isfied between an eigenvalue A and corresponding eigen-
vectors as follows:

A2 = —
y'M~]Sx

V'x
(17)

where x, y are right, left eigenvectors, respectively. The
right side on eq.(17) is called Rayleigh's quotient[20]. It
is known that the Rayleigh quotient yields good approx-
imation of A even if x, y are rough approximations of the
true eigenvectors.

Now, we assume K is symmetric again, and calculate
the eigen vectors x, y for a case where D = 0. From the
symmetry of K, y = Mx is satisfied. With these x, y, we
estimate A for a case where D ^ 0. Eq.(17) is transformed
as follows:

x'Sx
x'Mx

x'Kx
x'Mx

-ju
x'Dx
x'Mx

(18)

where CJ2 = x'Kx/x'Mx. If the second term on the right
side of eq.(18) is small, A is approximated by

A = — cr + jw (19)

a =
x'Dx

2x'Mx (20)

If D is diagonal, eq.(20) reduces to eq.(14). Thus, it is
concluded that the Rayleigh quotient gives the same re-
sult as eq.(14) for the system described by eq.(7). In other
words, eq.(17) proves to be a general form of eq.(14).

ESTIMATION OF EIGENVALUES •

The Rayleigh quotient yields good estimation of eigen-
values. In this chapter, we apply the Rayleigh quotient
to estimation of the eigenvalues of eq.(3).

However, S(p) is a function of p. Obata et al. pro-
posed an iteration method in ref[10]. Namely, first evalu-
ate S(p) at a p = ju0, and calculate its eigenvalues by the
QR method. Next choose a target eigenvalue A among
them. Then evaluate 5(A) and apply the QR method,
again. By iterating this procedure, A converges to the
true eigenvalue. Since S(p) is always a r a x m matrix irre-
spective of generator models and controllers, this method
is useful for analyzing large power systems. However,
this method must iterate the eigenvalue analysis of eq.(3)
several times for each eigenvalue. Much computation is
required to obtain all eigenvalues. Hence, more efficient
method is desired.

In order to overcome the above difficulty, we apply
eq.(17) to estimated the eigenvalues. The eigenvectors
x,y are necessary for the estimation. We first evaluate
S(p) at p = jwo, and calculate its eigenvalues A; and
right eigenvectors x] by the QR method. The left eigen-
vectors y] are obtained from the right eigenvectors by

Y' = X - i (21)

where X = {x^,...,x-
m),Y = (i/J, ...,y^). Next, we

use these eigenvalues and eigenvectors to evaluate the
Rayleigh quotient. Namely,

(22)
y i x i

From this value, more accurate approximation of the
eigenvalue is obtained as follows:

A; = -o-,-

where

(23)

With this A,-, we evaluate eq.(22) again, where A; -» A-.
This procedure is iterated till the variation of A; denoted
by AA,-, satisfies the following condition.

AA; |< e (= 0.001) (24)
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where we always use x"t, y' obtained for p = ju0 through
the procedure. The accuracy of the estimation depends
on how x^yj are close to the true eigenvectors.

However, as observed in Fig. 1, the elements of the ma-
trix S(p) have some frequency characteristics. Hence, it is
expected that its eigenvectors considerably change with
w0. To cope with this problem, we change u/0 step by
step, and calculate the eigenvectors at each point by the
QR method. We choose u/0 = 1,2,..., 10rad/s on trial.
The estimation is made only on the eigenvalues whose
imaginary part u are in the range:

wo-0.5 < u < wo + 0.5 (25)

Namely, we divide the complex plane into ten small areas
as in Fig2. In this case, the Rayleigh quotient can use
considerably accurate eigenvectors, so it is expected to
yield accurate estimates of the eigenvalues. Fig.3 shows
the flow chart of the above interation method.
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Fig.2 Division of the complex plane.
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Evaluation of Rayleigh
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EXAMPLE

Table 2 and 3 show the estimation results for 9-machine
and 107-machine systems, respectively. The estimated
values are almost same as those obtained by the conven-
tional method. Especially, in 9-machine system, the pro-
posed method yields the same results as the conventional

Table 2:Estimation results of eigenvalues.
(9-machine S3'stem)

no PSS
Eigenvalue

-0.007-4-j2.513
-0.116-fj5.341
-0.159-t-j6.812
-0.196+J7.77-1
-0.258+J7.602
-0.181-t-j7.792
-0.215+J8.21-I
-0.389-t-jl0.03

Estimation
-0.007-f-j2.613
-0.116+J5.341
-0.159+J6.812
-0.196-fj7.774
-0.258+J7.602
-0.1814-j7.792
-0.2154-j8.214
-0.3894-jlO.03

PSS
Eigenvalue

-0.0954-j2.527
-0.1634-j5.360
-0.1734-j6.817
-0.4244-j7.899
-0.1954-j7.732
-0.2234-j7.732
-0.2234-j8.218
-0.3894-jl0.03

Estimation
-0.0954-j2.527
-0.1634-j5.360
-0.1734-j6.817
-0.4244-j7.899
-0.1954-j7.783
-0.2234-j7.732
-0.2234-j8.218
-0.3894-jl0.03

Table 3:Estimation results of eigenvalues.
(107-machine system)

Eigenvalue
•0.182+J1.769
-0.2314-j3.525
-0.1914-ji.119
-0.1164-j4.530
-0.079+J5.047
-0.079+J5.189
-0.0744-j5.364
-0.0944-j5.582
0.0164-J5.623

-0.1574-j5.897
-0.3214-j5.972
-0.156-t-j6.031
-0.1674-j6.043
-0.1474-j6.09o
-0.1584-j6.109
-0.174+J6.147
-0.0544-j6.163
-0.1094-j6.169
-0.1494-j6.226
-0.0824-j6.288
-0.130+J6.289
-O.O114-j6.320
-0.0964-j6.328
0.3724-J6.353

-0.14C4-jC.432
-0.0534-j0.596
-0.210+J6.604
-0.1364-j6.622
-0.0C04-j6.023
-0.0894-j6.732
•0.075+J6.783
-0.0504-j6.803
0.0934-J6.832

-0.107+J6.847
-0.1444-j6.877
-0.0504-j6.908
-0.1104-j6.908
-0.1034-j6.934
-0.1574-j6.954
-0.1614-j6.977
-0.1404-j6.984
-0.2674-j7.000
-0.111+J7.003
-0.090+J7.016
-0.1494-j7.106
-0.1794-j7.106
-0.1164-j7.119
-0.1964-j7.160
-0.235+J7.175
-0.1114-j7.181
-0.1624-j7.183
-0.I024-j7.186
-0.2014-j7.296

Estimation
-0 1824-J1.771
-0.2304-j3.523
-0.1914-j4.119
-0.1164-j4.530
-0.0794j5.047
-0.0794-j5.189
-0.0744-j5.363
-0.0944-j5.562
0.0164-J5.623

-0.1574-j5.896
-0.3244-j5.974
-0.1574-j6.031
-0.1674-j6.043
-0.1464-j6.095
-0.1604-j6.113
-0.1744-j6.142
-0.0544-j6.163
-0.109+J6.169
-0.1494-j6.225
-0.0824-j6.288
-0.1294-j6.288
-0.0424-j6.319
-0.0964-j6.328

0.3724-J6.352
-0.14C4-jC.432
-0.0534-jC.596
-0.2104-j6.604
-0.1364-i6.621
-0.0594-j6.625
-0.0894-j6.732
-0.0754-j6.789
-0.0504-j6.803
0.0934-J6.832

-0.1074-j6.846
-0.1434-j6.876
-0.0504-j6.908
-0.1104-j6.908
-0.1034-j6.934
-0.1574-j6.954
-0.1614-j6.977
-0.1404-j6.984
-0.267+J7.000
-0.1114-j7.003
-0.0904-j7.016
-0.H94-j7.106
-0.1794-j7.106
-0.1164j7.118
-0.1964-j7.160
-0.2354-j7.175
-0.1114-j7.181
-0.1624-j7.183
-0.1024-j7.187
-0.2014-j7.296

Eigenvalue
-0.0634-j7.300
-0.2374-j7.316
-0.0414-j7.368
-0.0974-j7.399
0.I624-J7.403

-0.1484-j7.467
-0.0684-j7.485
-0.0994-j7.486
-0.2284-j7.528
-0.2194-j7.539
-0.2364-j7.559
-0.1064-j7.565
-0.1114-j7.585
-0.1624-j7.604
-0.2124-j7.672
-0.0294-j7.686
-0.1274-j7.687
-0.1874-j7.792
-0.2074-j7.806
-0.1474-j7.828
-0.0914-j7.866
-0.1884-j7.874
-0.062+J7.908
-0.0784-j7.929
-0.084 4-J7.9C7
-0.2604-j8.016
-0.1674-j8.035
-0.2134-J8.054
0.0144-J8.097

-0.275+J8.141
-0.0154-j8.146
-0.7874-j8.222
-0.1564-j8.226
-0.1694-j8.304
-0.1904-j8.318
-0.0354-j8.380
-0.2144-j8.385
-0.1074-j8.540
-0.2384-j8.553
-0.1844-j8.578
-0.6164-j8.700
-0.0584-j8.710
-0.303+J8.761
-0.251-t-j8.883
-0.0584-j8.949
-0.2064-j8.990
-0.2164-j9.100
-0.1984-j9.321
-0.271-fj9.460
-0.216-fj9.632
-0.1754-j9.651
-0.225+J9.797
-0.0584-j9.885

Estimation
-0.0634-j7.300
-0.2374-j7.316
-0.0414-j7.368
-0.0974-j7.399
0.1614-J7.403

-0.148-fj7.467
-0.0684-j7.485
-0.099-fj7.485
-0.2284-j7.528
-0.2194-j7.539
-0.236-fj7.559
-0.106-fj7.565
-0.lll-fj7.585
-0.1624-j7.604
-0.2124-j7.672
-0.0294-j7.686
-0.1274-j7.687
-0.1874-j7.791
-0.207+J7.806
-0.1474-j7.828
-0.0914-j7.866
-0.1884-j7.874
-0.0624-j7.908
-0.0784-j7.929
-0.084-fj7.9CO
-0.2604-j8.015
-0.1674-j8.035
-0.2134-j8.054
0.0144-J8.096

-0.2754-j8.140
-0.015-fj8.146
-0.7874-j8.220
-0.157-fj8.225
-0.1694-j8.304
-0.1904-j8.318
-0.0354-j8.379
-0.2154-j8.385
-0.107-fj8.540
-0.2384-j8.553
-0.1844-j8.577
-0.6164-j8.700
-0.0584-j8.709
-0.3044-j8.761
-0.2514-j8.882
-0.0584-j8.949
-0.2064-j8.990
-0.2164-j9.100
-0.1984-j9.321
-0.2714-j9.460
-0.2164-j9.632
-0.1754-j9.651
-0.2254-j9.797
-0.0584-j9.885

Fig.3 Flow chart of the proposed method. one, and no estimation error exists. The estimation error
is also smaller than 0.001 for almost all eigenvalues in
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107-machine system. Several cases show errors smaller
than 0.01, but it is practically not a problem.

Table 4 : Computation time(107-machine system)
Calculation item Time(ms) Number of Time(s)

/execution executions
Matrix S{ju0) 219 IÖ 2 l 9 ~
Eigenvalue analysis 1713 10 17.13
Left eigenvectors 229 10 2.29
Rayleigh quotient | 8.45 | 231 1.95

Total I 23.56
(Computer:FACOM-M1800)

Table 4 shows the details of the computation time for
the 107-machine system. We use eq.(4) for the calcula-
tion of S(p) and the Rayleigh quotient. We fully made
use of the sparcity of the admittance matrix Y in the cal-
culation. The Rayleigh quotient is evaluated about 2.2

CONCLUSIONS

In this paper, we proposed an efficient method of as-
sessing dynamic stability of large power systems. The
results are summarized as follows: [

1. Power system stabilizers are commonly designed
with a machine connected an infinite bus. However, [
it is equal to adjusting one of diagonal elements of
the operational transfer matrix.

[
2. We derived a relation between damping torques of

generators and damping constants of swing modes
with a simple system representation. I

3. We clarified that swing modes do not necessarily be-
come unstable even if some generators have negative
damping torques. I

4. We generalized the above results with the Rayleigh
quotient to more general systems, and proposed a
method of estimating their eigenvalues. '

5. The method needs only a specific number of eigen-
value analyses, and yielded very accurate estimates I
for the 9- and 107-machine systems.
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Abstract—The paper is devoted to finding the most dan-
gerous (critical) changes of parameters which put the power
system on either a saddle node or Hopf bifurcation bound-
ary. The corresponding vectors in the space of system pa-
rameters provide information about stability margins, give
a measure of and locally optimal ways to improve power
system security, indicate parameters which badly affect sta-
bility. The paper contains a simplified form of the critical
distance equations, analysis of their meanings, discussion of
how to decrease dimension of the system, a robust numeri-
cal procedure for obtaining initial guesses and a solution of
the system. The technique is tested on the New England
Test System.

I. INTRODUCTION

Secure operation of a power system requires providing
safe stability margins. It is convenient for practical pur-
poses to define the stability margins in the controlled pa-
rameter space, because vectors in this space define control
strategies. In particular, a vector connecting an operating
point po with the closest point of the stability boundary p
gives the most dangerous case of parameter variation (Fig.
1). The length of the vector can be used as a stability prox-
imity index. If it is less than its safe value, the operating
point is to be classified as insecure. The vector of the op-
posite direction gives a locally optimal (from the point of
view of minimal control impacts) way of control to enlarge
power system security. Small angles o,- between the crit-
ical distance vector and controlled parameter coordinates
Pi identify parameters which affect badly on power system
stability.

A number of works were devoted to finding the closest
saddle node bifurcations, corresponding to aperiodic modes
of power system dynamics [l]-[10]. But both practical cases
of instability and computer simulations show that unsta-
ble oscillatory modes can occur as well. Such cases arc to
be taken into consideration in bulk power systems in gen-
eral, and particularly in large separated systems which are
to be coupled by long distance lines, and for post contin-
gency operating conditions [11], [12]. For example, it is
observed that badly damped low frequency inter-area os-
cillations can take place in complicated power systems, and
they can restrict power transfer capabilities [12].

The coordinated tunings of power system stabilizers,
SVCs, etc. can provide the desirable level of damping. For
instance, the POISK sensitivity based optimization tech-
nique and software (developed in Russia by Gruzdev et
al) [13] effectively does that for a variety of power system
operating conditions. But good damping does not neces-
sarily mean that the power system has sufficient stability
margins. In cases of big sensitivity of eigenvalues to pa-
rameter variations, the power system can become unstable
as a result of small changes of parameters. The POISK
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technique can also evaluate the stability margin in a given
loading direction. But it does not give the most dangerous,
critical variations of power system parameters. The other
problem is that the POISK calculates all eigenvalues and
eigenvectors several times during the optimization.

A novel technique for definition of the most dangerous
variations of parameters was proposed in [10], [14]. The
problem was formulated as a set of nonlinear equations,
where the bifurcation conditions were treated as equations
which include the state matrix and its right and left eigen-
vectors corresponding to the eigenvalue A = 0 + ju, (ui is
a variable). The proposed approach does not require com-
putations of all eigenvalues and eigenvectors. The other
advantage of the technique is that it is able to define criti-
cal distances in the space of any controlled parameters such
as nodal powers, stabilizer gains, etc. But the system of
equations given in [10] has very large dimension, and be-
side that, for its reliable solution, good initial estimates of
variables and adequate numerical methods should be used.

The presented paper attempts to give a more simple for-
mulation of the critical distance problem which takes into
account both saddle node and Hopf bifurcations, analyses
the significances of equations, discusses ways of decreasing
of the system dimension, and gives a number of techniques
for forming a robust multi-step solution procedure.

II. CRITICAL DISTANCES IN THE SPACE OF POWER
SYSTEM PARAMETERS

A. For milled ion of the problem

The power system dynamic behavior is described by the
set of differential and algebraic equations

dxijdt = h(xux2,p)\

0 = /2(ll,l2iP)i

(1)
(2)

where xi £ Km is the dynamic state vector; x2 is a sup-
plement to the full system state vector x = (z'j, a:2)

( S
R",n > m; p is a vector of controlled parameters; p can
include any parameters of generators, control units, loads
and networks which can be varied in planning, tuning and
control, and whose influence on the dynamic stability is to
be analyzed.

Points of the dynamic stability boundary (both oscilla-
tory and aperiodic ones) are described by the equations

I(*,P) = 0;
J(x,p)r-jur = 0,

where /(x,p) = [fi(x,p),ft
2(

x>P)]t' a n d

(3)

(4)

(5)

is the state matrix calculated at the point (x,p); r = r' +
jr" ^ 0 is the right eigenvector of J(x,p), corresponding
to the eigenvalue A = 0 + jw.

4 1 6



Fig. 1. The critical distance in tlie space of controlled parameters.

Our target is to get a point of the boundary which cor-
responds to the shortest distance from the operating point
p = po in the space of parameters p. The point satisfies to
a minimum of the cost function

mm | - po||2, (6)

and the constraint set (3), (4), and one of

r< = 1 + jO, (7)

where r,- is the i-th element of r.

D. The general form of critical distance equations

The constrained optimization problem (C), (3)-(4), and
(7) can be represented as an unconstrained one using the
Lagrange function

r > 2 (8)

where p G ffifc, v G E n , / ' ,/" £ E'n, and wuw2 £ 1 1 are
Lagrange multipliers.

Extrema of (8) are to satisfy to the conditions

= o ; (9)
(10)

(11)

(12)

(13)

(14)

(15)

(16)

(17)

(18)

dC/dx = J'(:r,p)t;+(<9s/3z)'= 0;
dC/du = r"H' + r"/" = 0;

dC/dr' = Jt(x,p)l' + u)l" + w1ei=

dC/dr" = Jt(x,p)l"-ul'-w2ei =
dC/dv = /(*,p) = 0;

dC/dl' = J(x,p)r' + Ljr" = 0;

= J(x,p)r"-ur' = 0\
= rj - 1 = 0;

dC/dw2 = rJ' = O,

where s(x,p) = p^J^x.p)! ' - r'"J((x,p)f"; J(:n,p) =
(df/dx) is the Jacobian matrix of (3); e,- = (0, ••, 1, - ,0) ' is
the i-th unit vector. The system (9)-(18) has k+2n+4m+3
equations and the corresponding number of unknown vari-
ables p,x,v, r',r",l',l",w,w\,W2. The idea of the system is

similar to the locally closest Hopf bifurcation system given
in [10, Section 5]. The main differences between [10] and
the proposed set of equations consist in the following items.
The proposed system has normally lesser dimension than
the system in [10], where all variables are considered as the
dynamic ones (m = n), and due to this the corresponding
set has k+6ii+2 equations and unknown variables. But the
number of dynamic state variables m is normally less than
n. The next distinction is that in [10] the saddle node bi-
furcations are eliminated from consideration, whereas they
can be obtained from (9)-(18) for w = 0.

C. Analysis of the critical distance equations

Equations (15) and (16) are obtained from (4) by sepa-
ration of its real and imaginary parts. They mean that,
for »'• ^ 0, the state matrix J(x,p) has an eigenvalue
A,- = 0 + jui, and the matrix [J(x,p) — juil], where I is
the identity matrix, has a zero eigenvalue.

Equations (12) and (13). As it is shown in Appendix
-A, at a solution point of the problem (9)-(18), we have
wu W2 = 0. This means that / = /' + jl" is the left eigen-
vector of J(x,p) corresponding to A,- = 0 + ju>.

Equations (9)-(ll). It is shown in Appendix -B, that
as long as (10), (11), (14) hold, and J(x,p) has no equal
eigenvalues, the equation (9) can be expressed as

p - po + 2(r'/' - r"l")(dReXi/dpY = 0. (19)

The last equation explains the meaning of (9)-(ll). Equa-
tions (9) and (10), represented as (19) with the help of (11),
provide that the distance vector (p—po) has an opposite di-
rection compared to the real part of the sensitivity vector
(dReXi/dp). The dynamic stability domain is restricted
by the surface where ReX{ = 0. The sensitivity vector
(OReXi/dpY is a normal vector with respect to the bound-
ary. Thus the critical distance vector corresponds to one
of the normal vectors of the stability domain boundary.

Equation (1/,) is the load flow equation.
Equations (17) and (IS) prevent convergence to trivial

solutions p = po, v,»',/, u>i, IUO = 0.

D. Difficulties of solution

The critical distance problem is described by the big set
of equations (9)-(18). Along with the usual difficulties pe-
culiar to such kind of systems, there are some specific prob-
lems associated with the set (9) - (18).

Large dimension. As it was mentioned in II-B, the prob-
lem has k + In + 4m + 3 equations and the same number of
variables. The large dimension requires increased compu-
tational efforts which can be unsuitable for some practical
applications. There are the following ways to decrease the
dimension.

- Some mathematical transformations can reduce the sys-
tem. For example, using the method described in Appendix
-B, it is possible to eliminate the vector v and the equa-
tion (10). The system dimension becomes k + n + 4m + 3.
Further, for w ̂  0, the vectors r" and I" can be expressed
from (13), (16) and substituted in all other equations. This
gives the dimension k + n + 1m + 3.

- Adequate equivalencing is very helpful for reduction of
the system. Load flow equivalencing provides decrease of
n, whereas a good dynamic one makes m smaller.
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- The Jacobian matrix of (9)-(18) has a large number
of zero elements. Due to this sparse techniques can be
effectively used to minimize computations.

Complicated topology of the bifurcation surface. The sur-
face corresponding to ReXi = 0 has a complicated struc-
ture, and this causes a number of difficulties. First of all,
for a given point po, there are normally a number of nor-
mal vectors to the surface, and all of them are solutions
of (9)-(18). They correspond to local minima and max-
ima of the distance function (5). The correct answer can
be found using an adequate choice of initial guesses of un-
known variables. The next problem is that the bifurcation
surface bounds domains with certain numbers of eigenval-
ues with positive and negative real parts. Our target is to
get the critical distance vector to the part of the surface
restricting the domain with zero number of right eigenval-
ues, but (9)-(18) can generate solutions related to other
parts of the surface. Special numerical procedures are to
be implemented to obtain correct critical distance points.

Computational problems To solve the system (9)-(18) us-
ing the Newton like methods, it is necessary to compute
its Jacobian matrices. In cases when /o in (3) depends on
p, the elimination (5) can cause a very complicated depen-
dence of J upon p, and some parts of the Jacobian matrix of
(9)-(18) have to be computed numerically. It requires mul-
tiple recalculations of (5) resulting in significant increase
in computations. Preference should be given to methods
which require a minimal number of re-computations of the
Jacobian matrix. For example, the high order solution
technique given in Appendix -E can be effectively imple-
mented with this in mind. Anyway it is better to use such
representations of (9)-(18) which give a possibility to ex-
press J(x,p) in an acceptable analytical form.

III. THE CRITICAL DISTANCE PROBLEM IN THE SPACE
OF GENERATOR CONTROL GAINS

To illustrate ways of solution of the critical distance
problem and overcoming difficulties mentioned in II-D, let
us consider the following task. Define the most dangerous
change of generator control gains which put the system ei-
ther on the Hopf or saddle node bifurcation boundaries.

The critical distance vector in this case shows how close
is the current tuning of control gains to the stability do-
main boundary. Projections of the critical distance vector
(p — Po) on pi, p= [pi,- • -yPkY, indicate influences of tun-
ings on stability. They give an alternative form of the sensi-
tivity concept. The traditional understanding of sensitivity
as (dReXi/dp) taken at p = po could give a misleading in-
formation as it is not clear which eigenvalue will cross the
imaginary axis first, and the sensitivity can change both its
value and even its sign under changes of p. The new defi-
nition of sensitivity does not cause such kind of problems,
and it gives another way of locally optimal changing of p.

A. The reduced form of the critical distance equations

Let us make the following assumptions.
i). The gains p do not affect the load flow conditions.
ii). Gains linearly appear in the dynamic state matrix,

k

j(p) = X > P ' + J°- (20)
1=1

iii). The operating point p0 lies inside the stability do-
main, ReXi < 0, i = 1, • • •, m.

On assumptions i) and ii), the Lagrange function is

C =

[J(p)r" - ujr'fl" + (r< - \)Wl + r > 2 , (21)

and the optimality conditions reduce to

dC/dp = p -po + {ds/dpY =0; (22)
du = r"'/' + r"l" = 0; (23)

dC/dr' = Jt(p)l'+ul" + va1el=0; (24)

dC/dr" = J'(p)l" - uV - w2ei = 0; (25)

dC/611 = J(p)r '+Wr" = 0; (26)

dC/dl" - J{p)r" - ur1 = 0; (27)
dC/dwi = rl - 1 = 0; (28)
dC/dw2 = r|' = 0, (29)

where s(p) = r" J' (p)/' - r"' J1(p)/". The system (22)- (29)
has A-+4m+3 equations and unknown variables. Equations
(22)- (27) are quadratic ones. The system (22)-(29) can be
represented in the more compact form

(.-) = 0, ^ (30)

To solve (30), the following steps are proposed.

D. Finding of a point of the stability boundary with w - » u ,

We are interested in finding the critical distance point
where an oscillatory mode becomes unstable, and the fre-
quency of the mode w is close to a given value w.. The
value w. can be chosen from physical considerations. For
example, if we are interested in the inter-area oscillations,
u). should be taken from 0.1 to 1 Hz.

As it is mentioned in II-D, we have to provide a good
initial estimate of z in (30). It is obvious that the desired
point satisfies to

rf(w.,p) := detM{Lj.,p) = Q, (31)

where ilf(WlP) = ( ^ * ' } ) . (32)

The idea of the first step technique consists in variation of
p along the gradient of d(w,p) to get p close to (31). It
corresponds to the iterative formula

p1+1=p'+p;Vpcf(w.,p'), (33)

where pi is the step length at the i-th iteration, and
Vpc/(w.,p') is the gradient of d(-) computed at p = p'.
The step p,- can be chosen, for example, as

Pi = -£id(u.,pi)\d{u,,po)\ - i (34)

where & is the step factor. It should be taken rather small
initially, and increased if subsequent changes of d{-) are
not big enough or decreased if the determinant increases
or changes its sign. The ratio d(u,,p')/\d(u.,po)\ provides
continuous decreasing of the step pi to prevent passing of
the point (31). Numerical experiments show that suffi-
ciently good guesses of (31) are obtained when d(u,,p')
becomes several orders less than <f(w.,po). A way of com-
puting of Vpd(u,,p') in (33) is given in Appendix -C.
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C. Checking of the stability boundary point

Having a point of the surface ReX{ — 0, it is necessary to
check whether it belongs to the stability domain boundary.
As it was mentioned in II-D, this point can correspond to
the surface restricting unstable domains with distinct but
nonzero numbers of the right eigenvalues. To check that,
we use the same idea like in III-B.

Suppose we have a guess of p. which is close to a point p
of the boundary detM(ui.,p) = 0. Define Apasp.-po, and
consider the line po + 7Ap. Starting from 7 = 0, w = w.,
we are looking for 7 and w satisfying

d{u,-t)-detM(uj,'() = 0. (35)

The iterative formulae similar to (33) are used, i.e.

TABLE 1

THE SHORTEST DISTANCE SOLUTION IN SPACE OF AVB GAINS

u i+l =

(36)

(37)

where p; is the step. A way of computing the partial deriva-
tives in (35), (36) is given in Appendix-D. Note that the
process (35) and (36) can theoretically converge to any in-
tersection point of the line po + 7Ap and the bifurcation
surface as well as to the local nonzero extrema of cl(ui,f).
Those cases were not detected in all our practical computa-
tions, where we always got a point of the stability domain
boundary. Robustness of the process can be improved by
using different steps for 7 and u in (35), (36).

D. Refinement of guesses ofp, OJ, ?'•, /, w\, and tun

Steps III-B, III-C provide rather good estimates ofp and
u. However guesses of f, /, w\, and uw are necessary for
solution of (22)-(29) as well. The estimate of ;• can be
obtained as the solution of the linear system (26)- (29).
Further improvement is achieved by solution of the system

7Ap)r +ur =
fApy-ojr' =

r\ - 1 =

r" =

0;

0;
0;
0.

(38)

(39)
(40)
(41)

J(po-

Direct solution of (38)-(41) without steps III-B, III-C is
hampered by the fact that for the considered problem the
correct choice of Ap is quite difficult, and that convergence
of numerical methods might be bad or even absent at all.

Estimates of / are obtained by a similar way. As it is
clear from Appendix-A, initial values of tU[> u>2 are zeros.

E. Solution of the critical distance system (22)- (29)

To solve the system (22)-(29), the high order numerical
method given in Appendix-E can be effectively used. It has
the following advantages [18].

i). Minimal number of iterations and re-computations of
the Jacobian matrix.

ii). Reliable solution of nonlinear algebraic problems up
to points of singularity.

iii). Convergence to a singular point of the problem if it
occurs on the way of the iterative process.

iv). Straight motion of the iterative process in the space
of mismatches.

v). Retention of zero components of mismatch functions.
The feature i) minimizes computations related to numer-

ical evaluation of the Jacobian matrices of (9)-(18). The

Gene-
rators

1
2
3
4
5
6
1

8
9

Basic
values
of KA

10
12.4
10
10
80
10
80
10
80

Initial
values

of gains

0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5

Guess of frequency, Hz

Frequency of solution, \\1

Distance

Solutions

1

0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5

-0.018

0.06

0

0.518

2

0.5
0.5
0.5
0.5
0.5
0.5

-0.077
0.5
0.5

0.1

0

0.577

3

0.996
0.743
0.796
1.135
1.630
1.019
1.345
0.668
1.849

0.6

0.580

2.21

4

0.503
0.502
0.502
0.495
0.636
0.501
0.505
0.503
2.295

0.9

0.898

1.80

properties ii) and iii) ensure reliable performance of the
step III-E, and give an opportunity to localize singular
points of (9)-(18) or (22)- (29). Having a singular point,
it is possible to skip it by additional changing of w in the
direction of its variation on iterations, and repeating of the
procedure starting from the step III-B. The properties iv)
and v) provide motion of the iterative process along the
bifurcation boundary and load flow constraints once (12)-
(16) or (24)-(27) satisfy to the initial guesses [9].

Once the critical distance point is obtained, it is neces-
sary to execute the step III-C to be sure that this point
belongs to the stability boundary. If III-C gives a closer
point, this normally means that the previous point belongs
to the surface restricted domains with unstable eigenval-
ues, and the search is to be continued by repeating of the
steps III-C, III-D, and III-E.

IV. TESTING OF THE PROPOSED TECHNIQUE

The developed technique was tested on the 10 gener-
ator, 39 bus New England Test System [21]. The used
mathematical models contain 78 algebraic and 89 differen-
tial (case 1), and 79 algebraic and 93 differential equations
(case 2). In the case 1, the critical distances were found in
the space of AVR voltage gains K A of generators 1,2,..9. As
each of the parameters K A has its own range of variation,
a normalization of K A is required. After the normalization
the problem is represented in the space of rated values of
K A corresponding to current positions of regulator knobs.
The maximal values of K A should be taken as a base. As
the information about ranges of KA is omitted in [21], we
take the bases of K A as twice the initial value of each pa-
rameter. It is obvious that K Amin — 0. By using the
proposed technique, we have got several critical distance
vectors in the 9-th dimensional space of KA- Four of them
are given in Table 1.

The solutions 1 and 2 have a simple interpretation. They
correspond to aperiodic instabilities caused by negative
signs of K A and forming of positive feedbacks. The solu-
tions 1 and 2 illustrate a principal possibility to get points
of the aperiodic stability boundary from the system (22)-
(29). But they indicate the necessity to take into consider-
ation the controlled parameter constraints as well.

The solutions 3 and 4 are more interesting from the phys-
ical point of view, and they are not so obvious. They in-
dicate generators which are responsible for excitation of
unstable modes with frequencies close to the given initial



Vt
140.021

Vrcf 1

1-10.321
140.83 s

-
300

140.0121 Vfrt
Regulator

dW(pu) Kw 30
140.07 i

Speed Gain

KpO.l
140.05 l

5.611
14-5.611

10 j
1+10 i

PbwerG«in Power Wuhout Subilizcr Wuhcml

Fig. 2. The structure of AVR and PSS of the 9-th generator

1.2

1

| o s

| 06

i
t o*
3

02

0

0 5 Hz

f

/ \

i—• i • i i__

SlaWiry domain

y'h

/ \

> . i •

•t -OS -0 6 -0.4 -02 0 02 04 06 Od t
Gam lof Iruquency Kw (p u )

Fig. 3. Critical directions in plane of gains of PSS

guesses. They are generators 9, 5, 7 and 4 (solution 3), and
the generator 9 (solution 4). In the last case, the gains of
generators 1,..,8 have relatively small influence on stability
at frequencies being close to 0.9 IIz.

To give a more pictorial illustration of the proposed tech-
nique, we consider the case 2 where the critical distances
are defined on the plane of PSS gains. For that purpose
we add a PSS and change the AVR model at generator
9 (Fig. 2). The parameters are given at base 100 MVA.
We use the additional normalization in such a way, that 1
p.u. of power (Kp) and frequency (Kw) gains correspond
to maximal values of parameters (0.1 p.u. and 30 p.u. at
100 MVA base respectively). The bifurcation boundary for
the frequency range 0.5...1.8 Hz is plotted on the plane of
Kw, Kf (Fig. 3). The curve was obtained by using of the
POISK program [13]. The operating point A corresponds
to Kw = 0.32, and Kp = 0.92. There are 3 solutions of
the critical distance problem: B, C, and D. The vectors
AB, AC, AD are perpendicular to the stability boundary.
Our method gives all those solutions depending on the ini-
tial guesses of frequency. For instance, we get the solution
B (<J = 0.52Hz,Kw = -0.177, Kp - 0.934) for the initial
guesses of frequency from O.bHz to l.OHz. The vector AE
is a. normal to the bifurcation boundary as well, but the
point E is not a solution, as it belongs to the curve sep-
arating domains with unstable eigenvalues. This point is
obtained at step III-E for the initial frequencies w. from
0.67 to 1.0 Hz. The point F is computed on steps III-C
and III-D. After that step III-E is repeated starting from
the point F, and the solution B is obtained. The solution

B is not practicable as it corresponds to the negative fre-
quency gain Kw. The actual solutions C and D indicate
that decreasing of power gain A'p is dangerous for stability.
Changes of Kw have influence on damping of oscillations,
but they can not cause instability.

APPENDIX

.4. To the analysis of equations (12)- (13)

Let us prove the fact that at a solution point of (9)-(18) we have
w\,wi = 0. Suppose that w j ! 0 . Then, from (15)-(18), r ' yt 0, and
r" ?4 0. Multiplying r"1 by (13),

r'"J'l" ~ wr'"l' - w2r'"ei = 0.

As from (16) r"'J' = wr", and from (18) r ' "e ; = 0, we get

On the other hand, from (12),

(-12)

(43)

As from (15) r"J' = — u/r"i, ami from (17) r "e ; = 1, we have

w{r"l"-r'"I')-wi = 0 . (.15)

By comparison of (-13) and j'15), we conclude that w\ = 0.
Now let us multiply r'" by (12),

r"'j'l' + wr'"l" + ws r'"e; = 0.

By simple substitutions,

From (13),

r"j'l"-ur"l'-wir"ei = 0,

-u{r"l' + r'"l")-W2 = 0.

(4G)

(-17)

(48)

(49)

By comparison of (47) and (49), we conclude that u>2 = 0.
In case UJ = 0, we have r' / 0, r" = 0, and the fact that w\, u/2 = 0

directly follows from equalities (45) and (49).

B. To the analysis of equations (9)- (11)

Suppose that x, p satisfy to (14). The Implicit Function Theorem,

J(,x,p)(dx/dp) + (d//dp) = 0. (50)

By transposing of (50) and multiplying by v ^ 0, v £ K",

(dx/dp)' J'[x,p)v + (df/dp)'v = 0. (51)

Let v satisfy (10). Then using (10) and (51) in (9), we get

p-po + (dx/dp)'(ds/dx)' + {ds/dp)' = 0, or (52)

= 0. (53)

Consider the second term in (53). It is known that the sensitivity of
eigenvalues with respect to p is given by

(dXi/dp) = ( r ' / j - ' r^aJ /ap) ' / (54)

if all eigenvalues are different. From (54),

(r«/' _ r"<l")(dRc\i/dp) = r"(dJ/dp)'l' - rm(dJfdp)H" (55)

if (11) is true. In (53) all variables can be considered as independent
ones, and (53) becomes (19).
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C. A way of computing of Vpd(w,,p') in (33)

Using (20) and (32), the matrix' Af(ui,p) can be represented as

k

M(u/,p) = \~] MiPi + M»u + Afo, where (56)

**i = ( % Js),i = O,..k, and SU = ( [ _°, )(57)

are constant (2mX2m) matrices. As it follows from the Schur Lemma,
for UJ = w*, and p = po + Ap, Ap —> 0,

^ A/" ' (- . ,P0)/ ' ,„ (58)

where Ai* is (dkzldak) calculated at the point a = 0,z = z°. The
expansion (67) represents the solution function z(a) as a polynomial
of the scalar parameter a.

If 0° = 1, and Ag is thought of as a mismatch vector of (63) at the
point z = 2°, then if the series expansion (67) converges for a = 1, it
will give a solution of the problem 5(2) = 0.

Due to the impracticality of computing a big number of Azfc, the
summation (67) must be restricted to a finite number of terms A'.
Accordingly, (67) becomes an iterative procedure

(68)

J t = l

1=1 j=l

where e} is the j'-th unit vector, /i tJ is the j — ih column of the matrix
t\f,. Further, it is clear that

V'e}A/-1(u/ . ,po)wj = Tr{Ar'(k),,po)A/,}, and (59)

The last expression can be effectively used at each iteration (33). As
A/; contains few nonzero elements, (60) requires several solutions of
the linear system LUy = ui}, where L and U arc lower and upper
sparse triangular matrices, LU = A/(w.,po), for all nonzero columns
/i t J . The determinant d(u/.,po) is calculated as a product of diagonal
elements of U.

where 1 is the iteration number and AJJ^j is the fc-th correction vector.
The o, has sense of a correction coefficient which influences conver-
gence reliability. It can be easily shown that for K = 1, (68) corre-
sponds to the Newton-Raphson method with an optimal multiplier.
If A* > 1, then (68) becomes a generalization of the Newton-Raphson
method which takes into account nonlinear terms of the Taylor se-
ries expansion. The linear approximation of g(s) that is used in the
Newton-Raphson method is replaced by an approximation that is
nonlinear.

Computation of the correction vectors Az/j
Expressions for correction vectors As* can be obtained by succes-

sive differentiation of (61) with respect to (3. We set Q = (/3°-0) = 1
in (63) and express g(z) as a Taylor series, so giving

where Jg(') is the Jacobian matrix, and ll'/f-) is the l-th order term
f h T l i I i h i [20] [8] h b b i i

D. A way of computing the partial derivatives in (35) and (36) W | l c r c . (.j , s t t l e JaCobian matrix, and »',(•) is tlie (-th order term
By using the way described in Appendix -C, it is not difficult to o f ll>e Taylor series. It is shown in [20], [18] that by substituting

get the following expressions for the partial derivatives in (35) and £ , _ ££•' (A-fc/fci) jnto (69), the following expressions can be
(3 6) : obtained

= 7r{A/-'(w.-r)AM. (62)

where A/-, = X!;=i ^''

E. The high order solution technique

A numerical technique [15], [16], [17], [IS] which can be applied
to the stages III-D and III-E of the critical point algorithm is outlined
in this appendix.

Solution motion and its Taylor scries expansion
Let us consider a general set of smooth nonlinear equations

A.-3 = - J

E (70)

+ »2 + ••• + SK = I
+ 232 + • • KSK = >

g(z,0) = = 0 (G3)

where z is a vector of dependent variables, /3 is a scalar parameter,
and Ap is a vector of increments.

If (dg/dz) is nonsingular, then the function fl(z,/3) can be con-
sidered as an implicit function which defines the dependence z(p).
Differentiation of (63) yields

(dg/dz)(dz/d0) + (dg/dp) = (dg/dz)(dz/dp) + AS = 0. (64)

If the Jacobian matrix (dg/dz) is nonsingular, we get the differential
equation

(dz/d0)= -(dg/dz)-1 Ag. (65)

The equation (65) defines motion of a solution of (63) as the param-
eter P varies. A solution of (65) can be represented as the Taylor
series expansion [19]

k=l
>K

The high order terms W,(.) in (70) can be expressed through values
of the function g(z) [18]. For example, if (63) was a set of quadratic
equations, then for K — 5 we obtain the following recurrent equalities

0)] = J - 1

(71)

where

z(P) = (66)

= p°, z = z° is a solution of (63). Substituting a = (P° - p) gives

(67)

= p(Az; + Az,) - s(Az.) - g(Azj) + g(0). (72)

The expressions (71),(72) are used at each iteration (68) of the
method.

Correction coefficients
To provide reliable convergence of the method, it is necessary to

use appropriate values of the correction coefficients a,- in (68). The
correct choice of or; gives direct motion in the space of parameters 5.
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It was shown in [18] that the deviation of the method from the direct
line (/3° - /3)Aj7 can be evaluated by the norm

! < « » • (73)

It is clear that for a = 0 the norm (73) is equal to zero. Increasing
a results in the method taking larger steps, but the deviation (73) can
also increase. However, having calculated the correction vectors rfc ,
at the i-th iteration, and knowing the specified maximum deviation
t s , it is not difficult to obtain the corresponding value of a; which
keeps the deviation (73) within the desired accuracy tg. If the value
of c3 is small enough, the method will converge up to a singular point
of (63) [18].
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Abstract - This work is concerned with power system
transient behavior using as prc-fault condition stable,
unstable and critical operating points under voltage
control view-point. Simulation results show that loss of
synchronism occurs in those cases where voltage
unstable points arc used as initial conditions. Voltage
control devices do not produce the desired effect during
and after a disturbance, failing in establishing a
dynamic stable condition.

I. INTRODUCTION

The mechanisms which lead a power system to
collapse are not very well understood. Therefore,
researchers and engineers have concentrated efforts in
order to develop or improve mathematical methods to
study voltage stability problems. Theoretical analysis
involving simple power system conFig.tion gives
important information about factors which influence
voltage stability [1].

The time frame related to voltage collapse dynamics
may range from a fraction of second up to tens of
minutes. It can be distinguished two important
characteristics related to the time frame involving this
phenomenon. The first is the fast voltage collapse
mechanism ranging from a fraction of a second up to
few seconds. The second is the slow voltage collapse
mechanism ranging from few seconds up to tens of

Paper SPT PS 13- 07- 0674 accepted
for presentation at the IEEE/KTH
Stockholm Power Tech Conference,
Stockholm, Sweden, June 18-22,1995

minutes. These characteristics are treated in the
literature as transient voltage collapse and longer-term
voltage collapse respectively [2].

This work investigates the voltage collapse process
in a very short time range (few seconds) with emphasis
in the dynamic performance of voltage control devices
(voltage regulator and static compensator). Different
operating points are used as initial conditions in
transient stability simulations. Stable, unstable and
critical pre-fault operating points, under voltage
control view point, are identified through V-Q curve
and confirmed by a local bus voltage stability
assessment program [3].

II. OPERATING REGIONS AND
CONTROL EFFECTS

Using a two-bus power system with the load (less
than maximum) represented by a constant power
model, it is possible to show through mathematical
analysis the existence of two voltage solutions. If the
system is operating at point A,, of Fig. 1, any control
action, for instance, raising the generator voltage level
from 1 pu to 1.05 pu, the process is successful: the new
voltage level (A;) is greater than the previous one (A,,).
The problem occurs when the system is operating at
point Bo (other solution), even with large voltage
control capacity. If the load voltage is low, a control
action would take place in order to raise the voltage.
The new voltage level Bi is now smaller than Bo.
Successive control actions would reduce the voltage
further and further. Probably the voltage level would
become very low for normal system operation (partial
voltage collapse).

If the power system is operating at point M,
boundary between Regions A and B, it is not possible
to preview if control actions would produce the desired
effect.
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Fig. 1-Voltage control effects

III. VOLTAGE STABILITY ASSESSMENT
METHODS

i) Static Model and Analysis: Static refers to the
basic-load flow model, static loads and static
representations of generators or compensation, static
does not mean constant, i.e., a static analysis can very
well consider a time variation of a parameter. However,
a static model does not involve differential equations
and their solution in time domain [4],

ii) Dynamic Model and Analysis: A dynamic model
comprises all the features of a static model but involves
differential equations, e.g., representing regulators,
governors and angular movements of generators [4].

A. Steady-State Analysis

Indices for voltage stability analysis can be derived
based on steady-state conditions, for instance, real
and/or reactive power demand margin which is the
difference between maximum transmissible power and
the load at the operating point. Techniques commonly
used involving separately real and reactive power
margins are known as P-V and V-Q curves.

The P-V curve is useful for conceptual analysis of
voltage stability and for radial systems studies. This
technique can also be used for large meshed systems
where P is the total load in a voltage controlled area

and V is the total voltage at a critical or representative
bus. The power flow simulation diverges near the
maximum power point on the curve, characterizing a
disadvantage of this technique.

The V-Q curve describes the relation between
voltage and reactive power in a selected bus. The curve
is generated by using a fictitious synchronous
condenser in the selected bus, i.e., the bus is converted
to a PV bus with open VAr limits. The power flow is
simulated for several synchronous condenser voltage
schedules resulting in the reactive power bus flows.
Voltage is the independent variable.

The advantage of this technique is the close relation,
in some cases, between available reactive power
reserve and voltage stability. From a computational
view-point, the PV bus minimizes power flow
divergence problems. Solutions can be obtained on the
unstable side of the curve and divergence only occurs
when voltages away from the PV bus are very low.

B. Transient-State A nalysis

Although the classical mechanism which leads a
system to collapse involves over several minutes, the
possibility of voltage instability also exists because of
the characteristics of fast response system components
to variations around the operating conditions. This
phenomenon is usually analyzed by transient stability
programs including machines (synchronous and
induction) dynamic models.

In power system transient analysis, the fixed inputs
and initial conditions are obtained from a load flow
solution.

IV. COMPUTER SIMULATIONS

The one-line power system diagram used during the
computer tests is presented in Fig. 2. It is a 500 kV
radial system, double transmission circuits (with line
reactors) connecting generator (Bus 1) to the load (Bus
4) through a transformer (Bus 2). Load is modeled by a

0-
500kV 50 0kV

sc
Fig. 2 - One-line power system diagram
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power constant parcel and a synchronous motor
operating with unity power factor. Synchronous
machines (generator and motor) model include damping
and field windings. Besides the synchronous machines
voltage regulators, voltage at Bus 4 is controlled by a
solid-state control system static compensator
(TCR/TSC).

A. Objective

The main objective of the time-domain simulation, is
to verify if control systems work properly in order to
establish an equilibrium condition after a disturbance.
It was shown in Section 2 that control actions do not
produce the desired effect if the operating point is
located within Region B, and it is not possible to
preview the control actions results if the operating point
is located at the boundary.

B. V-0 Curve and Test-Cases

Fig. 3 presents the V-Q curve related to Bus 4
generated following the technique described in Section
3.1. The operating points located on the right side of
the curve belong to Region A and those located on the
left side belong to Region B. The Regions are separated
by a perpendicular line to the voltage frame passing
through the maximum reactive power point.

Power system transient-state initial conditions
include operating points selected from the V-Q curve.
Tests are identified by an alphanumeric variable
describing the set of conditions and corresponding
Region . They are described as follows:
• Scenario I - transient-stability analysis for a small
disturbance considering operating points located in
Regions A and B: 20 MVAr capacitor switching in Bus
4 at t = 0.2 sees. Cases 1 A, IB, 2A, 2B, 3A and 3B.
• Scenario II - transient-stability analysis for a small
disturbance considering an operating point located at
the boundary: 20 MVAr capacitor switching in Bus 4
at t = 0.2 sees. Case 4.
• Scenario III - transient-stability analysis for a larger
disturbance considering an operating point located at
the boundary: 100 MVAr capacitor switching in Bus 4
at t = 0.2 sees. Case 5.

C Results

Scenario I : the transient voltage behavior at Buses 1
and 4 are presented in Figs. 4 to 9. The system is
dynamically stable when the initial conditions are

2000.00—1 R s a o t l v a Power- C MVAr)

1500.00-

1000.00

A(pu) EKpu)
1.115 0.795
1.010 0.850
1.000 0.855

0.920
0.920

Vo I toge C pu)

i i i
0.50

\ I I I I | I I i I I I ITT]

1 .03 1 .50

Fig. 3 - Bus 4 V-Q curve

located in Region A (Figs. 4, 5 and 6). For initial
conditions located in Region B, the voltage drops to
very low values (partial voltage collapse) causing loss
of synchronism (Figs. 7, 8 and 9). Figs. 10 and 11
show the synchronous machines angular course for
Cases 2A and 2B respectively.
Scenarios II and HI: using the operating point located
at the boundary, the transient behavior of voltage and
reactive power (static compensator) for a small
disturbance is oscillatory as illustrated in Figs. 12 and
13. For a larger disturbance, the voltage transient
behavior is oscillatory leading the power system to a
partial voltage collapse, as presented in Fig. 14. Fig. 15
shows the static compensator reactive power transient
behavior. The static compensator control system
response is oscillatory for an operating point located at
the boundary, as shown by Figs. 13 and 15.

A test other than capacitor switching was performed
for the operating points as before. One transmission
line (Bus 2 - Bus 3) was tripped out at t = 0.05 seconds
and partial voltage collapse occurred for all operating
points . The line was reconnected and Table 1 shows
the fault clearing time interval (At) for operating points
related to Cases 1A, 2A and 3A of Fig. 3. It may be
observed in Table 1 that the fault clearing time interval
gets longer as the pre-fault operating point gets far
away from the boundary, which means stronger voltage
stability conditions.

Partial voltage collapse could not be avoided for
operating points related to Cases IB, 2B and 3B.
Power system response is oscillatory for pre-fault
operating point related to Case 4 located at the
boundary.
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Table 1 - Fault clearing time interval
and Bus 4 voltage

Point
1A
2A
3A

I V I pu
1.115
1.010
1.000

At (seconds)
0.0650
0.0415
0.0385

V. CONCLUSIONS

The objective of this work was to verify the transient
state performance of voltage control devices
considering as initial conditions operating points
located in Regions A, B and critical. Making a
comparative analysis between results of Cases 1A and
IB, 2A and 2B, 3 A and 3B, 4 and 5, it is noted that:

• Voltage control devices operated properly
establishing an equilibrium state in those Cases
considering operating points within Region A - Cases
lA,2Aand3A.
• Partial voltage collapse occurred in a very short time
range in those Cases considering operating points
within Region B where control actions produce the
reverse effect - Cases IB, 2B and 3B.
• Control devices presented an oscillatory response in
those Cases where initial conditions are located at the
boundary. Voltage collapse depended on the fault
amplitude. Cases 4 and 5.
• The fault clearing time is related to the operating
points positions in the V-Q curve. As får away the
operating point is from the boundary ("nose" of the
V-Q curve) the longer the fault clearing time interval is.
• These results do not mean that the system is
dynamically stable (unstable) under angular view-point
if the pre-fault operating point is stable (unstable)
under voltage control view-point. This is not true [5],
The power system transient response depends on
network characteristics, fault amplitude, location and
duration.

• These results show that, if pre-fault operating point is
unstable under voltage view-point, the power system
can be dynamically unstable due to the reverse effect of
control actions, and not due to the fault itself.

In the tests performed, this situation was shown
through the switching operation of a very small bank of
capacitors. When the pre-fault operating point is robust
for voltage c :.:rol, as point A,, in Fig. 1, located at the
superior si'k .• the V-Q curve, the power system is
dynamically :>.ri)le. On the other hand, when the system
is weak for voltage control the system is dynamically

unstable for the same small disturbance.
This conclusion leads to a practical result: engineers

must consider voltage stability conditions in transient
stability results.

The models used in transient stability computer
programs must be extended in order to simulate
significant mechanisms for voltage stability.
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Abstract

A variable structure control is designed for multimachine
systems by using artificial neural networks. The reduced
number of controls is proposed for power control at the
generating nodes. The variable structure control will sta-
bilize the systems with structure perturbation (changes
of the network structure) and parameters perturbation
(changes of reactance of the transmission line). The neu-
ral network with on-line training is used to adjust the
feedback law and the coordinate transformation.

1 Introduction

In recent years, the artificial neural network (ANN) ap-
plication in nonlinear control systems develops fast [6].
Neural network approach lias also brought a greater ex-
ploitation of applicatons in the power systems control de-
sign [2, 7, 8]. Some results have demonstrated that neural
i.e.tworks can be used for the effective control of complex
nonlinear systems, such as the power systems.

In 1984, Marino [5] proposed the reduced number of
controls at its generating nodes for power system network.
The power control action is transfered from one node to
another through the transmission line. The reduced num-
ber of controls can make the training time of the neural
network shorter and provide the fast on-line control pa-
rameters adaptation. However, the direct transfer of the
control action will he impossible if the interconnection
between two nodes does not exist (e.g. fault occurrance
in the transmission lines or changes of the network trans-
mission structure).

This paper considers a variable structure ANN con-
trol design in multimachine systems. A three-generator
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system will be used for the control implementation. The
control structure will be varied along with the changes of
the transmission structure of the system. The paramet-
ric uncertainties will be investigated. Simulation results
are presented to demonstrate the performonce obtained
by the ANN variable structure control compared to the
conventional control.

Suppose there exists a nominal model with all known
parameters, and the feedback linearization technique [1,
4] can be applied. The controllers and the coordinate
changes will be based on the nominal model. If .some
parameter pertubations occur in power systems, such as
reactance changes of the transmission lines of the systems,
the stable load flow solutions are no longer the same. The
aim of using a neural network control for the system is
to prevent the mutual angle positions from reaching the
certain bounds.

A variable structure neural network control of a three-
generator network will be investigated in this work. For
a three generator network, each node : (= 1,2.3) is char-
acterized by the voltage (£V.<5,); each ac line ij which
connects the nodes / and j is characterized by the im-
pedience (;,j,ö,j). In normal condition the mutual angle
positions (6j — Sj) are supposed to be at their nominal
values (6° - 6?). There exists a stable load flow solution
corresponding to a power system network structure and
set of power injections. If parameters perturbations ocur
(changes in values of power injections or line impedance),
the stable load flow is in general no longer the same. The
dynamics of mutual angle positions {Si — fij) is much faster
than that of voltage magnitude E{. When the mutual an-
gle positions (<5,- — Sj) reaches the physical bounds, the
circuit breakers will be tripped in a short time to discon-
nect the corresponding distribution line, ij.

Assume that the mutual angle position ((5,- — Sj) can
be estimated on-line by constructing an observer on the
basis of the measurements of angular speed, voltage and
current. Therefore, the exact state feedback linerization
technique can be employed in this work. Two neural net-
works are required for the approximatation of the sys-
tem using input-output data. Neural networks with error
back propagation algorithm [9] will be used to simulate
the coordinates transformation and the control inputs.
The network parameters will be determined by Uie trans-
formed states error between the perturbed system, :. and
the reference model, NT(X), e = z — NT(X).
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A three-generator, nonlinear power system model.

h 3 - Wa

[j sin(($i — Sj + Qrij)

);• sin(<53 - 6j +a3j)

0
0
0
1
0
0

0
0
0
0
1
0

c
0
0
0
0
1

r- - ,

71"1
72 «2
73"3 .

(1)

Pmi 1 '
where Pmi = -77- + TT

Cjj Ef sin a,,-
> °«i = Vij ~ 90°. ^ "̂'J s l n(^ ' ~ fy + ° ' J ) represents active power which the

network can accept from the node /.

{ 1 if power control acts at node i f l if an ac line connects nodes i and j

0 otherwise ' ClJ ~ \ 0 otherwise
c E-E-

kjj = 'J ' J ; Mi = Jju}f; where 7; is the momentum of inertia of the rotor of the synchronous machine 1 and LJ, is
Mi Zij

the synchronous speed.

2 Reduced number control in three machines sys-
tem

For the stabilization purpose, the nonlinear model (1) is
considered. The power system network has three gener-
ators, which are interconnected through the ac lines ij.
Pmi represents the difference between the power produced
by generators and the power absorbed by concentrated
loads as far as node > is concerned. fc,-;- is the maximal
angular acceleration which can be transmitted from ma-
chine 1 to machine j through the ac line ij. The power
controllers are applied to these three nodes. Let the in-
terconnection coefficient be kjj(6) = A-,-j sin(<5,- - 6j +Q;J).

Tim system (1) can bp described as

where J1 — [5\ u\ 62 wi ^3 u ; 3 ] r . / (x) and g(x) are smooth
vector fields, and xi is the control.

The controllability of system (2) implies the existence
conditions of ihe state feedback linearization [4]. There-
fore, with the assumption of on-line estimation of the mu-
tual angle position, it can be linearized to a canonical
controllable form by applying a state feedback law (with
a suitable coordinate transformation) i.e.,

v= A B(x)n. (3)

If we apply power controls to all generation nodes, it is
obvious that the system (1) can be linearized by three
smooth feedback controls. The question is what is the
minimum number of controls that are needed and where
they should be located so that the system can be stable.
The possibility of transmitting the control action from

controlled machine to the uncontrolled machine will de-
pend on the structure of the power system network. This
transmission can possibly be done by the ac lines con-
nected to the machines.

In order to linearize the system (1) by the state feed-
back, the minimum number of controls required is two [5].
It is required that the interconnection fc,;(<5) of all ac lines
that connect machines belonging to the different groups.
Therefore, the power control action can be possibly trans-
mitted from the controlled machines to the uncontrolled
ones. Three control nodes can then be reduced to two
nodes.

With the interconnection structure among the nodes,
the location of the control nodes are listed as follows.

1 If kij(6) = 0 for all ;' and j , three controllers can bo
applied to their own nodes.

2 If A:]2(6) ^ 0, two controllers can be applied on the
nodes 2 and 3, which can transfer the power control
action to node 1.

3 ^ k]s(S) ^ 0, two controllers can be applied on the
nodes 3 and 2, which can transfer the power control
action to node 1.

4 If Jt23(<5) ^ 0, two controllers can be applied on the
nodes 3 and 1, which can transfer the power control
action to node 2.

Case 1 will not be discussed here, and we are only
discussing the design of the reduced number of controls
in the system.

From the above classification, the variable structure
control scheme can be implemented to stabilize the overali
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power system network using the reduced number of con-
trollers. The control nodes selection is determined by the
system structure (t,j(6)). Therefore, the variable struc-
ture control can be summarized as

[0u2 u 3 ] r ,

0
0, ku(S) =£ 0;
ku(S) = 0, Jt23

(4)
0.

With the controllability of the system, the construction
of the feedback law and coordinates transformation can
be done corresponding to the interconnection among the
machines. The variable structure control algorithm are
presented as fallowings.

For /t)2(6) ^ 0, the coordinates transformation can
be chosen as

: 2 3 = <̂

Ti\{x) =

whore I lie power angles <if and 6$ are the equilibrium
points, which can he arbitrarily assigned. The feedback
law will be

vr.i _ | »2 | _

f::M
L 3 J

(6)

For fcia(6) •£ 0 and fr^C1) = 0. with arbitrarily assigned
equilibrium points b\ and hi,, the coordinates transforma-
tion bocomos

r 3 2 = <̂

'l"lie fooilhack law is

V» =

(7)

L'jh
U3
U2

(8)

For A'23 T̂  0, fc]2 = 0. and &13 = 0. the coordinates trans-
formation can be chosen as

-~31 = i (9)

= Ljh\

where the equilibrium points 6\ and h\ can be arbitrarily
assigned. The feedback law has the form of

The variable structure states transformation can be de-
scribed as

; 3 1
if A-12 = 0 ,

if Jt,2 = t i = 0 . JL-
(11)

23 0.

The generalized form of the feedback law can be written
as

i>" . if kl7 ^ 0 ;

v = a{r) + b(x)u = I 1 1 " , if t i 2 = 0," Jti.i 7^ 0;
[ i.31, if fc,j = fc n = 0, fc23

(12)

where a(x) and l/(x) are the functions described as in
Equations (6), (8) and (10). With the variable coordi-
nate transformation (11) and the state feedback law (12).
the system can be linearized to the canonical controllable
form as follow:

z = Ae: + Bci; (13)

where

0 1 0 0 0 0
0 0 1 0 0 0
0 0 0 1 0 0
0 0 0 0 0 0
0 0 0 0 0 1
0 0 0 0 0 0

0
0
0
1
0
0

0
0
0
0
0
1

The new input r is assigned as

"11-11 +121-21 + °3I -31 + 0.11 -4t

"12-12 + "22-22
-1)

such that the closed-loop system is asymptotically stable.

This variable structure controller can enhance I he sta-
bility of the system when there are structure perturba-
tions occuring in the system. The signal of switching the
controller can be obtained by a sensing device for the in-
terconnection among the generating nodes. In the next
section, we will discuss the neural network variable struc-
ture control design for the power system network.

3 ANN variable structure control

If structure perturbation occurs in the power system net-
work, the above variable structure controller is able 10
stablize the system such that the mutual angle will re-
main in certain bonds. If the parameter perturbations
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(changes of impedance of the transmission lines) occur, a
variable structure control is needed to guarantee the sta-
bility and performance of the system. In order to obtain
the better performance of the system, a neural network
variable structure control is proposed in this work. A
model reference adaptive control with the variable struc-
ture will be implemented for the system (1).

Consider the nonlinear system with parametric un-
certainties

(15)

where y. stands for the parametric uncertainty, which is
varying in certain interval, such as, /i £ [̂ MiA'a]- I" o u r

system, the parameters /.i are the impedance of the trans-
mission lines. Assume that, for the changes of impedance
of the transmission lines, the parameters are varying with
certain limits, that is, k{j(6.fi) £ [A.-,̂ -, Arp7]. Therefore, the
parameters of the system may nol be exactly known.

Assume that a nominal model of the system is known,
on which a control and coordinates transformation with
variable structure can be based. If we apply the variable
structure feedback law (12) of the nominal system to the
perturbed power system and the system can be rewritten

; = .-U + ö , i + A / . (16)

where A / is the error function due to the parametric per-
turbation. In order to remove the error function A/ , the
parameters of the state feedback law and the coordinates
transformation are going to be tuned by using neural net-
works.

For the system (15) with structure perturbation, the
following assumptions are made.

1 The equilibrium r = 0 of the perturbed system is
asymptotically stable by applying a feedback law
(12). together with the transformation (11).

2 Any one of interconnection constant kij(6,fj.) is
nonzero for all parameters //. that is, the system is
controllable in a compact domain which is reachable
from origin for the allowable control set.

With the above assumptions, for any given intercon-
nection structure and the parameters /.i 6 [fi\ y.i\, there
exist the coordinate transformation ; = T(x) and the
controller u = ty(z, 11). and the linearized system becomes
the form of (13).

To regulate the system, an ANN control scheme is
utilized. Assume that the changes of the structure of the
.sy.sLeiu can be detected. If there are changes of structure
in the system, the: control structure will also be varied
follwing the forms in the previous section. As the state

x at each instant is accesible, the problem is to find a
feedback controller u(x) such that the origin is asymptot-
ically stable for the system x = f(x) + g(x)u. Two neural
networks Ny and NT are used to approximate the control
u = $(r ) and the coordinate transformations z = T(x)
using the input-output data.

When the structure of the power system network is
changed, the structure of nominal model is also changed.
The parameters of NT will be adjusted using the error
e = ; — NT, in which the coordinates transformation : —
T(x) is changed according to the structure changes in the
system.

An on-line training neural network adaptive control is
applied to the power system. The variable learning rate.
the improved initial conditions and momentum consider-
ation [9] are used for the neural network training because
of high nonlinearity of the power system.

4 Simulation and conclusion

In the simulation, the system (1) with perturbed param-

eters and the perturbed structure is considered. At least

one k{j(5) is set to nonzero at all time. Therefore, the

existence condition of the reduced number controls for

the three generators network is satisfied. The structure

of this power system network can have a reduced number

controls, and the system can be linearized by applying a

s ta te feedback law in the form of (12) with the coordi-

nates transformation (11). The nominal systems can be

feedback linearized to a Brunovsky form (13). Note that

the angle tff can be arbitrarily assigned. If the system

can be stabilized by the variable structure control (12)

and transformation (11), the desired performance of the

system can thon be obtained as well. The control struc-

ture will be varied along with the change of the power

system structure .

With £12 ^ 0. the coordinate changes are as follow-.:

-- i i =Tu{x) = 6i - « f

-21 = 721 (•!••)= Ljb\ — ^\ - i

Mi
--3i = T 3 1 (x) - Lj&i = - if--

Ef' sin Q i2 Ef sin Q i3
+ . \ / ,Z,2 + .U ,Z 1 3

-4-A: 12 sin( 6i — 6? + 012)+

-+• 113 sin(61 - <53 + 013)

Tu(x)=L3j6i =
— t i 2 cos(<5i — ($2 +

-fc13cos(<5i —63 +

17)

• -"'3)

The feedback law is

,i/«3
1'2 - L,b\
113 - Ljbz

(18)
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where vt is the new input, and and

{ L]h = h

in(Ä! -63

i - <53

- w2)
2+

- / 2 ) -
- w3)

2+
- /3J

wliere

_ Ani £? sin a 12 Ef sin Q 13

"Ä77
i — <52 -f 012)

i - 63 + Q ] 3 )

/ 2 = Pn.2 - Ej3=i hj sin(tf2 -

M2Z2\
+i"2i sin(<5o — 61 + 021)+
+K.-isin(^2 - 63 + 033)

/.-) = /'>.ri3 - £ ^ _ , i'3; sill(63 - fy + Q 3;

and

^"'3 , g3 s i"°3i £|sm_n32_
A/3 M-iZ-i\ M3Z32
+ k;i] SU){63 - 61 + 031) +

= - / . - 1 2 c o s ( < 5 i - 6n + Q 1 2 )

- <̂ 3 + Q 1 3 )

When A-13 9̂  0 and i-12 = 0, the coordinates transforma-
tion becomes

and the state feedback law can be described as

= -fc1 3 cos(6i - 63 -f 0.13)
= 0

L93L}62 = 0
L3?Lf&2 = 1

For £"23 ̂  0 and fci2 = ki3 = 0, the coordinates transfor-
mation can be choosen as

-21 — L / 6 2 = W2 — w3

H
M2Z23

=4i = T 4 i ( i ) = j

= —fc23 COS(62 — 63 + Ct2

-12 = 3 1 2 ( 1 ) = &1 — <5f

2 - Ä 3 + «23) (21)

and the state feedback law can be

where

and

113 ~ L ) * 2

62 = —i'23 Sin(<5-J — 63 + Qr))(u-i - o/:i)
2

Lg3L
3j52 = -k-j3COs(6-2 - S:i + O 33)

= 0

The impeadance values of the transmission lines are var-
ied in certain intervals. The new inputs ran lie in t In-
for in of ( H ) . in which the parameters are assigned such
that ihe asymptotically stability of the closed-loop system
can be guaranteed. The state z of the linearized nomi-
nal system is used as the desired output in the training
of the neural networks. The parameters of the control.
u — ̂ ( r ) . and the coordinate transformation. : ~ ' / ( J i ) .
are tuned by on-line approxirnators (A> and A'r)-

During the simulation, errors er — : - AV ami
e$ = v — Ny are evaluated in every time step. Two
neural networks were trained on-line. A'r and N^ an-
updated according to the minimization of errors. The
trained networks are then applied to the system to pro-
vide the desired control action.

The BP network has an adaptive learning rate. Mo-
mentum constant is set to 0.95, error goal to 0.005 and
step size to 0.01s. Figure 1 to 3 show the simulation
results of the above system. The change of structure of
the power system are applied at the 6th second. The
simulation results have shown that the variable structure
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control can stabilize the power system with the structure
perturbation. It has also demonstrated that the neural
network variable structure control has the better perfor-
mance than the conventional variable structure control
does when there are changes in impeadance of the trans-
mission lines of the system.

.115 5 -

f MS-

-.114 5
3
2

4 6 S
Time (sec)

Figure 1: State variables 6] to 63 and u>i to u>;j for the
conventional control for the three-generator network.

Figure 2: State variables h\ to 63 and u>\ to W3 for the
conventional control for the three-generator network (with
transmission perturbation).

A neural network variable structure for a three-
generator system has been presented. We have shown
the least number required to linearize the system by using
the state feedback. A variable structure control scheme
has been provided to guarantee th? stability of system
with structure perturbation. A model reference neural
network adaptive control has been implemented for the

6

Tune (sec)

S 314

3

\r\

0 2 4 6 8 10 12

Time (sec)

Figure 3: State variables 8\ to 63 and ui\ to ^3 for the
neural network control for the three-generator network (with
transmission perturbation).

system to improve the performane of the system with the
parametric uncertainties.
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Abstract: In this paper, the problem of nonlinear de-
centralized control for multimachine (n-machine) power
system transient stability enhancement is discussed. The
n-machine power system model can be linearized in the
whole working region by direct feedback linearization
(DFL) ([1]). The linearized model is independent of the
operating point and the system nonlinearity and inter-
connection are cancelled. The controller design problem
for the rz-machine power system has been converted into
the problem of designing n controllers for n single-machine
systems. The design of each controller only requires the lo-
cal measurements. The nonlinear decentralized controller
obtained has good robustness and insensitivity to the net-
work parameters and configuration.
A three machine example system is presented to illustrate
the application of the proposed nonlinear decentralized
control scheme. The system performance under a sym-
metrical three-phase-short-circuit fault is tested. Simula-
tion results show that the proposed controller can greatly
enhance the transient stability regardless of system oper-
ating points and fault locations.

1 Introduction

Power systems are large-scale nonlinear systems. Improv-
ing the transient stability of large-scale power systems un-

Paper SPT PS 14- 02- 0386 accepted
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Stockholm, Sweden, June 18-22,1995

der small and large perturbations is one of the most impor-
tant problems in power system control. Presently, most of
the controller design schemes for power system stability
are based on approximate linearization models of the sys-
tems, which normally are single-machine to infinite-bus
models, and linear control theory. These kinds of mod-
els highly depend on the system operating points. The
control systems designed based on these simplified models
might not work properly where multimachine systems are
considered and when the operating points vary.
In recent years, great attention has been paid to the non-
linear design of power system controllers ([l]-[7], [14] and
the references therein). In our previous papers ([8]-[9]),
nonlinear DFL excitation and/or coordinated controller
design approaches were proposed to achieve transient
stability enhancement and voltage regulation of single-
machine to infinite-bus power system model. By the di-
rect feedback linearization (DFL) technique ([l]-[2]), the
power system model can be linearized in the whole work-
ing region and the linearized model is independent of the
operating point.
In this paper, we discuss nonlinear decentralized con-
trol for multimachine power system transient stability en-
hancement. The results in [8] and [9] are extended to
multimachine cases. The n-machine power system model
can be linearized in the whole working region by direct
feedback linearization. The linearized model is indepen-
dent of the operating points and the system nonlinear-
ity and interconnection are cancelled. The controller de-
sign problem for the n-machine power system has been
converted into the problem of designing n controllers for
n single-machine systems. The design of each controller
only requires the local measurements. The nonlinear de-
centralized controller obtained has good robustness and
insensitivity to the network parameters and the network
configuration.

A three machine example system is presented to illustrate
the application of the proposed nonlinear decentralized
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control scheme. The system performance under a sym-
metrical three-phase-short-circuit fault is tested. Simula-
tion results show that the proposed controller can greatly
enhance the transient stability regardless of system oper-
ating points and fault locations.

Qi(t) = -

(8)

2 Dynamical Model

In this section, we consider a power system consisting of
n synchronous machines (Note that the system has al-
ready been reduced into a network retaining only gener-
ator nodes). The plant model considered in this paper
is the classical model with flux decay dynamics ([10]-[ll]
and [13]). In a power system consisting of n synchronous
machines, the dynamical model of the ith machine with
excitation control can be written as follows:
Mechanical Equations:

Si(t) = (1)

where
6i(t) : the power angle of the ith generator, in radian;
w,(i) : the relative speed of the ith generator, in ra-
dian/second;
Pmi : the mechanical input power, in pu, which is assumed
as constant;
Pei{i) : the electrical power, in pu;
wo : the synchronous machine speed, in radian/second;
LJQ = 2TTJQ;

D{ : the per unit damping constant;
Hi : the inertia constant in seconds.
Generator Electrical Dynamics:

1
(3)

where
E'qi(t) : the transient EMF in the quadrature axis of the
ith generator, in pu;
Eqi(t) : the EMF in the quadrature axis, in pu;
Eji(t) : the equivalent EMF in the excitation coil, in pu;
TjOi : the direct axis transient short circuit time constant,
in second.
Electrical Equations:

E'ti(i)-(xdS-x'di)Idi(t)
kciufi(t)

Pei(t) =

(4)
(5)

(6)

Eqi{t) = xadilji{t)

(9)

(10)

where:
xn : the direct axis reactance of the ith generator, in pu;
x'di : the direct axis transient reactance of the ith genera-
tor, in pu;
Bij : the z'th row and jth column element of nodal sus-
ceptance matrix at the internal nodes after eliminating all
physical buses, in pu;
5ij{t) = 6i(t)-6j(t);
Qi(t) : the reactive power, in pu;
l]i{t) : the excitation current, in pu;
Idi(t) : the direct axis current, in pu;
Iqi(t) : the quadrature axis current, in pu;
kCi : the gain of the excitation amplifier, in pu;
uji(t) : the input of the SCR amplifier of the ith genera-
tor, in p^l;
Xadi '• the mutual reactance between the excitation coil
and the stator coil of the ith generator, in pu.

3 Design of Nonlinear Controllers

From the model given in Section 2 we know that the power
system model is nonlinear through the excitation loop. In
this section we will discuss a design strategy using direct
feedback linearization (DFL) to design nonlinear decen-
tralized controllers by using only local measurements.
To simplify the analysis we make the following assump-
tions:
Assumption:

• As in [10], the effects of the transient saliency are
neglected, i.e.

• As in [3], when we consider the ith generator, we
assume that Eqj(t) are constant and neglect the effect
oiuj(t) (where y e {1,2,..., i - l , i + 1,..., N}).

In order to eliminate the nonlinearities in the electrical
equations given in Section 2, we first differentiate the ac-
tive power Pei(t) in (6).

Pei{t) =
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where APei(t) = Pei{t) - Pmi.
Using (3) and (5)-(7) we have

A
d0t Jd0i

If we let

"MO = IqikciUji

we have

i"Jdi'--P"ii-TjOl-QI-u;,' (11)

:o = -^-AP e , - (o + =7-«/.-(o
dOi dOi

Then the model (1) to (3) has been linearized and decou-
pled. The linearized model of the ith machine with the
excitation loop can be written as follows:

A«,-(i) = uii(t) (12)

APei-(0 = -= f - ,
1d0i

1 dOi

where A5,(<) = 6,(£) — 6,0, 6,0 is the initial value of f>i(t),
vji(t) is the new input of the excitation loop of the ith
generator.
Note that the mapping (11) from uji(t) to vji(t) is invert-
ible, except the point where /,,-(<) = 0 (which is not in the
normal working region for a generator).
From the analysis above, we can see that when the equa-
tion (11) is employed, the n-machine power system model
(l)-(10) can be linearized in the whole working region and
the linearized model obtained is independent of the oper-
ating point of the system. Thus we expect the nonlinear
controller to be more flexible, compared with a straight
linear controller, with regard to changes in nominal power
output from the generator.
From equations (12)-(14), we see that after linearization,
the system nonlinearities and interconnections are can-
celled. The controller design problem for the n-machine
power system (l)-(10) has been converted into the prob-
lem of designing n controllers for n single-machine sys-
tems (12)-(14). The direct feedback linearization tech-
nique makes the controller design for multimachine power
systems much easier.
Next, we will consider whether the compensating law is
practically realizable. From (6) and (10) we have that

Iqi(t) and Idi(t) are available since Pei(i), Qi(t) and I}i(t)
are readily available measured variables. Also since w,-(<)
is available, the compensating law is practically realizable
and from (11) we get

From the analysis above we can see that the compensating
law (15) is simple, practically realizable, and the feedback
linearization is valid over the whole working region. Using
the nonlinear compensating law (15), we can both linearize
the multimachine power system model through the excita-
tion loop and decouple the plant model, which are of great
importance in power system controller design. From the
equations (12)-(14) we can see that the linearized model is
independent of the operating point and regardless of the
network parameters and configuration. Thus, the non-
linear compensating law (15) proposed can provide good
robustness.
The system model is linearized. Thus, in the design of
the new nonlinear decentralized controller, the feedback
variables are based only on the local measurements. Lin-
ear control theory, such as LQ-optimal control theory, can
then be applied to the model (12)-( 14) to design a feed-
back law vji(t)

Vji{i) = -kåi{5i{t) - Si0) - kuiLJi{t) - kpi{Pei{t) - Pmi)
(16)

to improve transient stability of the power system.

4 A Three-Machine Example

A three-machine example system, shown in Fig. 4, is cho-
sen to demonstrate the efficiency of the proposed nonlinear
decentralized controller. The system can be described by
(l)-(10). The system parameters used in the simulation
are as follows:

xdl = 1.863, 3:^ = 0.257, XTI = 0.129, Td01 = 6.9 sec.
Hi = 4 sec, Di = 5, kc\ = 1;

xd2 = 2.36, x'd2 = 0.319, i T 2 = 0.127, Td02 = 7.96 sec.
#2 = 5.1 sec, D2 = 3, kc2 = 1;

»12 = 1.3, ii3 = 0.53, r23 = 0.6, u)O = 314.159,
Xadl — xad2 = 1-712.

Using the DFL compensating law (15), the three-machine
power system model can be linearized and decoupled as
follows:
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where i = 1, 2, xf(t) = [A6,(0 w,-(t) A Pti(t)\

0r o i

0 0
f = [o o

Then we can apply the optimal control technique to the
linearized model to design control laws for vji(t) (»' =
1, 2), (16).

"13

Fig. 4 Three-machine example system

Let Qi = Q2 = diag(20Q, 1, 1) and solve the standard
Riccati equations ([16]), we have the feedback control laws:

vfl(t) = 14.142(6,(0 ~ «io) + 5.773wi(0

-54.994(P e I(0-Pmi)

and

vJ2(t) = 14.14(62(0 - 620) + 6.98w2(0

-57.53(P€2(O - Pmi)

In the simulations, the open-circuit saturation characteris-
tics of synchronous machines (see [12]) are also considered.
Then the equation (3) becomes

-'dOi

where

and the parameters are

ai=0.95, 6i = 0.051, tu = 8.727,
a2 = 0.935, 62 = 0.064, n2 = 10.878.

The physical limits of the excitation voltage of the syn-
chronous machines considered in the simulation are:

The fault we consider in the simulation is a symmetrical
three-phase short circuit fault which occurs on one of the
transmission lines between generator # 1 and generator
#2. A is the fraction of the transmission line to the left
of the fault. If A = 0, the fault is on the bus bar of
generator # 1 , A = 0.5 puts the fault in the center point of
the transmission line between generator # 1 and generator
#2, and so on.
The fault sequence we considered is:
Stage 1: The system is in prefault steady-state;
Stage 2: A fault occurs at t = 0.1 sec;
Stage 3: The fault is removed by opening the breakers of
the faulted line at i = 0.25 sec;
Stage 4: The transmission lines are restored with the
fault cleared at t = 1.0 sec.
In the following three different cases considered in the sim-
ulation, the fault location is A = 0.1.
Case 1: The operating points are

610 =67.6°,
<52O = 67.7°,

Pml = 1.2, Vn = 1.0,
V«=1.0.

The power angles, the relative speeds, the real power and
the terminal voltages of the generators #1 and #2 are
shown in Fig. 4.1 to Fig. 4.4 respectively.
Case 2: The operating points are

<52O = 51.4°,
Pmi = 0.3,
Pm 2 = 0.9,

Vn = 0.95,
Vt2 = 0.95.

The power angles of the generators #1 and #2 are shown
in Fig. 4.5.
Case 3: The operating points are

610
62o

= 18.0°,
= 24.2°,

Pml

Pm2

= 0.3,
= 0.4,

V,i

V,2

= 0
= 0

.95,

.95.

The power angles of the generators # 1 and #2 are shown
in Fig. 4.6.
From the simulation results shown above, we can see that
the proposed nonlinear decentralized controller can en-
hance the power system transient stability regardless of
the system operating points.
Next, we will consider different fault locations (A = 0.1,
0.5, 0.9). The operating points are

6io=55.6°,
62O=59.6°,

Pml = 1.0,
Pm2 = 1.0,

Vn = 1.0,
Vl2 = 1.0.

The power angles of the generators # 1 and # 2 are shown
in Fig. 4.7 and Fig. 4.8. The results show that despite
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the fault locations, the proposed nonlinear decentralized
controller can enhance the system transient stability.
Remark 4.1: The technical report [15] shows many more
simulation results under different situations, which con-
firm the above results.

5 Conclusion

In this paper, we discussed nonlinear decentralized con-
trol for multimachine power system transient stability en-
hancement. The system model considered in this paper
consists of n machines.
The results in [8] and [9] have been extended to multi-
machine power systems. By using the direct feedback lin-
earization (DFL) technique, the power system model can
be linearized in the whole working region. After lineariza-
tion, the linearized model is independent of the operating
points and the system becomes decoupled so that the sys-
tem nonlinearities and interconnections are disappeared.
The controller design problem for the n-machine power
system has been converted into the problem of designing
n controllers for n single-machine systems. The design of
each controller only requires the local measurements. The
nonlinear decentralized controller obtained has good ro-
bustness and insensitivity to the network parameters and
configuration.
A three machine example system is presented to illustrate
the application of the proposed nonlinear decentralized
control scheme. The system performance under a sym-
metrical three-phase-short-circuit fault is tested. Simula-
tion results show that the proposed controller can greatly
enhance the transient stability regardless of system oper-
ating points and fault locations.
Acknowledgement: This work was supported by
Nanyang Technological University Research Fund.
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Abstract—The paper treats the problem of dynamic stabil-
ity of a synchronous generator connected to an infinite bus.
The problem analysis and the design of the power system
stabilizer is facilitated by means of a simplified linear model
of synchronous generator. Different loading and power fac-
tors cause the change of linear model parameters, due to
which the conventional stabilizer with fixed parameters does
no longer assure the optimal behaviour in the entire operat-
ing range. An improvement is obtained by a combined use
of a conventional voltage controller and adaptive stabilizer
which facilitates the tuning of parameters in the starting
phase and preserves the required transient behaviour dur-
ing operation in the entire loading range. The advantage of
the proposed model reference adaptive control is the assured
stability of the complete adaptive system. The simulation
results show the applicability of the presented approach.

Keywords— Synchronous generator, Dynamic stability,
Power system stabilizer, Adaptive control, Model reference
adaptive control

I. INTRODUCTION

The synchronous generator is a multivariable nonlin-
ear dynamic system whose static and dynamic character-
istics depend on the operating point. One of the basic
control problems of the synchronous generator is the prob-
lem of dynamic stability. The oscillations of generated ac-
tive power result in the reduction of power transfer limits
of transmission lines. For the analysis of the problem of
dynamic stability and design of adequate Power System
Stabilizers (PSS), a Simplified Linear Model (SLM) of a
generator connected to an infinite bus (the Heffron-Phillips
model) is generally used. The SLM satisfactorily describes
the behaviour of a machine in the vicinity of the operating
point. By varying the operating point, also the parame-
ters of a linear model vary, which results in the fact that
the stabilizer determined by the parameters of a model in
the nominal operating point does not assure the optimal
damping in the entire operating range. With respect to the

Paper SPT PS 14- 03- 0395 accepted
for presentation at the IEEE/KTH
Stockholm Power Tech Conference,
Stockholm, Sweden, June 18-22,1995

operating mode of the synchronous generator, it is reason-
able to apply adaptive control. The loading vacation and
consequently the variation of parameters of a linear model
are in most cases essentially slower than the dynamics of
an adaptation mechanism.

The simplest, the oldest and the most tested adaptive
approach is gain scheduling. In this case we set the gain of a
stabilizer with respect to the selected operating point. The
main disadvantage of such an approach is a rather time-
consuming determination of the adequate loading sched-
ule for the complete operating range. The gain scheduling
represents an introductory step to real adaptive systems
because the gain setting is performed in open-loop fashion.

The first real adaptive approach to the stabilization of
a synchronous generator is the Self Tuning Control (STC).
In this case the calculation of parameters of the adequate
discrete controller is based on the identified parameters of
SLM obtained by one of the parametric identification meth-
ods. A disadvantage of such indirect approach is inconsis-
tency in assuring the stability of the complete adaptive
system. The stability of the self tuning adaptive system is
assured only in case of simpler, less applicable, controller
synthesis methods.

Direct model reference adaptive methods (direct
MRAC) do not show these disadvantages; their design and
the design of the belonging adaptation mechanism is based
on assuring the stability of a complete adaptive system.
Unfortunately, the synchronous generator with its specific
structure does not allow a simple application of adapta-
tion mechanisms of direct model reference systems. The
paper deals with the problem of the synchronous generator
input-output description which allows the application of all
present direct MRAC procedures.

In the second chapter of the paper, the effects of the
machine loading on the model dynamics are studied. In the
third chapter, adaptive control methods used for the gen-
erator stabilization are presented. The proposed combined
conventional-adaptive stabilizer structure is described in
the fourth chapter.

II. SIMPLIFIED LINEAR MODEL OF SYNCHRONOUS

GENERATOR

For the analysis of the behaviour of asynchronous gen-
erator connected to an infinite bus, the HefTron Phillips
model [1] is most frequently used. The model is described
with equations (1) to (4):
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—E\ (1}

(2)
(3)

(4)

where Tm is the mechanical input torque, Tt the elec-
trical moment, u> the relative angular generator speed, 5 the
power angle of the generator, EFD the equivalent EMF in
the excitation coil, E'q the transient EMF in the quadra-
ture axis, V| the generator terminal voltage, H the inertia
constant, un — 2irfn the synchronous machine speed and
T'd0 the direct axis transient open-circuit time constant. K\
through K§ are the parameters of the SLM. Subscript A
indicates small change. Fig. 1 shows the block diagram of
a simplified linear model.

A detailed calculation of model parameters is de-
scribed in [2]. By varying the operating point, the pa-
rameter values K\ through Ke also vary. For the stabil-
ity analysis the parameters K\ to K$ are not sufficiently
transparent. The Heffron Phillips model is a 3 r d order lin-
ear model whose characteristic polynomial has 2 complex
conjugate roots and 1 real root. Much more reasonable is
the analysis of the influence of different loading and power
factors on complex conjugate eigenvalues which are directly
linked to the period and damping ratio of the rotor angle
oscillation. We have analyzed 21 turbogenerators of the
nominal power of 25 MVA to 911 MVA, and 18 hydrogen-
erators of the nominal power of 9 MVA to 615 MVA [2].
The active power P was varied in the range of 0.1 to 1.2
[pu] at the power factor values costp of 0.1 to 1.0 in steps
of 0.1. We assumed that the generator load was inductive.
Fig. 2 shows the dependence of eigenvalues on the selected
operating point. The individual curves correspond to the
constant power factor. Fig. 2 shows the results of the
analysis of a 100 MVA turbogenerator with the following
parameters:

Sn = 100 MVA

r.*i
K,

r "
1

2Hs

h

W4

S

I

«•

h

Rs = 0.0035 [pu]
T'da = 5.9 [s]

Un = 13.8 kV
s ? = 1.05 [pu]
Re = 0.02 [pu]
D = 2 [pu]

= 0.8
< [ p ]
Xe = 0.4 [pu]
H = 4.985 [s]

where Sn is nominal power, Un the nominal stator
voltage, cos^n the nominal power factor, Xi the direct
axis reactance of the generator, xq the quadrature axis re-
actance, x'd the direct axis transient reactance, Rt,Xe the
resistance and the reactance of the transmission line and
D, damping constant.

From Fig. 2 it is evident:
• by the increase of cos <p the oscillation damping also

increases,
• the increase of the active power P results in the in-

crease of the natural frequency,
• the effect of the active power P on damping depends on

cos <p: at lower cos <p the increase of P reduces damping
while at higher cos <p the increase of P results in higher
damping.
The curves showing the dependency of complex conju-

gate eigenvalues on the loading are similar for turbo- and
hydrogenerators of different power. Table 1 shows the re-
gion borders of complex conjugate eigenvalues for the anal-
ysed synchronous generators. The angle ij> denotes the de-
viation from the negative real axis and is linked to oscilla-
tions damping, while the natural frequency WQ represents
the distance from the origin and is directly linked to oscil-
lation frequency.

The voltage control loop changes the dynamics of the
SLM. In most cases the P-type voltage controller is used to
control the excitation system with respect to the difference
between the stator voltage V< and the reference value Vj,re/.

A simplified model of the voltage controller and the
exciter is given by the transfer function (6):

x P=0.1 [pu]

o P=1.2[pu]

PF-0.1

PF='

-0.3 -0.2
Real

-0.1

Fig. 1. Simplified linear model of synduonous machine connected to
an infinite bus

Fig. 2. Complex conjugate eigenvalue loci of a 100 MVA turbogen-
erator
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x P=0.1 |pu]

o P=1.2[pu]

PF=0.1

PF=0.9

-0.2 -0.1 0
Real

0.1 0.2

Fig. 3. Dominant complex conjugate eigenvalue loci of a 100 MVA Pig. 4. Dominant complex conjugate eigenvalue loci of a 100 MVA
turbogenerator with the voltage control system hydrogenerator with the voltage control system

(6)

The time constant Te depends on the selected exciter
while the gain kt is selected so that the nonequation ke <
5 ^ [3] is fulfilled. In this way the sufficient damping of the
voltage control loop is assured.

The linear model of a synchronous generator with the
voltage control system has 4 eigenvalues. Interesting are
two dominant complex conjugate eigenvalues which deter-
mine the oscillations of the rotor angle. The dependence
of dominant complex conjugate eigenvalues on loading is
shown in Fig. 3 and Fig. 4. The loading variation is the
same as in case of an uncontrolled generator (Fig. 2). The
selected exciter has the time constant Te = 0.05 s. The cor-
responding controller gain was calculated according to the
equation kt = 0.9 ̂ j?-. Fig. 3 shows the dominant complex
conjugate eigenvalue loci of a 100 MVA turbogenerator (5)
with the voltage control system.

In Fig. 3 the convexity of the curves cosy?, which
is characteristic of turbogenerators, is clearly evident. The
convexity of curves increases with the increase of the power
factor. The analysis of other turbogenerators yielded sim-
ilar results.

Fig. 4 shows the loci of dominant eigenvalues of a
hydrogenerator with the following parameters:

TABLE I
THE DAMPING RATIO AND THE NATURAL FREQUENCY OP COMPLEX

CONJUGATE EIGENMODES OF SYNCHRONOUS GENERATORS

turbo

hydro

79.

85 .

(°)
9

3

89

89

r(°)

.6

.6

U>0,m

3

3

.8

.7

U>0,maa

17.

18.

•(§)

3

3

Sn = 100.1 MVA
xd = 1.014 [pu]
R, = 0.0049 [pu]

Un = 13.8 kV
x, = 0.77 [pu]
Ä, = 0.02 [pu]
D = 2 [pu]

COS Ifin = 0 .9

x'd = 0.314 [pu]
Xc = 0.4 [pu]
H = 3.14 [s]

(7)
The similar results were obtained also with the par am

eters of other studied hydrogenerators. Hydrogenerators
are characterized by the shift of dominant eigenvalues in
the instable right halfplane. The instability occurs at high
values of cos <p and increases with the loading increase.

Table 2 shows the region borders of dominant eigenval-
ues of the studied synchronous generators with the voltage
control.

III. ADAPTIVE APPROACH TO THE STABILIZATION OF A

SYNCHRONOUS GENERATOR

The stabilization of a synchronous generator has repre-
sented an attractive problem for testing different concepts
of the modern control theory. The majority of contribu-
tions present the application of adaptive control, robust
control, variable structure control, fuzzy control, feedback
linearization and artificial neural network. We shall restrict
ourselves to the survey of adaptive stabilization methods
of a synchronous generator. In general, the most suitable
adaptive methods can be divided in:

TABLE II
THE DAMPING RATIO ANP THE NATURAL FREQUENCY OP DOMINANT

COMPLEX CONJUGATE EIGENMODES OP SYNCHRONOUS GENERATORS

WITH THE VOLTAGE CONTROL

turbo

hydro

83

88

'(°)
.5

.6

90

92

r(°)

.9

.4

4

4

.•"(g)

.6

.6

17.

18.

•(§•)

3

3
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• gain scheduling,
• self tuning control and
. direct model reference adaptive control.

The simplest and highly applicable is gain scheduling
which does not represent the adaptive system in the strictly
defined sense but is nevertheless ranged among adaptive
systems by some investigators [4].

The beginnings of the self tuning PSS go back to 1979
[5]. The STC has quickly shown itself as a simple and very
applicable method. The combination of the RLS and pole
shifting controller has proved to be the most successful [6].
The basic problem of a self tuning stabilizer is represented
by the unproved stability of the complete control system.
Additional difficulties are caused by disturbances and un-
modelled dynamics.

The majority of direct model reference adaptive con-
trol algorithms have developed from one of three different
approaches [7]:

• adaptive systems based on the full state access method
which assumes all the state variables of a controlled
plant are measurable [8],

• adaptive systems based on the input-output descrip-
tion of a control plant which can be divided into:

- adaptive systems using the Monopoli's augmented er-
ror signal concept and

- adaptive systems based on the command generator
tracker theory

For the needs of PSS, the direct MRAC algorithms
have proved to be less adequate. Reference [9] represents
one of the papers where the MRAC approach based on
measuring all the state variables of a controlled plant is
used for stabilization. Difficulties in applying this concept
are found especially in the unmeasurability of the necessary
state space variables, which results in the unfulfilment of
the Erzberger's perfect model-following conditions [8].

Adaptive systems which are based on the input-output
description of the controlled plant have not been used up
to now for the improvement of the stabilizer operation al-
though they have many advantages. The most important
advantages are:

• measurements of all state variables are not necessary,
• computational undemanding adaptation mechanism,
• possibilities of modifying the adaptation mechanism in

the sense of robustness [10],
« proved stability of the complete adaptive system.

The reasons for their inapplication in stabilization prob-
lems of synchronous generators lie especially in the MIMO
generator structure where we do not want to compensate
the cross influence of the exciting voltage on the rotation
speed because exactly this channel enables the damping of
oscillations.

IV. COMBINED CONVENTIONAL-ADAPTIVE PSS

A. Structure of the control system

To control the stator voltage and stabilization of a ro-
tor angle we shall use the combined conventional-adaptive
control structure. The voltage control is performed conven-
tionally with the P-controller (6). The loading variation

does not influence essentially the dynamics of the voltage
control loop. Due to advantages of adaptive systems, which
are based on the input-output description, we realized the
PSS on the basis of the direct MRAC described in [10]. The
selected adaptation mechanism is suitable for the stabi-
lization and control of linear, time-invariant systems which
are described with the transfer function Gp(s) = fcpflffi],
where Np(s) and Dp(s) are monic polynoms, and kp is the
high frequency gain. The transfer function of the controlled
plant must fulfill the four assumptions [10]; in our case the
most restrictive assumption is that the numerator of Gp(s)
must be the Hurwitz polynom.

The voltage controlled synchronous generator is a 2-
input dynamic system whose input variables are the turbine
torque Tm and the reference stator voltage Vt.re/- For the
stabilization, the transfer function ^"^'),\ ' s especially
important. This is nonminimum phase transfer function
and is therefore not directly suitable for adaptation. After
the analysis of plant transfer function matrix, it was proved
that the most adequate transfer function for adaptation
was the one defined by the equation (8).

r M -up\s) — (8)

The selected transfer function fulfills all the required
conditions and allows, at the same time, a simple selection
of the reference model. The basic advantage of such an
input-output description of the synchronous generator is
the corresponding phase minimum transfer function with
the known gain. Fig. 5 shows the block diagram of the
combined approach.

B. Adaptation mechanism

For the adaptation of the presented controlled plant
(8) we can use any direct MRAC approach which is based
on the input-output description of the controlled plant. In
our paper we used the method of direct adaptive control
presented in [10]. The complexity of the adaptive controller

—] KKKKKfcTO MU1JEL [ 1ft
CONTROLLED PLANT I , +f CONTROLLED PLANT

I -
, ' m l

I J

ADAPTATION MECHANISM

Fig. 5. Combined conventional-adaptive power system stabilizer
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The PSS determined in the nominal operating point
assures optimal damping of rotor angle oscillations. Fig.
7 shows the input variables: turbine torque and reference
stator voltage. The angular speed when using the fixed
PSS is shown in Fig. 8.a .

By varying the loading, a PSS with fixed parameters
does no longer assure optimal damping. Fig. 8.b shows the
angular speed response in the operating point P = 0.1 [pu],
cos ip = 0.8 when using a PSS with fixed parameters set for
the nominal operating point.

The proposed adaptive stabilizer makes the tuning of
controller parameters easier and assures damping improve-
ment in the complete operating range. With respect to
the dynamics in the operating point we chose the reference
model transfer function:

Gm(s) = 104-j——^ — ( H )

•' ' In the nominal operating point the transfer function
of a controlled plant is:

ks=-sign(tp) =^ » [— inner product

Fig. 6. The direct MRA controller for the case n* = 2

is greatly enhanced if the relative degree of the controlled
process exceedes 1. In our case the relative degree of the
controlled plant Gp(s) equals 2. For such a process we can
use a general adaptive method suitable for processes with a
relative degree n* > 2, or a method applicable only in the
case n* = 2. We used the method for n* = 2 because the
adaptation mechanism is a little simpler in this case. The
presented procedure can not be used for processes with a
relative degree n* > 3.

Fig. 6 shows a block diagram of the adaptive system.
The stability of the adaptive system is proved in [10].

C. Simulation results

The applicability of the proposed concept is shown by
the example of a 100 MVA turbogenerator with parameters
(5). In the nominal operating point (P = 1.0 [pu], cosy? =
0.8) the parameters of the SLM have the following values:

Kx = 1.5029
K"4 = 1.0482

K2 = 1.1869 K3 = 0.3925
KG= 0.5953

For the nominal operating point the parameters of a
conventional PSS were determined by means of the root
locus curve (10). The PSS generates the additional stabi-
lization signal on the basis of speed deviations.

G pss =

s 2 + 635 + 47
20.6s3 + 984s + 4996 K }

Fig. 9 shows the angular speed response in the oper-
ating points P = 1.0[pu], cos<p = 0.8 and P = 0.1 [pu],
cosy» = 0.8 when applying the adaptive PSS.

V. CONCLUSIONS

The paper is thematically divided into two parts. The
first part presents the influence of the operating point
on dominant complex conjugate eigenvalues of the syn-
chronous generator simplified linear model. Discussed are
generators with and without a stator voltage controller.
Shown are similarities (without voltage ccntrol) and dif-
ferences (with voltage conttrol) between turbo- and hydro-
generators of different nominal power. The obtained results
correspond with the known oscillation frequencies of a rotor
angle (0.5 to 2.0 Hz, [3]).

J, o.i

I
S 0.05
ffi

-0.05 • . ,—1 1 1 _

1 1

1

10 20 25 30 35

(10) Fig. 7. The turbine torque and the reference stator voltage
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P=1.0[pu), PF=0.8

10 15

_x10"

20

Is]
P=0.1[pu], PF=0.8

25 30 35

Fig. 8. The angular speed when using a PSS with fixed parameters:
(a) P = 1.0 [pu], cos<? = 0.8, (b) P = 0.1 [pu], cos v = 0.8
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Fig. 9. The angular speed when using the adaptive PSS:
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In the second part the problem of adaptive stabiliza-
tion of a synchronous generator is presented in detail. In
distinction from the presently used adaptive control meth-
ods we showed the possibility of using a direct MRAC
which is based on the input-output description of the con-
trolled process. The used approach has several advantages,
the most important is the assured stability of the complete
adaptive system. For the use of direct MRAC methods it
is necessary to select the suitable input-output description
of the synchronous generator. With this approach the way
is clear also for other direct MRAC methods. In future we
intend to show the applicability of this method through the
experiments on a laboratory power plant.
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Stabilization for Multi-machine Power System by
Adaptive Control of FACTS Apparatuses
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Abstract - In recently years, power systems have become
larger and mure complicated. In these situations, to keep the
stability of the power system become more difficult. FACTS
apparatuses and the robust control method are effective to
stabilize these power systems. In this paper, we try to stabilize
the multi-machine power systems using the series variable
capacitor by decentralized STR(Self-Tuning Regulator) with the
extended least square method. Decentralized STR uses only the
local area data, and considers other generator's phase angle and
rotor frequency as the noises. By minimizing the effects of these
noises, proposed method can restrain interference among the
generators and controller. The effectiveness of the proposed
control method was examined by simulation of the four machines
and infinite bus system and five machine system.

[.INTRODUCTION

In today's highly glowing demand of electricity,electric
utilities have to improve profitability of their power system
through increased utilization while maintaining reliability.
Because of the ever increasing difficulties which utilities are
having in obtaining the rights-of-way of transmission lines,
there is a greater need to make maximum use of existing
facilities. Electric utilities have been trying to improve
performance of existing transmission facilities. Many reactive
power compensators and reactive power controllers have been
implemented to improve system utilization and security. The
new approach to this more efficient and flexible use of
resources in power system is the application of "Flexible AC
Transmission System" or FACTS concept. The revolution in
the field of power electronics and communication technology

Paper SPT PS 14- 04- 0432 accepted
for presentation at the IEEE/KTH
Stockholm Power Tech Conference,
Stockholm, Sweden, June 18-22,1995

have affected to this concept.
However, dynamic instability or poor damping can easily

occur in highly loaded multi-machine power system without
appropriate stabilizer. As more efficient use of the resources
in power system will reduce the dynamic stability of power
system, these systems require stabilizing apparatus to avoid
the dynamic instability. On the other hand, multiple reactive
compensators and controllers can be used for the stabilizing
apparatuses to improve dynamic stability of power system.
High speed and huge capacity of the recent semiconductors
and data transmission system for the power system will make
stabilizers more effective.

The propose of this paper is to develop decentralized
STR(Self-Tuning-Regulator) control policy of the reactive
compensators and controllers for obtaining the effective
damping of power swing. A extended least square technique
is applied for estimating dynamic characteristics of the power
system considering effects from external part of the power
system. Simulation studies show the effectiveness of proposed
decentralized STR system compared with the conventional
type stabilizer which controlled individually.

The proposed control policy has flexibility to the operating
point of power system. Effectiveness of damping is not
getting worse by the change of operating point of the power
system. As the algorithm depends on the type of reactive
compensator and controller used in the system, we can apply
these algorithm to control any type of FACTS apparatuses.

II.ADAPTIVE CONTROL METHOD

A. Adaptive Control

Large number of Studies are done for the optimal control of
multi-machine power system. Almost all of these studies
linearized characteristics of power system. Therefore, we
have to rewrite system dynamic equation considering the
operating point of power system. STR system are used in
these system to trace the dynamic characteristics of the system
to keep a good performance of the control system.

In this paper, we try to estimate the system characteristics
successively from control action and observed state value of
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the system by the extended least square method.
To realize decentralized control, we have to consider two

kind of disturbances. One is the observable disturbances that
occur in the considered area. Another disturbances are un
observable disturbances that occur in the external part of the
system. Former disturbances are handled as observed data W,
and the others arc handled as noises.

B. Parameter Identification

Dynamic characteristics of the power system can be written
in the multiple input and output differential equation like (1)
considering observable disturbance W.

(l)

s,(Jt+l) = c^^k+l) + z1(fc+1) (4)

In the equation, e, is the average value of noises and zl is
the part of noises that averages are 0. The value c, means the
coefficients that affects expected value of noises to the system.

We rewrite (3) including (4) into (5).

(5)

Xffi)

=

gT(0)

8T(.h-l)

4> +
•

Where

Where

X=[xxjcv jcn]
r : State vector

t/=[«j,H2, ,Mm]T : Control actionvector

W=[witwv ,wt]
T: Observable disturbance vector

A, B and D : Coefficience matrix

Equation (1) can be converted to the discrete system
equation for the calculation by digital computer.

X(k+l)*AJC<to+BdUQc)+DdW) (2)

4> =

":measured value, "estimated value
We try to estimate 0 to minimize the difference between

estimated X and measured X. The index function of square
error can be written as (6).

(6)

Where To minimize the index function J, we can get (7).

-4^- = -2Gr(Ä)^(A) + 2GTQi)G(h)kh) = 0
3*0)

We try to identify A,,,Bd and Dd in (2) from X and U that
available as the measured data. The least square method is
used as one of the popular method for identification. We
rewrite (2) to consider noises from external system.

?,<*+!) (3)

In general least square method, we assume that the expected
value of noises s, as 0, that is average of the noises assumed
as 0. Therefor, if we treat the disturbances from external
system as noises, expected value of the noises does not 0 in
general. So, we try to estimate the expected value of noises by
extended least square method. We divide the noises s, into e,
and z, as (4).

We can rewrite (7) to (8).

(8)

Solving (8), we can estimate discrete system parameter A J . B J
and Dd.

C. Calculation of control value considering disturbance

rn this paper, we try to decide control of the system by
making differentiated index function to 0. By another word,
we try to control to minimize the index function. Index
function for control strategy is configured adding square value
of control action and state value as (9).
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I=XT(.k+l)X(k+l) * UT(k)RU(k) (9)

Where, R is a weighting matrix for control action.
Equation (9) was partially differentiated with respect to U(k)

and set to 0.

du(k)

Thus, the control action is decided as (10).

U(k) = - tf,X(fc) - (10)

action for series compensator Fl is handled as U,. The rotor
angle and rotor speed of neighbor generators are considered as
the observable disturbance \V,. The variable series
compensators that links generator #1 and neighbor generators
are also considered as observable disturbance. The dynamic
equation for generator #1 is linearized as shown in the (12).

Xl=AlXl+B1Ul+D1W1 (12)

Where

where

We can calculate control gains in (10) according to the
system condition using estimated A^B^ and Dd in (8).

III. SIMULATION STUDY

A. Design of controller

The four machine and infinite bus system that shown in fig.l
is used to simulate the proposed control strategies. The model
power system has for variable series compensator as FACTS
apparatuses. We try to estimate the system parameters and
control them with the local data that obtained around the
objective apparatuses.

The dynamic characteristics equation of generator #1 is
given as shown in (11).

(11)

where
PM:Mechanical power input, Pe:Electric output, M:Inertia
D:Damping factor, 0:Rotor angle of generator,
V:Terminal voltage

We have assumption in (11) shown as below.
l)The losses of generator is neglected.
2)Thc terminal voltage of generator V is kept constant by

the function of AVR.
3)The mechanical input of generator PM is also kept constant

as the function of governor.
In the equation for generator #1, rotor angle and rotor speed

of generator #1 is handled as state vector X,. The control

Equation (12) is converted to the discrete system as the way
shown in (2) that makes (13).

Bdl VJJc) (13)

Another variable scries compensators F2.F3 and F4 is
controlled considering the dynamic characteristic equation of
generator G2.G3 and G4 respectively. The extended least
square method that shown in (8) is used to estimate A^Bj and
Dd. Then, control action for the variable series compensators
are calculated by (10) considering external system
disturbances.

Infinite Bus

fig.l. The Tour machine ;ind infinite bus model system

PARAMETER

inerlia(M)

0.8|sec]

TABLE I

OF GENERATORS

Damping(D)

0.0

IN MODEL SYSTEM

Mechanical Inpul(PM)

0.5[p.u.)
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B. Results of simulation

In the simulation studies, the compensation factor of a)]
variable series compensators are controlled in the range
from 0% to -30%.

TABLE II
OPERATING POINT OF POWER SYSTEM FOR SIMULATION

Slaic

Load

tp.u-1

Line
reactance

[p.u.]

#1
#2
#3
#4

X»,
Xal

xw
xH1

#1

0.7
0.5
0.6
0.6

1.0
1.0
1.0
1.0

#2

0.7
0.4
U.S
0.4

1.5
l.S
1.0
1.0

#3

0.5
0.7
0.5
0.5

1.5
1.5
1.5
1.5

Roior Angle in
Steadv Slaie

[rad]

G0-G1
G1-G2
G2-G3
G3-G4
G4-G1

0.201
0.227
-0.075
0.025

-0.177

0.305
0.367
-0.243
0.139

-0.263

0.412
0.235
0.084
0.056

-0.375

-2 . 54

-2.56

^ -2 . 58

^ -2 .6

-2.62

-2.64
O 5 10 15 20 25

time [sec]
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The operating point of the power system is changed for
disturbances in the simulation. Initial slate of the power
system is set to the stain #1 in table 2. At 5.0 second after
simulation start, operating point of the power system is
changed to the state #2. And, at 10.0 second after simulation,
operating point of the system is changed again to the state #3
in table II. In these scenario, proposed decentralized control
method is compared with optimal control method. Optimal
control is calculated using central control policy, adjusting
control gain for state #2 in table II.

Fig.2 shows trajectory of typical parameter A,,(2,l) of
generator #1. The value for parameter Aj(2,l) changes
according to the operating point, and converges within 3
second. These parameters converges to the appropriate value
comparing with the value in theory.

Fig.3 to fig.5 show the trajectory of phase angle difference
between generators. These results shows that for the
disturbances at 5 second, centralized optimal control have a
better perfonnances comparing proposed decentralized control
because centralized optimal controller is tuned there gains to
the slate #2. However, for the disturbances at 10 second, the
proposed decentralized adaptive controller shows better result
comparing with the centralized optimal controller.

-0

-0

10 15
time [sec]

fig.4 Phase angle difference between G2 and G3

time [sec]

fig.5 Phase angle difference between G4 and (jl
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In these simulation study, our decentralized adaptive control
policy show the flexibility for the change of the operating
point in power system.

IV. CONCLUSION

In this paper, decentralized adaptive control of variable
series compensators is discussed. Proposed controller have
advantages that listed below.

l)Extended least square algorithm that is used to estimate
system parameter have quick and stable convergence
characteristics comparing traditional least square method.

2)The proposed algorithm can estimate and control power
system with local information that can get easily.

3)The controller is flexible respect to the operating point of
power system.

Decentralized adaptive control method that proposed in this
paper is suitable for the control of the FACTS apparatuses.
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Partial Matrix Alterations
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Abstract - For problems dealing with alterations of the inverse
nodal admittance matrix, this paper proposes a two-stage BBDF
structure to minimize the computational costs for the prepara-
tion after an alteration at any position of the matrix. The method
exploits the typical sparsity of power systems and is suitable
both for parallel and sequential computers. The decomposition is
performed in three steps, each solved by a heuristic procedure
with time complexities of O(n) and O(n2) that is enabled to
overcome local optima. Therefore networks containing several
thousands of busses can be decomposed in a few seconds. Since
the starting shape is arbitrary no number of subsystems or
cutting nodes have to be predetermined.

Keywords: network decomposition, matrix alterations,
partial rcfactorisation, BBDF structure, diakoptics

I. INTRODUCTION

An objective in dynamic power system simulation is faster
computation to reach or exceed realtime capabilities. Sparse
matrix equations of the form

Yv=i (1)

occur in this problem, where Y is the nodal admittance matrix,
v is the voltage distribution and / are the nodal currents.
Several approches with parallel processing techniques have
been described to evaluate (1). They use mainly sparsity-
oricntated LU methods or they decompose the nodal admit-
tance matrix into a Border Block Diagonal Form (BBDF)
[1,2.3], A considerable bottleneck still remains in the event of
matrix alterations, because at least partial refactorization has
to be done before simulation can proceed.

This paper proposes a heuristic network decomposition
algorithm to achieve a two-stage BBDF structure that

Paper SPT PS 15- 01- 0144 accepted
for presentation at the IEEE/KTH
Stockholm Power Tech Conference,
Stockholm, Sweden, June 18-22,1995

minimizes the computational burden after matrix alterations.
Although the method has been designed preferentially for use
on parallel computers, it is also suitable for problems dealing
with matrix alterations on sequential machines.

II. NETWORK ALGORITHM

The idea is based on a two-stage BBDF structure as shown
in Fig. 1. The matrix Y is decomposed into subsystems Yn
loosely tied by branches in Y,2, Y2I and cutting nodes in Y22.
To take additional advantage of the sparsity, subsystems may
be decomposed again, marked with the indice extension '.,„/,'•

A. Network Computation

The solution of the total voltage distribution is given by
(2) - (5) [4].

Y,, v', = «,.
'"2 = '2 - Y2I V'I.

Y'n v2 = i'2.
V, = V'I - X V2.

(2)
(3)
(4)
(5)

where v; and i, are the voltages and nodal currents of nodes
belonging to subsystems and v2 and /, are the voltages and
nodal currents of cutting nodes. First the decomposed nodal
admittance matrix has to be prepared as described in section
II.B. The nodal voltages of the subsystems are calculated
without regard to their connections. The nodal currents of the
cutting nodes arc then minimized by the influence of the
subsystems. In the third step, the voltages of the cutting nodes
are evaluated. Finally the effect of the voltages v2 to the
voltages V'I are considered. After the fourth step all voltages
in the entire network are known, because this algorithm is
non-iterative.

Y12.X

Fig. 1. Two-stage BBDF structure of the nodal admittance matrix
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A subsystem can also be decomposed. This is done to
minimize the computational effort while solving (2) without
increasing the dimension of Y22 and to accelerate changes of
the nodal admittance matrix. A decomposed subsystem is
joined together by extending (2) similar to (3) - (5).

Yllsitb V"lsub - 'huh
v"huh-

— v"lsub ~

(2a)
(2b)
(2c)
(2d)

The voltage distributions v'/«* and v'2sui, are the unknown
parts of V'I that belong to the nodes of a decomposed
subsystem.

B. Nodal Admittance Matrix Preparation

In preparation for the network computation, (6)- (15) are
applied to the nodal admittance matrix. Where the nodal
admittance matrix changes, for example by a switching opera-
lion, only the affected nodes and their connections need
changing. It is not necessary to reset the entire nodal admit-
tance matrix saving much computation time. In the worst case
where a Yusuh matrix is concerned the dark-shaded areas
(Fig.l) have to be prepared again. The following equations
arc necessary before the network computation can proceed.

I-1 hub Uusiih — Ylhub-

YllsubXsuh = ^/?mfc-

Y'22si,b = ^22sub - Y2h:,b

L'22uth U'2lmb = Y'22sub-

YllsiihX'l = Yijj.

X'2 = Yl22 - Y2l,wl,X'i.
Y'22suh%2 ~ X'2-

X\ = X'i - Xsui, X2.

y'22 = Y22 -Y2IX.

L 22 U 22 = Y 22-

(6)
(7)
(8)
(9)

(10)
(11)
(12)
(13)
(14)
(15)

where Lu and Uxx arc the lower and upper diagonal matrices
of the corresponding triangle factorisized Yxx matrix. The
additional indices '/' and '2' occuring together with X and Y/2

matrices mark parts of the whole matrices that belong to non
cutting and cutting nodes of a decomposed subsystem.

Althought ten equations have to be solved, only a few
calculations are executed. AH involved parts of the nodal
admittance matrix are small or sparse because the subsystem
is decomposed. Only rows of Yi2mh, Xmh, Y!2 and X are
affected which refer to Y,hub and the subsystem respectively.
Matrix alterations in non-decomposed subsystems would not
call for use of (7) - (9) and (11) - (13).

III. DECOMPOSITION ALGORITHM

The main aim of the proposed decomposition algorithm is
to achieve a two-stage BBDF structure that minimizes the
cost for (6)-(15) after a matrix alteration at any position.
Both many small subsystems of similar size and few cutting

nodes are in demand to achieve densely packed matrices and
large areas with only zero elements that need not be
computed.

The transformation is performed in three steps illustrated
on the IEEE 39 bus system. The starting allocation of nodes
before the first transformation step is an arbitrary shape
(Fig 2a) with every node assigned to a separate group.
Neither the number of subsystems, cutting nodes or anything
else have to be predetermined. This leads to a final shape that
is almost independent of the starting allocation.

• In the first step nodes are joined tc initial clusters. The
clusters have to be as large as possible while avoiding
any inside sparsity (Fig. 2b). The IEEE 39 bus system
contains only three nodes that are completely connected
with each other.

• Subsequently a minimal number of preliminary cutting
nodes are chosen to obtain small but non-sparse
independent subsystems (Fig. 2c). These subsystems are
regarded as seeds for further formation. No more nodes
will be taken apart from them.

• To reach the final shape, only preliminary cutting nodes
are moved (Fig. 2d). Some of them are put into sub-
systems, others combine several subsystems to form
decomposed subsystems. At the same time the conditio-
ning effort goes down for the interconnection network
(nodes in Y22 matrix) and it rises for the subsystems.
Consequently the overall effort will go down until an
optimum is achived.

All three steps belong to the class of np-complete
optimization problems. Each of them is solved with a similar
algorithm.

a) arbitrary starting shape b) initial clusters

\

•-;.•. v .

* "
> I

Hl
i!

\
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c) preliminary cutting nodes d) final shape

Fig. 2. Formation of two-stage BBDF structure on hand
IEEE 39 bus system
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A. The Heuristic Procedure

The base is a linear-time heuristic procedure. It was origi-
nally designed for partitioning graphs but is very efficient in
other problems too [5]. The flowchart is divided into an outer
and an inner loop.

Contingent upon the problem to be solved, the nodes are
allocated to a number of groups before the outer loop
(Fig. 3a) is entered. Then the maximum quality is initialized
with zero. Inside a pass the allocation of nodes will be
rearranged. If an allocation better than before is found, the
maximum quality rises and the optimisation proceeds.
Otherwise the algorithm terminates.

Every node is displaced from the present group to another
exactly once within a pass (Fig. 3b). The gain gi for
displacing the node i is generally

8i - (16)

where qn is the quality of the actual position of node i and qn
is the greatest quality possible for node i if it were moved into
another group. The gain can be negative. Before the inner
loop is entered the maximum gains for all nodes are deter-
mined and the quality Q for the allocation of all nodes, which
is a relative measurement, is set to zero. At the beginning of a
pass all nodes are free. The node which is free and has the
highest gain is selected to be displaced next. When two or
more nodes have equal gains, the choice is arbitrary. For the
rest of this pass it is fixed to the new group offering the
highest gain. The quality Q changes according to the gain.
The description of the allocation of nodes together with the
gains for nodes that have not been moved during this pass
may be affected and need to be actualized. If the quality Q is
greater than the maximum quality, it obtains the new one and
the number of inner loops is stored. In the end the allocation
of nodes with the maximum quality is taken over. This will be
the starting allocation for the next pass. It slays the same as
before the pass if no maximum quality greater than zero was
found. Every node is moved once during a pass even if the
gain is negative. The gains of all free nodes are also actua-
lized in every cycle, thus the algorithm is enabled to over-
come local optima.

Typically it takes 2-5 iterations of the outer loop, indepen-
dent of the number of nodes, to solve the problems described
in this paper. Thus the displacement of n nodes requires O(n)
time. But the time complexity can rise to the second power, or
even higher. This depends on the problems to be solved and
the algorithms needed to 'select the free node with highest
gain' and to 'actualize the gains for other nodes'. A possibility
for selecting the free node with highest gain in constant time
by use of pointer list structures is described in [6].

B. Initial Clusters

In the first phase initial clusters as large as possible
without any sparsity inside are searched. Following the
heuristic procedure, every node can be related to a new

starting allocation of nodes j

maximum quality = 0 1

1
pass

— i —

maximum quality > 0 ? ")

I no

END"
• - •

Fig. 3a. Outer loop of the heuristic procedure

determine maximum gain
for all nodes

quality = 0

select free node with highest gain

displace and fix node
with highest gain

quality = quality + gain

actualize description of
the allocation of nodes

actualize the gains for other nodes

quality > maximum quality ? no

yes

maximum quality = quality

store number of inner loops

all nodes displaced ?

yes

take over the allocation of nodes
from inner loop with maximum quality

Fig. 3b. Pass (inner loop) of the heuristic procedure
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group, the winning group. According to (16) the gain gta for
shifting is computed by the difference of two qualities.

gia = - nca - ncu k). (17)

where c,i and c,2 are the number of nodes which are
connected and ncu and nci2 are the number of nodes which
are not connected with node i in the present and a new group
respectively. The factor k regulates the weight assigned to the
non connected nodes. It lays down the borderline case of
getting a positive gain, whether a node is moved into a group
which it is not completely connec ted to, instead of being in a
separate group. As only clusters without zero elements inside
are searched, the factor k has to be greater than the highest
number of lines linked to any node of the network.

To achieve the highest gain for a node, only groups
containing a linked node and an empty group need to be
considered. The actualization of gains, after a node had been
moved during a cycle of the inner loop, is necessary for all
nodes placed in and for nodes that are linked with the old or
the new group.

The time complexity for these actions depends on the
number of lines linked to a node. Usually this quantity is
small and docs not increase with the extension of a power
system. Hence the overall time complexity of the first step of
the decomposition algorithm is around 0{n).

C. Preliminary Cutting Nodes

The initial clusters found in the previous step are torn into
independent subsystems by selecting preliminary cutting
nodes. At the same lime the number of cutting nodes has to be
minimized and large clusters should be preserved. Once more
the heuristic procedure is very efficient. Every node can by
moved again, but only between the initial cluster it had been
allocated to before and the set of cutting nodes that has to be
found. Both, an initial cluster and the set of cutting nodes, are
meant to be groups in the sense of section III.A. The gain gem
for moving results from

g e m = ec, k - »!,•, (18a)

if node / is placed in its inital cluster, and the gain follows

gcNi = " i - e C i k , (18b)

if node i is chosen to be a cutting node at this moment. The
symbol /;,- represents the number of nodes of the inital cluster
belonging to node /. The number of external connections ec-,
to other inital clusters, but not to cutting nodes, is stressed by
factor k. Thus, while searching the highest gain of all nodes,
ec, has the dominating effect. Only in equality of more than
one ec-, the choice is made in consequence of «,. Above all,
the number of preliminary cutting nodes is minimized. The
dimension of independent subsystems is of secondary impor-
tance during this phase. In our experience, this leads to better
final results, rather than preserving large clusters by accepting

some more preliminary cutting nodes. The change of the sign
of gem while varying the data for ec, and n( is important to
determine a line whether just enough cutting nodes have been
chosen to create independent subsystems. Typical of power
systems, one third of the nodes arc preliminary cutting nodes.

The actualization of gains is neccesary for nodes linked to
the moved one only. Again the time complexity of the second
part of the decomposition algorithm is around O(n).

D. Final Shape

The last step of the transformation optimises the prepara-
tion effort after matrix alterations. As only parts of the nodal
admittance matrix have to be reprepared, the worst case
should be minimized. The nodes of the independent subsys-
tems established so far are fixed and merely preliminary
cutting nodes are moved. Either a cutting node is put into a
Yn matrix and joins' together all linked Yn matrices, or a
cutting node is put into a K ,̂,,/, matrix and creates a decom-
posed subsystem. Divergent from the heuristic procedure
used till now, the outer loop is omitted and the algorithm
terminates after the first pass. Otherwise further passes would
require nodes moved back to the group of cutting nodes. If
several preliminary cutting nodes had been allocated to one
subsystem, it would increase substantially the computational
effort to consider all posibilities of decomposing this
subsystem again.

The preparation effort depends on the dimensions of the
matrices affected while solving (6) - (15) or (6), (10), (14)
and (15) for decomposed and non decomposed subsystems
respectively. It is estimated assuming that all matrices are
completely filled up. Whilst inexact it is a good approxima-
tion because of the fill in elements. The sparsity of Y^ on the
one hand and the sparsity of K,2l,,/, on the other hand has a
compensating effect. A basic operation which computes a
single element of a matrix consists of an addition or subtrac-
tion and a multiplication, typically. For example it takes mxn
basic operations to multiply a mxn matrix by a vector. In the
factorisation, additional divisions occur which are weighted
by / = 2 in comparison to a basic operation. The number of
basic operations bowm< including the divisions, for the
factorisation of a quadratic matrix of size in is estimated by

b°LUm= Z i l + i2 . (19)

The sum of basic operations for preparation after a matrix
alteration are the costs, that can be regarded as a negative
quality. The gain gFSi for moving a preliminary cutting node
towards a subsystem is

gFSi = COm<« - CO; . (20)

where co,,MX and co,- are the costs after an alteration of the
most unfavourable Yn or Y,hu), matrix of the present entire
nodal admittance matrix and of the subsystem which would
be created by displacing node /' respectively.
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In every cycle of the pass, comax and co-, of all preliminary
cutting nodes that have not been moved so far need to be
calculated because all gains gFS, depend on the size of l^ . For
power systems typically both the number of subsystems and
preliminary cutting nodes are much smaller than the number
of all nodes, but grow linearly. To reach the final shape it
takes O(n2) time.

IV. RESULTS

A. The Time Complexity

Generally the decomposition is carried out once before the
critical part of a program, where the matrix alterations have to
be managed as fast as possible. Although there is no time
limit in princip, the decomposition should not last too long.

An easy scalable net was used to test the time complexity.
The net is a chain consisting of elements with ten nodes each
as shown in Fig. 4. There are nodes with two, three or four
connections. Of course, this is not a realistic power system.
Hence no conclusions can be drawn from the transformation
results to the preparation costs, but the net is suitable to
evaluate the time complexities of the three steps.

The initial clusters were found after three passes, choosing
the preliminary cutting nodes required two passes, regardless
of the number of nodes. All CPU times were measured with a
486-DX2 processor. The time complexities predicted in the
previous sections were confirmed.

B. The Effectiveness of Decomposition

The effectiveness of the decomposition algorithm is veri-
fied with the IEEE 39 and 118 bus systems. The final shape is
not completely independent of the starting shape, because
during the transformation several nodes can have the highest
gain, but the choice for moving one of them is arbitrary.
Therefore 1000 different starting shapes were generated
randomly and decomposed.

The essential criteria for the quality of a final shape are the
maximum basic operations needed to solve (6) - (15) after an
alteration at any position of the matrix. As described in
section III.D, the number of basic operations is estimated.
The results are given in Fig. 6, the four ranges specifying
Table I. For both nets over 80% of the final shapes are
gathered in two ranges respectively (notice the different
measurements).

In order to preserve the original sparsity, and also for
parallel computing requirements, the number of cutting nodes
and the size of the subsystems should be small at the same
time The minimum number of basic operations found have
been attained with 5 and 14 cutting nodes for the IEEE 39
and 118 bus systems respectively. Thus the demand for
minimum preparation costs leads to a well parallizeable
structure, too. Fig. 7 shows the distribution of the final shapes
as a function of the number of cutting nodes. Again over 80%
of the results are concentrated in a small range.

Fig. 4. An element (10 nodes) of the test net to evaluate the time
complexity of the decomposition algorithm.

7
6

2 5
I 4

inital clusters

preliminary
culling nodes

final shape

. * • • •

O --****-!
0 250 500 750 1000 1250 1500 1750 2000 2250 2500

Number of nodes [n]

Fig. 5. CPU time for transforming the test net as a function of the
number of nodes.

V. CONCLUSION

For problems dealing with alterations of the inverse nodal
admittance matrix, this paper proposed a two-stage BBDF
structure to minimize the additional computational costs for
the preparation after an alteration at any position of the
matrix. The method exploits the typical sparsity of power
systems and is suitable both for parallel and sequential
computers.

The decomposition is performed in three steps, each
solved by a heuristic procedure with time complexities of
O(n) and O{n2). Hence networks containing several thousands
of busses can be decomposed in a few seconds. Since the
starting shape is arbitrary, no number of subsystems or cutting
nodes have to be predetermined. Nevertheless the results arc
appropriate, because the heuristic is able to overcome local
optima.

Further improvements should concentrate on the third step
of transfomation. Experiments with the IEEE 118 bus system
have shown that, during a few cycles of the inner loop,
several nodes have equal gains. In case of several winning
nodes with equal gains, changes of the arbitrary choice had
lead to e.g. 13 instead of 19 cutting nodes and a reduction of
bas:c operations. Therefore additional criteria or even a
combination with genetic algorithms may keep the number of
cutting nodes and maximum basic operations within more
narrow bounds.

The recursive structure of the network algorithm could be
extended to more than two stages, but we had insufficient
assumptions concerning a sensible netsize for this until now.
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TABLE I
NUMBER OF MAXIMUM BASIC OPERATIONS

1. range 2. range 3. range 4. range
IEEE 39 489-549 550-649 650-749 750-852

IEEE 118 4426-5499 5500-6499 6500-7499 7500-8685

| 600

300

691
632

190

B IEEE 39
DIEEE118

243

116
38

1.
range

2.
range

3.
range

4.
range

Fig. 6. Number of maximum basic operations (Table I) after
decomposition while varying the starting shape

TABLE II
EFFECTIVENESS OF DECOMPOSITION
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Overloads Using Pseudo-Inverse Method
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Abstract - The paper outlines two algorithms of line over-
loads alleviation by redistributing power injections between the
sources. The algorithms use linearized electrical power system
model and are based on pseudo-inverse procedures. They differ in
the variables subject to minimization. Those are cither control
variables (power injections) corrections or deviations of state
variables (magnitudes and phase angles of nodal voltages) from
their initial values. One of the main features of the algorithms is
that the loads in the system arc not normally included in power
rescheduling procedure. In case of no solution the set of control
variables is expanded to include loads, but their number and
control ranges should be operator's choice according to the spe-
cific situation in power system.

The algorithms were tested on two sample systems. They
proved to be reliable and fast convergent though second algo-
rithm led to the operating conditions with lower values of volt-
ages.

Keywords - Load flow, Sensitivity analysis, Pseudo-inverse.

I. INTRODUCTION

The paper considers one of the problems of power
system operational control, namely, alleviation of over-
loads of network branches caused by random variations
of power system operating conditions. In the case of
overload dispatcher has several possibilities for their al-
leviation, namely: 1) redistribution of active and reactive
power injections between power sources; 2) change in the
network topology; 3) partial shedding of the load.

The paper develops the algorithms for power redistri-
bution. This problem has been extensively treated by
various methods. Judging by published results there are

Paper SPT PS 15- 02- 0150 accepted
for presentation at the IEEE/KTH
Stockholm Power Tech Conference,
Stockholm, Sweden, June 18-22,1995

various approaches differing in mathematical models and
methods, which can be classified into two categories: 1)
optimization procedures [1-6], 2) direct calculation meth-
ods [2,7-10].

Strict requirements for short compulation time in
power system operating practice led to the priority of the
algorithms based on direct calculation methods. One of
these methods, that of the pseudo-inverse, found wide
application in line overloads alleviation problem [7-10].

The direct methods use linearized relations between
line currents, nodal injection and nodal voltages.

In fact, instead of solving nonlinear optimization
problem of attaining admissible operating conditions, as
it is suggested, for instance in [1,3], linear problem is
solved at each iteration step, the next step corresponding
to new load flow solution and subsequent linearization.
The majority of the researches assume that solution of the
problem corresponds to the first admissible operating
condition obtained after the correction is made.

Algorithms outlined in the paper (unlike [7,8], for
instance) do not include loads in power redistribution
cycle. But if the admissible solution can not be obtained
under such conditions, an expert (operator) chooses the
load to be reduced and the solution procedure is repeated.
We think that such an approach is justifiable, because it
can be readily adopted to the specific situation in power
system during inadmissible conditions. Dispatcher, as a
person who knows the composition of loads and appre-
hends the possible consequences of load shedding, is the
best choice for the expert.

II. MATHEMATICAL FORMULATION OF THE
PROBLEM

It is required to find a control vector AUg of minimum
length, compensating for the current overloads AF of
network branches.

The power corrections control vector is determined by
linearized nodal power mismatches equations

fSgg SgA fAXg"! _ r&uA

,. SiiJ lAXiJ " I 0 J ' (1)

4 5 8



and currents corrections in overloaded lines - by corre-
sponding linearized equations.

(Ag Ai)

Here: subscript "g" denotes controlled injections, sub-
script "i" denotes all the other nodal power injections.

- Jacobi matrix of the order 2N, where N is
^Sgi Siiy

the number of nodes in the system (without slack bus);

- 2Nxl column of changes in magnitudes and
VAXiy

phase angles of nodal voltages;
AUg - 2NgXl column of control variables (active and

reactive power corrections for controlled power sources).
For loads and uncontrolled generators AUi = 0;

(Ag Ai) - Nobx2N matrix of partial derivatives of
currents in overloaded branches with respect to X (Nob -
number of overloaded branches);

AF - NobXl column of current excesses over maximum
permissible values.

The problem is solved by the following procedure.
From (1) and (2) column AX, is excluded resulting in

S AXg = AUg, (3)
A AXg = AF, (4)

where: S = Sgg - Sgl S,,-1 S,B - square (of order 2NS) and in
general nonsingular matrix;

A = Ag - A, Sir1 Sig - Nobx2Ng matrix.
Control vector AUg can be calculated by one of the two
algorithms differing in computational procedures and
leading to different solutions. One of them minimizes the
length of control vector AUE and the other - that of stale
vector changes AX.

III. COMPUTATIONAL ALGORITHMS

The first algorithm is based on the following trans-
formations of the equations (3) and (4).

Substituting AXg from (3) into (4) we get
C AUg = AF, (5)

where C = A S-' - NObx2Ng matrix.
For Nob < 2Ng the solution of (5) corresponding to the

minimum length of AUg will be
AUg = C+ AF, (6)

where: C+ = G (C Ct)-' - pseudo-inverse of C.
In the case of Nob > 2Ng, i.e. when the number of

overloaded branches is larger than that of control vari-
ables, one can not get exact solution of the problem, the
best approach being to minimize mean-square error of
(5). Approximate solution thus obtained will be of form
(6), but pseudo-inverse of C is different:

C+ = (C. C)-' C.

Computational difficulty of this procedure is not high.
Indeed, matrices S and C can be calculated by Gauss
elimination approach, and the rest of the calculations will
not need much effort provided 2Ng and No are not large.

The second algorithm minimizes the length of vector
AXg using pseudo-inverse of A in (4), resulting in:

AXg = A+ AF, (7)
and

AUg = S A+ AF, (8)
where A+ = At (A At)-1 - as usually Nob < 2Ng.

Both algorithms employ they following sequence of
computations.

Load flow for initial state of the system is calculated
first and the lines are checked for current overload. Thus
the set of Nob is established and elements of vector AF are
calculated. Load flow equations are linearized together
with the expressions of current in overloaded lines, result-
ing in (3) and (4). Then power corrections are calculated
using (6) or (8). According to these corrections new values
of power injections are calculated under the conditions
that

pg|m,n < pgi < Pglmax)

Qg.min ^ Qg. < Qg,™*,
and new load flow is calculated by nonlinear equations. If
overloads still exist, then the above compulations are
repeated.

IV. ANALYSIS OF THE ALGORITHMS'
PERFORMANCE

The proposed algorithms were checked on two specific
systems: the first system [8] consists of 6 nodes (4 generat-
ing buses) and 7 branches, one of the branches has 22%
overload in initial condition; the other system [4] consists
of 23 nodes (6 generating buses) and 30 branches, the
network has two nominal voltages - 132 kV and 275 kV,
three 132 kV lines connected to generating buses are
overloaded in initial condition by 8.6, 15.8 and 78%.

The calculations were considered successful if after
power rescheduling the line currents exceeded maximum
permissible values by not more than 5% and if nodal
voltages had admissible values.

The calculations by first algorithm have shown that
overloads are alleviated after first iteration for the first
system (S - 1) and after two iterations for the second sys-
tem (S - 2). However in both cases the load flow calcula-
tion resulted in inadmissibly high voltage levels. In order
to get the solution with admissible values of voltages an
additional constraint AQg = 0 had been introduced. This
resulted in the same number of iterations as above for
arriving at admissible operating condition.
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TABLE 1

THE Cl 1ANGES IN EUCLEDIAN NORMS OF VECTORS AU AND AX DURING ITERATIONS

Svsiem
Algorithm

Iterations

1

2

3

I|ÅU,||
IIAXH

IIAU.H
IIAXH
||AU,,||

I|AX||

S- I
I

0.047
0.024
0.001
0.004
0.000
0.000

II
0.283
0.228
0.042
0.001
0.032
0.000

S-2
I

0.821
0.296
0.091
0.018
0.003
0.001

II
Ö.841
0.085
0.183
0.002
0.001
0.000

The second algorithm, minimizing the length of AXg,
led to admissible solution for both systems after 2 itera-
tions, but the voltages were lower than in the previous
case.

Solutions of optimization problem min(AUgt AUE)
were also found for both test systems. For this purpose
iterations were repeated until the currents in overloaded
lines became equal to their maximum permissible values
with the accuracy of 0.001 p.u. (all calculations were con-
ducted in per unit values). This "exact" solution for S - 1
was reached in 5 iterations by the first algorithm and in 9
iterations by the second one. Such a big number of itera-
tions can be explained by the fact that S - 1 has a narrow
region of admissible solutions for the specified value of
load fed by overloaded line.

For S - 2 optimization problem was solved in 8 itera-
tions by the first algorithm and by 4 iterations by the
second one. These latter calculations aimed at the analy-
sis of the convergence of the algorithms, as it is not ac-
tually necessary to get exact solution of optimization
problem in real-lime operating control. Practical allevia-
tion of overloads is usually sufficient.

In order to illustrate the performance of the algo-
rithms Euclidean norms of AUg and AX after each of the
three consequent iterations by two algorithms are pre-
sented in Table 1. As it can be seen from the table the
maximum power correction and consequent change in
power system operating condition takes place after the
first iteration.

V. CONCLUSION

The proposed algorithms for line overload alleviation
in power system are based on linearized load flow equa-
tions and on pseudo-inverse of rectangular matrices.
Their specific feature is that the loads are kept constant
and only generations are scheduled. If this does not allow
to arrive at the admissible solution then operator should
choose the patteni of loads correction. Both algorithms
proved to be fast and reliable in convergence. For test
power systems admissible solutions were obtained in one
or two iterations, each of them taking about 60% of time
required for the fast decoupled load flow. The first algo-

rithm (minimizing power correction) leads to higher val-
ues of nodal voltages and smaller value of power losses
than the second one (minimizing voltage deviations). In
this sense the first algorithm is preferable. In order to
avoid inadmissibly high values of voltages reactive power
corrections in these algorithms should be set equal to
zero.
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Abstract - In this paper we introduce a new paralleliza-
(ion procedure for the Gnuss-Seidcl algorithm for tin- so-
lution of the power flow problem. The implementation
of the proposed method on a distributed computer sys-
tem and computational results for t lie IEEE test systems
are presented. The issues such as power system cluster-
ing, computation load balancing between processors and
tin- effect of asynchronism on iteration complexity are
discussed.

1. INTRODUCTION

The increasing requirements for real-time monitoring
and control of modern electrical power systems have led
to significant advances in expert system techniques help-
ing the operators in decision making. However, until
recently, there have been limited attempts to integrate
the simultaneous use of AI techniques with numerical al-
gorithms for power system analysis in a unified, on-line

It has been widely accepted that the combination of both
quantitative and qualitative analysis/reasoning would
provide a powerful means of interpreting complex sys-
tem behaviour and producing on-line system manage-
ment, support. One of the objectives to be achieved is to
decrease the computational time and cost of power

Paper SPT PS 15- 03- 0517 accepted
for presentation at the IEEE/KTH
Stockholm Power Tech Conference,
Stockholm, Sweden, June 18-22,1995

system analysis which is required by conventional se-
quential techniques during the design, operation and
planning of power networks. With the advent of parallel
processing hardware and software, some power system
analysis applications have become computationally fea-
sible for on-line simulations when implemented on high
speed parallel processors.

There are two popularly accepted power flow solution
methods: Gauss-Seidel and Newton-Raphson. In recent
years the main efforts have concentrated on the develop-
ment of the parallel counterparts for Newton-Raphson
type algorithms. When applying the Newton-Raphson
method, a large systems of linear algebraic equations
are required to bo solved by direct or iterative methods.
Much work has been done on the algorithms for parallel
triangular factorization [1] and forward/backward sub-
stitution [1.2]. Many of these algorithms have attempted
to take the serial factorization/substitution problem
and exploit parallelism through reordering/partitioning
of a large sparse matrix. Fundamentally new algo-
rithms to minimize t he precedence relationships with for-
ward/backward substitution problems include: the mul-
tiple factorization scheme [3]; the use of sparse inverse
factors [4,5]. Since the pattern of sparsity is irregular,
efficient parallel sparse matrix methods have been diffi-
cult to find.

Reference [6] lias presented a class of asynchronous New-
ton (AN) methods for a multiprocessor computer, and
the conditions under which the AN method converges to
the solution. Theoretically, it was proved that no matter
how many processors are used, ''." asynchronous Newton
method can be sped up by a. ,:.ost a factor of 4. Ref-
ereiue [7] has produced results for the Fast Decoupled
Load Flow implemented on vector processors.

An alternative approach to using Newton's methods for
obtaining the solution for a set of nonlinear equations
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is to iterate directly on the equations. So far, only a
fi'\v researches have focused on the parallelization of the
(inuss-Jacohi and Gauss-Seidel algorithms for the power
flow problem [8.9.10,11]. The .lacohi algorithm hn« been
recognized as an ideal algorithm for parallelization, since
the update of an unknown element can he done indepen-
dently of all other elements. However, parallel Jacobi
schemes suffer from the same drawbacks as serial Jacobi,
namely very slow convergence rates and the requirement
for a large number of processors [8].

Consequently, several different, modifications have been
performed on the classical Gauss-Seidc! (GS) and Suc-
cessive Overrelaxation (SOR) algorithms to achieve so-
lutions in parallel systems of linear equations arising
from the discretization of the partial differential equa-
tions (PDEs). A general survey of these methods is given
in [12]. One set of methods involves the "multicolouring"
of the grid elements and the update of those elements
with t ho same colour. The simplest of these methods
is the Red-Black method, in which two colours are as-
signed to the grid elements in a checkerboard manner.
1 hen, all grid elements of one colour can be updated in
parallel in a Jacobi-liko sweep in odd numbered passes,
while those of the second colour are updated in even
numbered passes. This idea is used (o construct a paral-
lel version of the G-S method for the power flow problem
in [10.11]. Reference [13] has investigated asynchronous
iterative methods. The main idea is to assign to each
processor a set of unknown elements to update and then
to allow all processors to run asynchronously. Thus, no
attempt is made to synchronize i'-M-ations.

An alternative concept to constructing parallel algo-
rithms is macropiptliiiing, which is applicable if the com-
putation can be divided into parts, so that the output
of one or several collected parts is the input to another
part. Thus, each computation part can be realised as
a separate process. Based on this approach, a scheme
of pipelining successive iterations for solving sets of lin-
ear equations generated from the discretization of PDEs.
lias been developed in [M]. Motivated by the idea of
niacropipclining we can construct a parallel version of
the Gauss-Seidel method for power flow analysis.

2. PIPELINED GAUSS-SEIDEL
ALGORITHM

2.1 Concept of iteration pipelining

Pipelining is one of the possible ways to realize paral-
lelism. The concept of pipeline processing, which is used
in vector computers, is analogous to assembly lines in an
industrial plant. To achieve pipelining, one must sub-
divide the the process into a sequence of subprocosses,

each of which can be executed on a specified stage that
operates concurrently with other stages of the assembly
line.

The pipeline concept can be applied to processor pipelin-
ing. That is the data stream is processed by a cascade
of processors, each of which executes a specific task with
data passing from one processor to another, and so on.
It is important that all tasks require the same computing
time in order to maintain the effectiveness of the entire
pipe.

The pipelined Gauss-Seidcl (piGS) is a parallel version
of the standard sequential Gauss-Seidel algorithm. The
basic idea of the piGS is to perform multiple parallel iter-
ations on the components of a vector of unknowns. Each
iteration, which is a separate task, is run on an individ-
ual processor. TIIPSR tasks are executed simultaneously
on a multiprocessor system.

One can draw a space-lim( diagram to illustrate the over-
lapped iterations in a pipeline of processors. The space-
time diagram of a four-processor pipeline is demon-
strated in Figure 1.

number ot
processors

PROC 4

PROC 3

PROC 2

PROC1

4
(TER

3
(TER

(TER

treft

2p+4
JTEH

2p+3
ITEB

* • »

» • «

2
ITER rren

Jp+2

JTER
p

JTER JTER

Time
/ number ot \
\ iterations I

Figure I: Pipeline of processors for overlapped process-
ing of multiple tasks, where p is number of uniform pro-
ce.ssors

Let us consider a multipiocessor system consisting
of /) uniform processors , denoted PROC1, PROC2,
PROC3... A system of nonlinear algebraic equations
is to be solved by creating several cooperating tasks
where each computes a portion of the solution vector.
Each processor performs entirely one iteration, updat-
ing successively all XJ unknown components of the solu-
tion vector. The first processor PROC1 performs iter-
ations: 1,/)+ 1,2;>+ 1,...; PROC2 performs iterations:
2,p+ 2, '2]j+ 2,...: etc. Iterations follow one another in
a pipelined fashion, i.e., after PROC1 has performed the
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lirst iteration for a certain amount of time, the second
.PROC2. starts the second iteration and both update the
different unknown components simultaneously. At t ho
appropriate time, t lie third processor högins the next it-
eration resulting in three iterations being processed in
parallel on multiprocessors with periodical exchange of
newly computed values between the processors. At the
initialstage of the computations some processors are idle,
but once the pipe is "filled up" all processors will be de-
ployed.

2.2 Piiriillclisatinn procedure for fcho Gmiss-Siiidnl
algorithm

The Gauss-Seidel and SOR methods have tradition-
ally imposed a certain constraint on the computational
scheme. The standard iterative form of the Gauss-Soidel
method can he described by a system of I ho update equa-
tions:

i+ 1 '''-pJ'f+i J'fi) 0

wliere one can see clearly that all new components of
the solution vector x are used within an iterative cycle
in a systematic manner, that demands a strictly sequen-
tial evaluation of the components. Thus, it is impor-
tant to derive a parallel form of the Gauss-Seidel method
which would minimally violate the consistent computa-
tional scheme.

One of the observations mentioned in [!'] is that in each
equation /,(j'f+1, J ' i+ 1 rj'j",1 r*) of t lie system (1),
describing voltage in a specified bus, the required data
are obtained from the neighbouring buses, i.e.. the buses
directly connected to bus /. The number of neighbour-
ing buses is .-mall and independent of problem size, and
represents 3 or '1 connections per bus.

To apply the pipelined Gauss-Seidel algorithm, we de-
compose a power system into "clusters" in such a way
that the clusters are equally separated in terms of num-
ber of nodes and cutset branches, that is:

• each cluster has an equal number (<•>) of nodes. This
implies that the computations for each cluster would
require almost equal computational efforts;

• while choosing the different clusters, the number of
cutset branches between clusters is kept minimal;

The iterative process on a particular processor will at
first, update all elements in one cluster and then continue
updating the components in the remaining clusters, giv-
ing wav to the next iteration. As soon as the newlv

computed voltage values at the neighbouring buses are
obtained these values are further used within the same
cluster. Thus, when a processor carrying out the (k+ l)st
iteration, proceeds from one cluster to another all vari-
ables for the particular cluster are available from the
previous kill iteration.

The voltages in the boundary nodes of a cluster will gen-
erally depend on other node voltages being updated in
another cluster, see Figure 2, which might not have been
computed during the previous kth iteration but from an
older one, (A1 — 1). This delay implies that during the
kth iteration not only updates generated at the previ-
ous itcrartion are being used, but if the current value
of a component, updated by another processor, is un-
available, then an outdated value of this component is
used. This delay notion is called asynchronism between
iterations and its effect on iteration complexity will be
discussed later. If the condition of the minimal number
of cutset branches between the clusters is achieved, such
perturbation of the iteration scheme is likely to have a
minimal overall effect on the algorithm performance.

Figure 2: IEEE .'50 bus test system "clustered" for 3
parallel processors

Thus, a computational scheme for the parallel pipelined
Gauss-S'eidol method can be implemented through the
following actions:

• divide the power network under study into clusters;

• iterations are then assigned as separate tasks to dif-
ferent processors;

• carry out an entire iteration by one processor over
every cluster, while sending newly computed values
for a given cluster to another processor for the next
iteration. In general, each iteration will lead its suc-
cessor by one cluster which encompasses £ nodes.
Since the pipelined Gauss-Seidel reuses updated val-
ues as soon as they are available, synchronization is
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required between processors to ensure that all com-
ponents in each cluster have been updated before
the next, iteration is performed over the newly com-
puted values.

Since iterations are separated from each other by 6 vec-
tor elements, at most [N/6] iterations can be pipelined
at once. If the number of processors p = [N/6] = pmar,
maximum number of processors for efficient parallelisa-
tion of power flow problem, then the use of additional
processors is superfluous. In fact, once pmar processors
are in use, additional processors can be expected to have
a damaging effect on the efficiency of the parallel al-
gorithm. Thus, the level of parallelism is equal to the
chosen number of clusters.

While performing iterations, each processor checks test
on convergence. As soon as one processor identifies con-
vergence, it can stop and send a signal indicating that
all processors should terminate their current processes.

3 PARALLEL COMPUTER SYSTEM

The major difficulties associated with parallel program-
ming arise from the process interaction. The correct be-
haviour of a parallel program is critically dependent on
synchronization and communication between the proces-
sors. In its widest sense, synchronisation means that a
particular action by one processor only occurs after a
specific action by another processor. Data communica-
tion is based upon message passing, which involves the
explicit exchange of data between processors by means
of a message that passes from one processor to another
via a physical interprocessor network or shared memory
mechanism.

The nature of the proposed algorithm, which consists
of pipelining the data messages along a communication
bus, dictates the processor interconnection scheme. Our
architecture model is an oriented ring of N DEC Alpha
AXP processors, see Figure 3.

To realize the message passing between the processors,
components of the network programming environment
DEC OSF/1 Sockets have been used for end-to-end com-
munication. To guarantee the reliable delivery of mes-
sages between processors and to preserve the order in
which messages arrive, a buffer exhibiting first-in. Jir.sl-
out (FIFO) behaviour is created on each processing ele-
ment. Thus, each processor Pi can simultaneously write
data messages to its successor .P, + i and read from its
predecessor Pi-i.

In the pipelined Gauss-Seidel algorithm, after all tasks
(i.e., iterations) have been assigned to separate proces-
sors, each processor computes new J-,- components, trans-

mits them across the bus and immediately begins a new
iteration. For the standard iteration scheme, each task
must wait until it receives new x,- components from an-
other processor.

MESSAGES Processing Element

Figure 3: Oriented ring of N processors

In brief, each processor on the global bus repeatedly:

• carries out entirely one f'tli iteration over the vector
of xi unknowns and conducts a convergence test for
the given iteration:

• sends a set of newly computed a1,- values for the ap-
propriate cluster to the next successive processor;

• receives the (i + l)th iteration's data for all clusters
from the preceding processor;

• transmits signals of the normal termination to other
processors if the global convergence is achieved.

4. SOME EXPERIMENTAL RESULTS

To test the algorithm,some IEEE test systems for power
flow analysis have been used. The detailed data for the
systems can be found in [15].

Some preliminary results have been obtained without
considering the overhead costs required such as inter-
processor communication. As mentioned earlier, since
adjacent clusters within the test power system are be-
ing updated on different processors, some outdated val-
ues are used at the boundary nodes during an iteration.
This slightly perturbs the consistent nature of the Gauss-
Seidcl method and leads to the deterioration of conver-
gence of the parallel algorithm. As a power network is
divided on more clusters for the parallel processing, more
asynchronism is introduced and the total number of it-
erations required for convergence increases, see Table 1.
It. is clear that the iteration complexity of the parallel
Gauss-Seidel depends not only on the problem size but.
also on the degree of asynchronism.
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TABLE 1
SOME PIPELINED GAUSS-SEIDEL EXPERIMENTAL RESULTS

IEEE test
systems

N of processors

14

30

57

118

No

of
CPUs

1
2
3
1
2
3
A
1
2
3
4
5
1
2
3
•1

5
(5

Total
No of

iterations
122
146
168
285
390
469
499
383
456
522
519
63S
1111
1161
1233
1256
1318
1276

No of iterations
performed by
(aeli processor

122
73
56
285
195
156
125
383
228
174
130
127

1111
580
411
314
270
213

Increase in No
of iterations due
to asynchronism

-

1.2
1.37

-
1.4
1.6
1.75
-
1.2
1.36
1.35
1.66
-

1.05
1.11
1.13
1.21
1.15

Maximum possible
speed-up, in terms
of N of iterations

-

1.67
2.2
-

1.5
1.8
2.3
-

1.68
2.2
2.94
3.02

-
1.91
2.7
3.54
4.1
5.22

Nevertheless, the gain in speed-up should not lie olfset
by a reduction in tin; convergence rate. As can be seen
from the Table 1, if one ignores the parallel iteration
overheads due to communication, t lie speed-up is directly
related to the ratio of iterations/number of processors.
The results show as well that with an increase in size
of the system being investigated, the convergence rate
is only marginally worse than for the sequential GJHIKS-

Seidel method, therefore giving a much better parallel
performance.

5. CONCLUSION

In this paper a new scheme for parallelising the Gauss-
Seide! algorithm for power flow problem is proposed.
We also considered the mapping of the iterations as
separate tasks onto multiple processors, and discussed
an intcrprocessor communication, the transmission bus.
where special scheduling is not needed and which is made
widely available by the local area networks (LANs).

Performance analysis of the implemented algorithm has
been tested on the IEEE test (14,30,57 and 118 bus)
\vstems.

The conditions under which the asynchronisin has less ef-
fect on the iteration complexity and the optimal number
of processors to be used are under further investigation.
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Abstract - One important characteristic of the optimal power
(low problem is the large number of constraints. Examples of
constraints are those included in the synchronous generator
capability diagram, such as stator and rotor current limits. Fur-
ther examples of constraints are line and transformer currents
and voltage levels at load nodes. In this paper, these are modelled
and included in the linear programming based optimal power
Row. To accurately keep track of the network active power losses,
a second-order Taylor approximation of the losses is used. To
show the convergence with the above constraints, results from
numerical simulations are given.

I. INTRODUCTION

In 1987, construction began on a new transmission network
for electric traction in Sweden. The network consists of
130 kV single phase transmission lines, operating at the fre-
quency l ö | Hz, and connected to the contact lines through
transformers. Power is injected into this network from fre-
quency converters, which are connected to the public three-
phase 50 Hz grid. A more extensive description of the system
is found in [5]. In order to optimize the operation of the sys-
tem, on-line control will be used. The computational part of
the on-line control is the optima] power flow (OPF). One effi-
cient OPF method is based on successive linear programming
(LP) [1,4], which has been shown to be fast and reliable. In
formulations of OPF, operating constraints arc often simpli-
fied. An example of this is the capability curve for the syn-
chronous generator, where the limits are often approximated
as straight lines in the capability diagram, corresponding to
maximum generation and consumption of reactive power. In
the work reported in this article, accurate models of a number
of constraints have been included in the LP-based OPF.

Paper SPT PS 15- 04- 0457 accepted
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Stockholm Power Tech Conference,
Stockholm, Sweden, June 18-22,1995

In the Swedish railway electrical system, the electricity pur-
chase prices and converter efficiencies are nearly equal for dif-
ferent converters, and consequently the active power losses in
the system are important for optimization of the system opera-
tion. To improve the convergence of the OPF algorithm, a sec-
ond-order Taylor approximation of the network active power
losses is used [9]. From this second-order loss formula, first-
order loss approximations are repeatedly calculated. This
extended LP based OPF algorithm has been used in the
numerical example.

This article is organized as follows: Firstly, a brief descrip-
tion of the LP-based OPF using second-order sensitivities is
presented in section II. Then, in section III the modelling of
limits including linearization is described. Thereafter, the
inclusion of the constraints is discussed in section IV. Finally,
simulation results are presented in the last section.

II. LP-BASED OPF ALGORITHM

In this article, the focus will be on the decoupled LP-based
OPF algorithm. The decoupling means that the algorithm iter-
ates between load flow calculations and repeated solutions of a
linear programming subproblem, see Fig. 1.

In each LP iteration, maximum control variable changes are
limited since a linearized relation of the generation cost curves
and network losses arc used. Repeated linearizations are
thereby performed.

A. Linear relation between state and control variable changes

The load flow problem solves the nonlinear system of
power mismatch equations:

F{x,u) = 0 (1)
In this presentation, node number one is the slack node,

node 2 to N are PU-nodes and node N + 1 to N are PQ-
nodes.

Load flow calculation

LP-problem Us
o
a

Fig. 1. How chart for LP-based OPF.
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The system state (dependent) variables, x, and control
(independent) variables,;/, arc here defined as

where 0 and U denotes node voltage angle and magnitude
respectively. P is generated power.

A first-order approximation of the function F calculated
around a load flow solution (i.e. F = 0 ) is

AF = Fxåx + (3)

where Fx and Fu are Jacobian matrices. When solving the
load flow problem with the Newton-Raphson algorithm, the
vector An is zero and the stale variable vector is updated by
the relation x{r+l) = x{r) - A x ( r ) with Ax(r) = F ~ ' A F .

By the use of (3) with AF = 0 , the state variable changes
for a given change in control variables can be written

A.r = - , AU = SxuAu (4)

The relation (4) gives a linear approximation of the state
variable increments for a given incremental control variable
vector, which is used in next section.

III. FUNCTIONAL CONSTRAINTS

Here, a number of functional constraints will be discussed
and formulated mathematically, to fit into the LP-based OPF.

A. Synchronous generator capability curve

The synchronous generator capability curve contains steady
state operating limits in the active power to reactive power
space. A typical capability curve is found in Fig. 2, where the
stator and rotor maximum current limits are shown [2]. In
Fig. 2, limits for two terminal voltage levels are shown. Note
that the terminal voltage level influences on the capability
curve. When the voltage is increased, the reactive power limit
at zero active power decreases. However, this is not generally
valid, i.e. the opposite can occur with other machine data. Due
to the operating range for the excitation system, a limit for
minimum rotor current can also be motivated.

3

6.
o
o
Q.g 0,5

Maximum stator
current Machine

rating

-1 -0,5 0 0,5
Reactive power (p.u.)

Fig. 2. Capability diagram for the node I generator in Table 2.

Additional constraints that can be taken into consideration
are maximum and minimum active power and the underexci-
tation limiter. The active power limits act directly on control
variables (sec (2)), and are thus easy to apply. These can e.g.
be needed by mechanical stress limits on the generator or
devices connected to the shaft. The underexcitation (rotor
angle) limiter is used for stability reasons and is discussed in
subsection D. In the following, the above mentioned limits
are discussed in more detail.

B. Synchronous machine stator current limitation

The stator current from a synchronous generator can be
written as

'g.k Uk V,
(5)

where the active power generation, P k, and terminal volt-
age, Uk, are control variables and thus known. The reactive
demand, Qd k, is also known. Hence, the only property in (5)
that is unknown is the network reactive power Qk, which is a
function of several state and control variables in the system.
The generator stator current is thus dependent on all control
variables in the system. The stator current limit can be written

'g.k (6)

As shown in (6), the limits are on the current increment. The
reason for this is that the variables used in the LP-problem are
increments of the control variables. Using the relation
Ax = SxuAu , the current change, A/ k, is attained from the
expression

g.k

L,A/,,

The sensitivity vectors
S,k

Å"V- 302

,Al,Au

and/T

K.k

(7)
) AM

are

'N

di
g.k

dU,

(8)

After each LP solution, updated values of stator current,
/ , ( r + 1 ) = / , ( r )+A/ .. are calculated.

C. Synchronous machine rotor current limitation

Fo r the synchronous machine with cylindrical rotor, the fol-
lowing expressions apply when the stator resistance is
neglected

(9)
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The voltage Égi * is the internal emf and Xtj k is the syn-
chronous reactance of the machine. Taking the node (terminal)
voltage as phase reference, and eliminating TRk in the lower
equation in (9) yields the magnitude of the internal emf

= ̂ :.n^\Q, (10)

The internal emf, E k, is directly proportional to the rotor
current if saturation is neglected. Thereby, a limit on the rotor
current can directly be translated to a limit on the internal emf

c"'"X
E

"ft*
(11)

As for the stator current, the current change can be written
as a function of changes in only control variables as in (7).

When defining the rotor current limit, it is also possible to
use the model of the salient pole synchronous machine. A dis-
cussion on this topic is found in [7] where limits are used in
voltage stability studies. However, the difference is normally
small, thus justifying the use of the simplified model also for
salient pole machines, [7],

D. Underexcitation limit

For angle stability reasons, an underexcitation limit can be
included. This limit is a limit on the load angle, 5 . The load
angle is the phase shift between the internal emf and the termi-
nal voltage or a remote voltage for a generator. From the well-
known power relation
constraint is:

Pn = (EU/X.) sin5 and (9),
ft ft '

the

(12)

sd,k

For a specific limit 5̂ . = b"k'"'x, the relation (12) is a
straight line in the capability diagram.

E. Line current constraint

For higher system voltages, the most frequently used line
model is the n-link. A branch connected between node k and
HI is shown in Fig. 3. The current injected into node k is

I km = (13)

With the admittances written as ykm = gk + jbkm and

tmO = hmO + Jbkm0'the CUrren t m a g " ' ' ^ e is

'km =

(14)

To reach the current lmk, simply shift the indexes k and in
in (14). The line current limitation is

iwu iwn IMU kl»

For each line, there are two current limitations; lkm

(15)

and
k

lmk. Normally, these current limits are set equal, i.e.
l'k"mX ~ l'mlX • N o t e t h a t l h e t e r m i n a l currents are limited and
not the current through ykm, a procedure often used as a sim-
plification. The only actual currents arc the terminal currents.
F. Transformer current constraint

With the leakage reactance neglected, the transformer with
tap changer can be modelled as in Fig. 4.

As shown in [8], the transformer can be represented by the
7i-link shown in Fig. 3. The admittances are ykm = (x/z{.,,,,
5'kmO = a ( a - 1) /z'km and ymk0 = (1 - a ) /l'km. Thereby,
the transformer can be treated in the same way as a transmis-
sion line. However, it should be noted that ykm0 * ymk0 when
the transformer has off-nominal tap setting.

G. Voltage magnitude constraints

The voltage magnitudes at slack and PU-nodes are control
variables, and limitations on these are therefore not functional
constraints. At a PQ-nodc, the voltage magnitude is a state
variable and thus leads to a functional constraint. The con-
straint on the incremental voltage magnitude, AL/^, can be
written

U"k""-Uk = = U'k
n"X-Ukk ~"k

From (4), the state variable changes are Ax = S
matrix Sxu can be subdivided into two matrices

xu

XII J

(16)

Au. The

(17)

Thereby, the constraints (16) can be expressed in only con-
trol variable increments

, ..min - JJ . . ..max . , _ .

AUk <SxuAu<AUk (18)
For angle stability reasons, as a complement or replacement

of the underexcitation limit, it is also possible to include limits
on node voltage angles, thus using S®u.

Fig. 3. Model of branch component. Fig. 4. Transformer with tap changer.
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IV. THE LINEAR PROGRAMMING SUBPROBLEM

The inequality constraints in the LP-problcm can be
expressed as:

AAu<b (19)
The matrix A contains the linearized functional constraints,

e.g. (7), and the vector b holds the maximum changes of the
incremental properties.

A. Handling constraint violations

In some cases, Au = O will not satisfy all functional con-
straints (defined by A and b). It is difficult to choose initial
control variables to satisfy all functional constraints and even
if no limits are violated after solving problem (19), they might
be violated after next load flow calculation. To ensure that the
problem is solvable, slack variables arc therefore introduced
as described in [1]:

AAu-HAs<b, As<0 (20)
A penalty function is introduced which is quadratic with

respect to slack variables and thus linear with respect to pen-
alty variable increments:

k'rAs (21)
This penalty function is added to the original linear cost

function. The vector k is given by k = -kj) (find (b < 0)) ,
where Z? (find (b < 0)) is the vector of negative /»-elements.
The constant kK is a big number (set to JO9 $/p.u. in the
example below). The vector As has the same length as the
vector k, and the matrix H is a binary matrix linking the pen-
alty variables to appropriate constraints. Assuming that the
problem (19) is feasible, the value of As is small at the opti-
mum.

V. NUMERICAL EXAMPLE

The constraints have been implemented in a computer pro-
cram. Although successful simulations have been done on the
railway sy.'tem, a more well known IEEE network is used
here.

A. A system based on the IEEE 57 node network

The IEEE 57 node network [3] has six PU-nodcs and one
slack node, which means that seven generators are assumed to
be connected to the system. The generator second-order poly-
nomial cost functions,

Table 1. Generator cost function coefficients.

are defined in Table 1.
Table 2 give some additional data needed to define limits

for the synchronous machine. The p.u. properties are given on
the machine base. All generator rated voltages are assumed to
be equal to the corresponding system base voltage. For sim-
plicity, all 57 node voltages have the limits ll""" = 0,9 p.u.
and Umax = 1,1 p.u. Maximum active power is set to 100%
of rated apparent power for each generator. The corresponding
minimum limits are 15 %. Stator current limits are equal to
rated values. Maximum rotor currents, E™ax, arc shown in
Table 2 and calculated using (10) with rated properties, i.e.

Node#

1
2
3
6
8
9
12

k0 ($/h)

500
3500
1000
2000
3000
2500
1000

/t, ($/MWh)

15
20
30
15
20
15
5

k2 ($/(MW)2h)

0,03
0,06
0,10
0,02
0,04
0,05
0,07

Table 2. Synchronous generator rated quantities and max internal emf.

Nodc#

1
2
3
6
8
9
12

SN (MVA)

400
200
100
400
250
300
200

COSCp/y

0,8
1,0
0,9
1,0
0,9
0,8
0,9

Xd (p.u.)

1,0
1,2
1,1
0,8
1,1
1,3
1,0

E%ax (p.u.)

1,79
1,56
1,78
1,28
1,78
2,06
1,69

maximum rotor current is equal to the rated value. The line
and transformer current limits are assumed to be
l'""x = 1,0 p.u. on the system base power 100 MVA.

Some important results from the simulations are found in
Fig. 5. The two upper diagrams show active power and volt-
ages for generators. Node 1 is slack node, and its power gener-
ation is thus not a control variable. With the given initial
control variables, some constraints are violated; five pairs of
line currents, one stator current and two rotor currents have
violated limits. After convergence, there are some binding
functional constraints, i.e. limits that arc active. These limits
are shown in the four lowest diagrams in Fig. 5. The diagrams
show that the convergence is fast and that the limits are
reached within a few iterations. For the first OPF iteration, 6
LP iteration were needed, and the total number of LP itera-
tions was 32. The elements in the vector with maximum con-
trol variable increments, h, were initially set to 10 % of rated
apparent powers for active power and 0,025 p.u. for voltages.
The vector h was divided by two after each OPF iteration.
Various initial control variable settings have been applied,
resulting in the same optimal solution.

CONCLUSIONS

The aim of this paper is to present and discuss inclusion of
accurate models in linear programming based optimal power
flow. For the synchronous machine, more detailed constraints
than normally used are described. The transmission line limits
are given on true terminal currents for the pi-link model.
Numerical simulations has been performed with a number of
constraints included using a second-order network loss for-
mula in addition. The simulations show that the limits can be
practically applied and used in the linear programming based
optimal power flow.
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Elimination of Load Buses in Power Flow
Solutions : Application to the Network of Bahrain

Jawad Talaq and Fadel Al-Basri
University of Bahrain

Department of Electrical Engineering
P.O. Box 32038, Bahrain

Abstract - A method to solving the power flow problem after
eliminating load buses from the original system is presented in
this paper. Loads are modeled as admittances in the original
admittance matrix and then their respective buses are
eliminated to produce a reduced order model of the original
system. The reduced order model admittance matrix is of the
same order as the number of voltage-controlled buses in the
system. The voltage angles of the voltage-controlled buses are
the only unknown variables of the reduced model. These
voltage angles are calculated using Newton Raphson method.
Load bus voltages and angles of the original system arc then
computed by a direct method. Load admittances are again
calculated to reflect the changes of voltage magnitudes of load
buses and the process is repeated until convergence is
achieved. The simulation of this technique is carried out on the
network of Bahrain. It is shown that solution time is
significantly reduced when compared to the conventional
Newton Raphson method using the original system.

Keywords : Power Flow, Load Modeling

INTRODUCTION

Load buses active and reactive power injections are
assumed to be constants in the conveniional approach of the
power flow solution, regardless of voltage magnitudes of
these buses. More accurate solutions may be obtained if load
buses injections are modeled by their actual models. Such
models are usually voltage magnitude dependents. Some of
the techniques of load modeling are described in 11-3].
Incorporating load models in the power flow problem has
been investigated in [4-7]. Modeling of loads in the optimal
power flow problem has been studied in [8-11]. Load buses

Paper SPT PS 15- 05- 0173 accepted
for presentation at the IEEE/KTH
Stockholm Power Tech Conference,
Stockholm, Sweden, June 18-22,1995

elimination technique in the power flow problem is
described in [12] and has been simulated on IEEE 118 bus
test system and on an actual 131 bus system. In this paper,
elimination of load buses in the power flow solution is
investigated on the network of Bahrain. The load model is
considered as a voltage dependent load admittance. The
original system admittance matrix is modified to include the
effect of loads and then load buses are eliminated from the
system. The model obtained after eliminating load buses is a
reduced model of the same order as the number of voltage-
controlled buses in the original system. Newton Raphson
method is used to calculate the voltage angles of the reduced
model. These voltage angles are actually the angles of the
voltage-controlled buses of the original system. Load buses
voltages and angles of the original system are then computed
directly through their functional relationship with the
voltages and angles of the reduced model.

COMPLEX POWER MODELING AT LOAD BUSES

Complex power injections at load buses are considered to
be functions of load bus voltages.

The active power is :

and the reactive power is:

(1)

(2)

where

PQ is the active power specified at nominal voltage.

QQ is the reactive power specified at nominal voltage.

a is the voltage dependent exponential constant of active
power model.

b is the voltage dependent exponential constant of reactive
power model.

This yields a load admittance model of the form:

V1
(3)
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Depending on the values of the exponential constants,
three special cases may be obtained from the load model
described by (3) :

1. The constant admittance load model (a = b = 2.0)

YL ={PQ-JQO) (4)

2. The constant complex power load model (a = b = 0.0)

1 - - — ( 5 )

(6)

THE REDUCED ORDER MODEL

The admittance matrix of the original system is modified
by adding the load admittance to the diagonal elements of
load buses. The injected currents at load buses are set to
zero and then load buses are eliminated to obtain the
reduced model as follows:

3. The constant current load model (a = b = 1.0)

„ 1 , „

To 1
T G J

This yields

and

where

\

(7)

(8)

(9)

(10)

is the reduced model bus admittance matrix.

The active power mismatches of the reduced model are:

NG

*P, =VG,ZVaJ[GljCos(6IJ) + BIJ s in(S, , ) ] -Pup ( l l )
r-\

where YtJ ~ Gl} + jBtJ are the elements of the reduced

bus admittance matrix YR and NG is the number of the

voliage-controlled buses in the system.

Using Newton Raphson method, the following equation is
solved for

- J A £ (12)

Once the voltage-controlled buses angles of the reduced
model are computed from (12), equation (8) is solved for
load bus voltages and angles. Load admittances are
recalculated using equation (3) and YL of equation (iO) is
modified. Equation (12) is solved and the process is
repeated until convergence is achieved.

RESULTS OF SIMULATION

Simulation has been carried out on the network of Bahrain
using UNIX based Mips Millennium Computer System. A
comparison between the conventional Newton approach and
the approach presented in this paper has been made for
different exponential constants of load modeling. The tested
original system is considered to be consisting of 106 buses.
The number of voltage-controlled buses are 26. The number
of iterations and solution time of the conventional Newton
and the approach presented in this paper for different
exponential constants of load models are shown in Table 1.

Table 1
Network of Bahrain Power Flow Solution Time

for Different Exponential Constants of Load Modeling

Conventiona

Proposed
Approach

Newton

a=b=0.0

a=b=1.0

a=1.38
b=3.22

a=b=2.0

Iterations

4

3,1,1,1,1,1,J

3.1,1,1,1

3,1,1,1

3

Solution time (s)

4.40

3.40

2.80

2.50

1.50

The case of a - b = 0.0 is the simulation of the constant
active and reactive power similar to the conventional
Newton approach. It took seven major iterations with three
minor iterations in the first and one in each of the rest for
the solution to converge. A major iteration is one in which
load admittances are modified, while a minor iteration refers
to each Newton iteration. The solution time of the proposed
approach is only 3.40 seconds compared to 4.40 seconds of
the conventional Newton approach.

For the constant admittance model ( a=b = 2.0) there is
only one major iteration and solution time is least as shown
in Table 1.

The exponential constants (o = 1.38 and b = 3.22) are
taken from [4]. The simulation of this case is included in the
study as shown in Table 1.
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Bus voltages for the case of constant complex power
injections at load buses (a =b =0.0) are shown in Fig. 1-a.

Bus voltage angles for the case of constant complex power
injections at load buses are shown in Fig. 2-a.

Deviations of voltages from the constant complex power Deviations of bus voltage angles from the constant
case, for different exponential constants of load modeling, complex power case, for different exponential constants of
are shown in Figure 1-b. Voltage-controlled buses voltages load modeling, are shown in Figure 2-b. Bus No. 7 is the
are kept in the range of 0.94 to 1.06 pu. slack bus.
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Fig. 1-a. Bus Voltages for the Case a = b - 0.0 Fig. 2-a. Bus Angles for the Case a = b = 0.0
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Fig. 1-b. Bus Voltage Deviations for Different Exponential
Constants of Load Modeling

Fig. 2-b. Bus Angle Deviations for Different Exponential
Constants of Load Modeling
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Voltage-controlled buses reactive generation for the
constant complex power injection case (a = ft = 0.0) is
shown in Fig. 3-a.

Deviations of reactive generation from the constant
complex power injection case, for different exponential
constants of load modeling, are shown in Fig. 3-b.

A simulation for different total jvstem complex power
demands, ranging from 10% to 100%, -5 been carried out.

Total system active losses with respect to total system
active load for the constant complex power injection case is
shown in Fig. 4-a. The maximum active load is 9.91pu
(991MW). Deviations from the constant complex power
injection case, for different exponential constants of load
modeling, are shown in Fig. 4-b.

Deviations of total system active load from the constant
complex power injection case, for different exponential
constants of load modeling, are shown in Fig. 5,

Reactive Generation (pu)

0.5 r
i

0.4 :

0.3 I
I

0.2 ;

I

0.1 '

o'~
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•••/ 1

11 16 21
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26

Fig. 3-a. Reactive Generation for the Case a = b- 0.0
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Fig. 3-b. Reactive Generation Deviations for Different
Exponential Constants of Load Modeling
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Fig. 4-b. System Losses Deviations for Different
Exponential Constants of Load Modeling
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Fig. 5 System Load Deviations for Different Exponential
Constants of Load Modeling

CONCLUSIONS

Load buses elimination technique in the power flow
problem has been studied and simulated on the network of
Bahrain. The effect of different load modeling of complex
power injections at load buses on voltage profile, reactive
generation, total system load and system losses has been
investigated. It is concluded that a considerable reduction in
solution time may be obtained by using the load buses
elimination technique instead of the conventional Newton
approach in the power flow solution.
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A TECHNIQUE FOR EXPLORING THE POWER FLOW
SOLUTION SPACE BOUNDARY

I.A. Hiskens R.J. Davy

Department of Electrical and Computer Engineering
The University of Newcastle, Callaghan, NSW, 2308, Australia

Abstract
A knowledge of the structure of the boundary of so-
lutions of the power flow problem is important when
analysing the robustness of operating points. This pa-
per proposes a predictor-corrector technique which as-
sists in exploring that structure. Points on the solution
boundary satisfy the power flow equations together
with an equation which forces the power flow Jaco-
bian to be singular. Curves of such points result from
freeing two parameters of the system. The proposed
technique follows those curves.
Keywords: power flow, solution boundary, continua-
tion methods

1 Introduction
It is important in the analysis of power systems to

determine the robustness of power flow solution points
to changes in parameters. Of particular interest is the
amount by which parameters can change before solution
points are lost. This provides a 'measure' of robustness,
and forms the basis of many voltage collapse proximity
indicators (VCPIs).

Underlying this need for such a measure is the fact
that in general, the set of power flow solution points is
bounded, i.e., solution points do not exist for all possible
values cf parameters. The nose curve of Figure 1 provides
a simple example of this boundedness. The value A" is the
extreme value of parameter A for which a solution point
exists. Note that the solution point corresponding to A'
is not an ordinary solution point. It lies on the boundary
of the space of solutions, and is commonly referred to as
a '"point of maximum loadability" (PML). The point has
certain properties which will be discussed later.

For a single free parameter, such as shown in Figure 1,
it is comparatively easy to determine the distance from a
solution point I o the solution space boundary. Many tech-
niques have been proposed. They include direct methods,
e.g., [2, 11, 14], optimization methods [18], and continua-
tion methods, e.g., [1, 3, 4, 7, 12, 15, 17]. The continua-
tion methods are of most interest in this paper, as we shall
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C J
parameter X

Figure 1: Typical nose curve

show that they can be extended to obtain curves of the
solution space boundary. They are therefore summarized
in Section 3.

Points on the solution space boundary are characterized
by singularity of the power flow Jacobian. Referring to
Figure 1, two branches of solution points come together
at the PML. Therefore, by the Implicit Function Theorem
[6], the Jacobian must be singular at that point. This same
argument follows in the more general case where there are
many free parameters.

As mentioned earlier, when a single parameter is al-
lowed to vary, a 1-manifold (or curve) such as Figure 1
results. This curve intersects the solution space boundary
at points, such as the PML. If two parameters were al-
lowed to vary, then a 2-manifold (or surface) would result.
An example is shown in Figure 2. In this case the surface
can be described by contours. Referring to Figure 2, each
contour corresponds to a fixed value of AT, and shows the
variation of the solution point as Ai varies. The contours
together describe the surface which results from both Ai
and AT varying.

Notice from Figure 2 that each contour contains a point
on the solution space boundary, i.e., a PML. The collec-
tion of all these points defines a solution boundary curve.
This is shown as a dotted line in Figure 2. This curve is
a segment of the solution space boundary which results
when the two parameters Ai and A; are free. It could be
obtained by interpolating between the points of maximum
loadability on each contour. But a better way is to use a
continuation method to obtain such curves directly.

A number of continuation techniques which determine
solution boundary curves have been proposed [9, 13]. In
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parameter

Figure 2: Contours of a 2-manifold

this paper we describe the implementation of one of those
techniques, and its use in exploring the power flow solution
space boundary.

Little exploration of the structure of the solution space
boundary lias previously been undertaken. Indications are
though that it can display quite complicated behaviour
[16]. Some conjectures have been made about the struc-
ture [8]. Further, techniques have been developed which
provide information on the distance and direction from a
solution point to the (locally) closest point of the solu-
tion space boundary [5, 10J. The structure of the bound-
ary influences those techniques. So a knowledge of that
structure may help provide insights into ways that the
techniques can be refined and improved. More generally,
the nature of the solution boundary is fundamental to
many aspects of power system analysis. Investigation of
the boundary is therefore desirable.

The paper is organized as follows. Section 2 provides
an analytical description of solution boundary curves. An
overview of continuation methods is provided in Section 3.
Section 4 describes the implementation of a continuation
method for finding solution boundary curves. A number of
examples arc given in Section 5. Conclusions are presented
in Section G.

2 Solution Boundary Curves

The standard power flow problem can be expressed as
the set of equations,

/(jr,A) = 0 (1)

where x € Rn, A e R1' and / : ffin+r — 1" . If a sin-
gle parameter is free to vary, then p — 1, and the problem
becomes one of n equations in n + 1 unknowns, i.e., the sys-
tem is underconstrained. Solutions are curves, not points.
Figure 1 is an example. If p = 2, i.e., two free parameters,
then (1) defines a surface. Figure 2 provides an example.

For a point to lie on the solution space boundary, it
must firstly be a solution of the power flow problem, i.e.,
it must satisfy (1). However an additional requirement is
that the power flow Jacobian must be singular, i.e.,

where fT refers to the Jacobian | £ . (We shall use this
notation throughout the paper.) This places an extra con-
straint on boundary points.

Consider the case of a single free parameter. Then the
number of unknowns is n + 1. Boundary solutions must
satisfy the n equations of (1) together with the extra equa-
tion (2), a total of n + 1 equations. Because the number of
unknowns is equal to the number of equations, the solu-
tion boundary in this case, where there is one free param-
eter, is composed of points. Figure 1 illustrates this. The
solution boundary is given by the point where A = A".

In general, if there are p free parameters, then the sys-
tem will have n + p unknowns and 71 -f 1 equations. So the
solution boundary in general is a (/; - l)-manifold. Re-
ferring to Figure 2 where p = 2, it can be seen that the
solution boundary is composed of the boundary points of
all the contour curves. The boundary is the 1-manifold
(curve) which is shown in the figure.

In actually calculating boundary points, it is difficult to
implement the constraint (2) directly in algorithms which
solve sets of nonlinear simultaneous equations. However
(2) can be effectively implemented as,

y'y = i
(3)

(4)

where y E P." is the right eigenvector corresponding to a
zero eigenvalue of / r . (Because (3),(4) force fT to have a
zero eigenvalue, they ensure that (2) is satisfied.) Alter-
natively, the problem could be formulated as,

fT(x,\yy = o
= iy'y

(5)

(6)

Then y would be the left eigenvector corresponding to
the zero eigenvalue. For the purpose of finding solution
boundary points, both formulations are equivalent.

The description of points on the power flow solution
space boundary is therefore,

• A ) =

\)y —

y'y =

0
0

i

(<)
(8)

(9)

det/x(i,A) = (2)

We now have 2n + 1 equations in 2n + p unknowns. It
again follows that when p = 2, the set of equations (7)-(9)
defines solution boundary curves.

3 An Overview of a Continuation
Method

As mentioned earlier, if a set of equations is underde-
termined such that there is one more unknown than con-
straint, then solutions will be curves rather than points.
We are interested in determining these curves. One
method of doing that is to generate successive points along
the curve using an Euler homotopy approach [7]. This is a
predictor-corrector algorithm which has been successfully
applied to the power flow problem in [12]. In this sec-
tion we shall review this approach to generating solution
curves. In Section 4, the details of implementing this al-
gorithm for generating boundary curves will be discussed.

In describing the algorithm, we shall consider a general
set of equations,

fl>(r) = 0 (10)
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where z € P:n+1, ci : E" + 1 — P.", for some arbitrary n.
Assume we are at a point :] on the curve. We wish to
move to the next point.

The first step of the algorithm is the prediction of the
next point on the curve. To do this, we find the vector
that is tangent to the curve at z\, and move along that
vector a predefined distance r. This r is a (scalar) con-
trol parameter which effectively determines the distance
between successive points along the curve. In regions of
high curvature, r may need to be small. When the curve
is almost linear, a large value of r would be more appro-
priate. The unit vector v € E" + 1 that is tangent to the
curve (10) at 2j is given by,

IMI = 1
(ii)
(12)

where (j>: is the n x (n + 1) Jacobian •£. The prediction
of the next point on the curve is,

Zp = 2! + TV (13)

Having found the prediction point, we now need to cor-
rect to a point z on the curve. The Euler method does this
by solving for the point of intersection of the curve and
a hyperplane that passes through zp and is perpendicular
to v. Points c on this hyperplane are given by,

(z-zp)'v = Q (14)

or
(z-zl)

tv = r (15)

Either (14) or (15) can be used. The point of intersection
of the curve and the hyperplane is then given by,

<j>(z) - 0 (16)

(:-:i?v = T (17)

Note that in (17), r j , v and T are fixed, with z being
the only unknown. The first n equations, which follow
from (10), ensure the point is on tiie desired curve. The
last equation, from (15), ensures the point is on the hyper-
plane. Equations (16),(17) form a set of n + 1 equations in
H + l unknowns. They can be solved using a standard tech-
nique such as Newton-Raphson. The predictor-corrector
process is illustrated in Figure 3.

tangent
vector, TV

\

next point -
on curve

— hyperplane
z" I (z~ z>)'v = r

curve

Figure 3: Predictor-corrector process

After the second point c2 on the curve has been deter-
mined, an approximate tangent vector can generally be
used for obtaining successive points. The approximate

tangent vector at the ?th point, which is used to calculate
the (i + l)th point, is given by,

VI = (18)

Obtaining the approximate tangent vector involves much
less computation than finding the exact tangent vector
using (11),(12). However the approximation may not be
adequate in regions of high curvature.

4 Implementation

In order to use a predictor-corrector technique to obtain
a solution boundary curve, we need to find an initial point
on that curve. For the desired boundary curves, there are
two free parameters. The simplest way of finding the re-
quired initial point is to constrain one of those parameters
and follow the power flow curve resulting from the other
free parameter, e.g., a curve like Figure 1.

The tangent vector used for the predictor satisfies, at
least approximately, (11),(12). Rewriting (11) for the
power flow case, with the parameter identified, gives,

[/*/,][ £ ] = o (19)

Note that v\ is a scalar because there is now only one free
parameter. It can be seen from Figures 1 and 2 that at
solution boundary points, the tangent to the power flow
curve is vertical. As a curve is traversed through such a
point, there is no change in the value of the parameter.
The predictor (19) is the tangent to the power flow curve,
so at a boundary point v\ = 0. By monitoring v\ along
the power flow curve, a point which is close to a boundary
point can be found.

The initial point of the boundary curve must satisfy
(7)-(9). Recall that in finding this initial point we are
constraining one parameter, and so have only one free
parameter. So (7)-(9) becomes a set of 2 n + l equations in
2« +1 unknowns, i.e., the initial point is uniquely defined.
A technique such as Newton-Raphson can therefore by
used to find the initial point. However such techniques rely
on a good initial guess for the variables x, A, y. Estimates
of x and A are provided explicitly by the continuation
process used in the initial stage to find the point close to
the boundary. The estimate of y is given by the tangent
vx. To see this, recall that at the boundary point v\ = 0.
So from (19),

fx(x,X)vx = Q (20)

iTrom (8) it can be seen that vx provides an estimate of y.
Figure 4 shows the process of searching for an initial

boundary point. The power flow curve (obtained by vari-
ation of a single parameter) is traced until a vertical tan-
gent is encountered. This is shown as a dotted line. Using
this as the starting point, the locus of boundary points is
traced (solid line).

Often there will exist more than one boundary point
on the original power flow curve, and hence more than
one potential starting point. This property is used when
computing disconnected sections of the solution boundary
(see Section 5.2).

The Jacobian of (7)-(9) has the form,

J =
ål

0

ål

Ii
0

0
åi
dy =

P fr
ål
dz
0

fx
åa.
ax
0

0
fx (21)
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parameter

Figure 4: Searching for an initial point

where

g = frll, g:E-n+2~R"
h = y'y-l
j g p(2n + l)x(2n+2)

When solving the corrector, (7)-(9) is augmented by an
extra row corresponding to the equation describing the
hyperplanc, i.e., (14) or (15). This introduces an extra
row into (21).

The ith component of vector function g is given by,

(22)
J t = i

where /; is the i'th component of / , and xu and yu are the
A'th components of x1 and y respectively. Therefore ^ is
an (n x ?i) matrix with (/,j)th component,

ay,

Similarly |^is an (n x 2) matrix with elements,

d-u
( M )

(23)

(24)

5 Examples
5.1 Two bus system

The numerical results obtained using the continuation
algorithm described earlier may be verified analytically
for a two bus system such as shown in Figure 5. In this
system, Genl is a slack bus, and Bus2 is a PQ bus.

Eliminating a from the real and reactive power balance
equations for Bus2 results in equations for power circles
in the P — Q plane,

I -P.-Q
V2ZocV,Z0

Figure 5: Two bus system
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Figure 6: Power circles and the solution boundary curve

o I 1 1 1 1 — ^ 1 1 1 1
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B u s 2 MW ( p u )

Figure 7: PV curves and boundary points

These are shown in Figure 6 as dashed lines for various
values of V-j. There exists a boundary in the P — Q plane
beyond which there are no power flow solutions. At any
point on that boundary, the power flow Jacobian Jpf is
singular. It can easily be shown that points which lie on
the boundary, i.e., which satisfy the power flow equations
and the requirement det 7pf = 0, are given by,

AX
(26)

Hence the solution boundary curve in the P - Q plane is
a parabola (remembering that Vi and A' are fixed).

The solution boundary can be computed numerically
by using the following observation. In P — V-i space, with
Q held constant, boundary points occur when there is a
change in the number of solutions as P is varied. With
Vi = A' = l.Opu, the dashed curves of Figure 7 show
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solutions for various (fixed) values of Q. (These curves
are analogous to Figure 2. Ill (his example Xi is P and
An is Q.) Using the continuation technique, and allowing
Q to be a free parameter, the boundary curve in P — Vn
space can be computed. It is shown in Figure 7 as a solid
curve. The same curve plotted in P — Q space is shown as
a solid curve in Figure 6. Note that it has the predicted
parabolic form. Furthermore, it forms the boundary of
the power circle diagrams and is tangential to the circles.

It is interesting to note that the contours (dashed lines)
of Figure 6 correspond to horizontal slices through Fig-
ure 7, and the contours of Figure 7 correspond to horizon-
tal slices through Figure 6. Together they give a picture
of the solution space in P — Q — Vo space.

5.2 Three bus system
This example illustrates the extraction of the complete

solution space boundary for the system of Figure 8. The
boundary is composed of a number of disconnected seg-
ments. We will assume initially that the line resistance R
of the line Gen2-Gen3 is zero. The solution space of such
systems has been analysed previously [16].

P. Gen2
R+jl.O

Gen3 P,

Figure 8: Three bus system

The power flow solution space projected onto the P2 — P3
plane is shown in Figure 9. In this figure, each contour
corresponds to a discrete value of o j . The outer boundary
of the solution space is obvious. However there is also
some boundary type behaviour within the solution space.
We .shall use the continuation technique to find all the
boundary curves.

Finding the boundary points amounts to finding those
points where, if P3 is held constant and P-> is varied (or
vice-versa), there is a change in the number of power flow
solutions. Figure 10 shows the power-angle curves at Gen2
for various values of P3. (These curves are rotated by
90° compared with the normal presentation of power-angle
curves. They are orientated in this way to follow the bi-
furcation diagram convention of parameter on the hori-
zontal axis and state on the vertical axis.) There exist
several boundary (bifurcation) points with respect to FT.
Using any of these as a starting point, and releasing P3,
loci of boundary [joints may be computed (broken lines).
Note that in this figure P3 "is restricted to a range of 0.1-
O.Opu. If the loci are plotted in P^ — P3 space, Figure 11
is obtained (where the range of Pa is no longer restricted).
Lines c — e and 6 — 6 in Figure 10 form part of curve 1 in
Figure 11. Likewise, line d — d forms part of curve 2, and
line n — 0 forms part of curve 3. Curves 1, 2 and 3 are
disconnected. Different starting points must be used to
obtain then,. Curve 1 forms an outer boundary, beyond
which no power flow solutions exist. Curves 2 and 3 divide

1 1 1 1 1 1 1 1 1

Figure 9: Power flow solution space
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Figure 10: Power-angle curves

the solution space into regions where different numbers of
equilibria exist [16].

The continuation method of this paper opens up many
possibilities for exploring unusual boundary behaviour.
For example, Figure 12 shows the distortion of the bound-
ary due to non-zero line resistance R. The solid curves cor-
respond to R = 0.25pu, the dotted curve to R = 0.5pu.
Note that as line resistance increases, the inner boundary
curves more toward the outer curve, then merge with it.
The dotted line in Figure 12 is continuous. A structural
change occurs for some value of R between 0.25 and 0.5.

6 Conclusions
A knowledge of the solution boundary of the power flow

problem is important for determining the robustness of op-
erating points, and for evaluating strategies for improving
robustness. A method of exploring that solution boundary
has been developed.

Curves of points which lie on the solution boundary
can be found using a predictor-corrector approach. The
curves result from freeing two parameters and enforcing
the power flow constraints together with the extra con-
straint that the power flow Jacobian must be singular. An
Euler homotopy approach has been used for producing the
curves.
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Figure 11: Boundary curves in parameter space
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Figure 12: Changes due to line resistance

Examples have demonstrated some of the possible forms
that the solution boundary can exhibit. It appears that
finite complicated behaviour may be possible. This could
have a significant influence on the formulation of algo-
rithms for optimally improving system robustness. It re-
mains to fully explore these issues.
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Abstract—This paper presents an improved genetic algorithm
(IGA) to solve optimal power flow (OPF) problems in flexible
AC transmission systems (FACTS). The unified power flow
controller (UPFC) is used as a phase shifter to regulate both
angles and magnitude of branch voltages. IGA, coupled with P-
Q power flow, selects the best regulation to minimize the real
power loss and keep the power flows in their secure limits. The
parameters of GA, mutation probability, crossover and coding
technique, are improved to make GA a practical algorithm in
the optimization of real-life systems.

Key words—Optimal power flow, FACTS, artificial intelligence,
genetic algorithms.

1. INTRODUCTION

FACTS (flexible AC transmission systems) with the new
technology of power electronics has given new control
facilities in power systems, in both the steady state power
flow control and the dynamic state stability control. In the
steady state operation of power systems, unwanted loop
power flow and parallel power flow between utilities are
problems in heavily interconnected bulk power systems.
These two power flows sometimes are beyond the control of
generators or it may cost too much with the generator
regulations. However, with the phase shifter and/or other
control facilities based on fast reacted power electronics
components in network, the unwanted power flow will be
easily regulated. Several papers have been published in
dealing with power flow controls [1-3]. The unified power
flow controller (UPFC) with voltage source converters can
operate as shunt compensator, tap-changer, series
compensator and phase shifter, which make it possible to use
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circuit reactances and voltage angles as control facilities for
power flows in the network. However, more control facilities
complicate the system operation. As the control facilities
influence each other, a good coordination is required in order
to bring all devices to work together, without interfering with
each other. Therefore, it becomes necessary to extend
available system analysis tools, such as optimal power flow
(OPF), to represent FACTS controls. It has also been noted
that the OPF problem with series compensation may be a
non-convex problem [1], which will lead the conventional
optimization methods stuck into local minima.

This paper proposes an application of genetic algorithms
(GAs) to solve the OPF problems in FACTS. Genetic
algorithms (GAs) were invented by Holland in the early
1970s and put into practical applications in the late 1980s,
[4,5]. GAs are search algorithms based on the mechanics of
natural selection and natural genetics. GAs are different from
other optimization methods in the following features,

1. GAs search from a population of points, not single point.
The population can move over hills and across valleys.
GAs can therefore discover a globally optimal point.
Because the computation for each individual in the
population is independent of others, GAs have inherent
parallel computation ability.

2. GAs use payoff (fitness or objective functions)
information directly for the search direction, not
derivatives or other auxiliary knowledge. GAs therefore
can deal with non-smooth, non-continuous and non-
differentiable functions that are the real-life optimization
problems. OPF in FACTS is one of such problems. This
property also relieves GAs of approximate assumptions
for a lot of practical optimization problems, which are
quite often required in traditional optimization methods.

3. GAs use probabilistic transition rules to select
generations, not deterministic rules, so they can search a
complicated and uncertain area to find the global
optimum. GAs are more flexible and robust than the
conventional methods.
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These features make GAs robust and parallel algorithms to
adaptively search the global optimal point. However, to
make GAs practicable, the problems of memory and
computing time arising from the coding of large number of
variables in real life systems need to be solved. The mutation
and crossover needs further studies. This paper effectively
deals with these problems and improves GAs ability in
practical systems. The techniques developed here would be
useful for the application of GAs in other areas.

Simulation studies have been carried out in a modified IEEE
30-bus system. The line flow models of power flow
controller in [2-3] are adopted as the power flow control
facilities. The power flow control formulations in [3] are
used in the iteration of optimization with GAs. The active
power loss is used as the objective function and the active
power flow limits in transmission lines during the
contingency state are used to justify the phase shifter control.

2. STEADY STATE POWER FLOW CONTROLLER
MODEL

The power flow control facilities of FACTS include a phase
shifter, series compensator and static condenser. Generally
speaking, the main function of power flow control facilities
of FACTS is to regulate the angle and magnitude of voltage
and current of the transmission line, which can be represented
by the equivalent circuit in Fig. 1, where the variable with a
'_' above represents a complex number.

l:T,,e'*

Fig. 1. Equivalent circuit of power flow controller

From Fig. 1, it can be seen that

According to the energy conservation law and neglecting the
power losses in controller, the following equation holds:

• *
V,h = Vi T,j (2)

where the variable with a '*' above represents its conjugate
number.

Therefore the relationship of the current is as follows:

l
(3)

Considering 7 , = - / ^ , the following two-terminal network

equation can be derived:

where

i i = h

h - Jji
The bus admittance matrix is as follows,

(4)

(5)

.-v >'S
which is an unsymmetrical matrix.

The power flow equations for the
branch can be derived as follows:

(6)

power flow controller

PJ< =

Qji = -

where

yiT>j<sij si"(Ov +cli)~b'j cos(0>

ij cos(Q,j

(7)

v,=<y0/

The effect of power flow controller can be represented by an
equivalent circuit with an injected current source and scries
connected voltage source as shown in Fig. 2. Based on this
equivalent circuit, the power injection model is created in [2-
3] as in Fig. 3 to avoid using the unsymmetrical bus
admittance matrix in the power flow equation. The power
injection model is given in (9).

Fig. 2. Current and voltage source model
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l i t J

Fig. 3. Power injection model

Q,s =
Tusitl® sinQv+V',"V

(9)

where
QJs=buv,yj7u

(10)

These equivalent injected powers, together with a regular
transmission branch as in Fig. 3, will be used in the power
flow equations. The derivation in [3] shows that the
sensitivities of the equivalent injected powers to the
magnitudes and angles of voltages at the Buses / andy are
much smaller than the corresponding elements in the
ordinary Jacobian matrix of power flow equations.
Therefore, these injected powers can be treated as loads or
generations at Buses i and /. Within each iteration, the
following equations hold:

ye.V,-
<; cos0>i+ h " " V

a , - Qdi - yt
ye.V,

(ID
where

A', = set of numbers of buses adjacent to bus /,

including bus /'

h'n-l ~ s c t of numbers of total buses, excluding slack bus

N PQ = set of PQ - bus numbers

Pa and Q,, will be computed after each iteration but will not
be used in deriving the Jacobian matrix, so the symmetry
property of bus admittance matrix is maintained and the P-Q
decoupled power flow can be used without any modification.

3. PROBLEM FORMULATION

The active power loss is used as the objective function and
the active power flow limits of transmission lines during the
contingency state are used as the security constraints. The

power flow controllers are used as phase shifters and tap-
changing transformers to regulate the power flow. The
objective function of OPF in FACTS is therefore expressed
as follows:

HU)

s.t.0=P,-l',

0 = Q, ~ V, - fly

je.V,
i 6 A',,ö

Tk
mm :

O A " " " <<

* e 'V/:7m.| /^i</ 'x
m ' "

where
A'g = set of branch numbers

A' A. = set of numbers of power flow controller branches

N Elim = s e t of numbers of limited power flow branches

Ptms = network real power loss

g^ = conductance of branch k
Power flow equations arc used as equality constraints; phase
shifter angles, tap settings and active power flow of
transmission lines are used as inequality constraints. The
phase shifter angles and tap settings are control variables so
they are self-restricted. The active power flows of
transmission lines are state variables, which are restricted by
adding them as the quadratic penalty terms to the objective
function to form a penalty function. Equation (12) is
therefore changed to the following generalized objective
function:

.t. 0 = Ps- Vi 2 > y (G,j cosQjj + By sM,j) i e NB_, (13)s.t.

= Q,~ V,
yeA',

y - Btj casBy) i e N PQ

where Xk is the penalty factor which can be increased in the
optimization process.

It can be seen that the generalized objective func t ion^ is a
non-linear and non-continuous function. Gradient-based
conventional methods are not good enough to solve this
problem.
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4. IMPROVED GENETIC ALGORITHM (IGA) Mutation:

GAs are search algorithms based on the mechanics of natural
genetics and natural selection. The GA used here is the
binary-coded one. Each control variable is encoded into a
series of binary bits. Each bit simulates a gene. The series of
binary bits of all control variables compose a string, which
simulates a chromosome. GA is a population search method.
A population of strings is kept in each generation. The next
generation is produced by the simulation of natural process of
reproduction, gene crossover and mutation. GA belongs to
random search algorithms, but it is not a simple random walk.
It effectively uses the information of current population to
direct the next search.

To make GA practicable in the real-life large-scale systems,
an improved GA (1GA) is given in this section. The
procedure of IGA is briefed as follows:

Initialization:

The initial population of strings, .v,, /=/, 2 m, where m is
the population size, is randomly selected in the binary-coded
domain of control variables. Each s, will be decoded back to
the control variables to compute its fitness score/.

Statistics:

The maximum fitness, minimum fitness, sum of fitnesses and
average fitness of this generation are calculated as follows:

rt<fj v/jj = i

(14)

J max ~ i J i

J mm ~ > J i

m

h = I/,;=/

Reproduction:

The strings of the same number as the population size will be
copied into a "mating pool" according their fitness values.
The higher the fitness value is, the more number of copies the
string would probably have in the "mating pool". A
simulated weighted roulette wheel is used to select mates.
Each string in the current population has its sector slot in the
wheel. The ratio of slot area of st to the whole wheel area is
the ratio offi/fc. Simulated m coin tosses on the roulette
wheel select m mates.

Ever>' string in the "mating pool" may be mutated with the
given mutation probability. For the string that is undergoing
the mutation, a number will be randomly selected from a
uniformly distributed [0,1] domain. If this number is less
than the mutation probability, the bits in a string will be
changed from / to 0, or vice versa. The mutation operator
produces a new string.

In general GAs, mutation probability is fixed throughout the
whole search processing. However, in practical applications,
a small fixed mutation probability can only result in
premature, while the search with a large fixed mutation
probability will not converge. An adaptive mutation
probability is given to solve the problem as follows:

Pm(k)-pn,su-p< 'f fma.x(k) unchanged

pm(k), \ifmi,.(k) increased . . . .

Pmfmuh •' Pm(k)~ Pslcp < Pmfinal

Pm(") ~ Pminil

where k is the generation number; pmnu , pnfiml and pm,,tp are
fixed numbers. pmm, would be around 1 and pmJ-m,i would be
0.005. Pmsup depends on the maximum generation number.

Crossover:

The strings in the "mating pool" are grouped in couples.
Each couple of strings would swap their bits according to the
crossover probability. The uniform crossover is used here,
which is better than one-point crossover and two-point
crossover, [6], The crossover operation would happen, if a
number for crossover, also randomly selected from a
uniformly distributed [0,1] domain, is less than the given
crossover probability. A mask string is set up with randomly
selected bits. The bits of the couple strings that arc
corresponding to / ' s bits of the mask string will swap, while
others will stay.

After all strings finish mutation and crossover, a new
generation is reproduced. Each string is decoded back to the
control variables to compute its fitness score. The statistics
will compute the new maximum fitness, minimum fitness,
sum of fitnesses and average fitness. The convergence
condition will be checked. The program will stop if the
condition is met, or otherwise, a new cycle of reproduction,
mutation and crossover will start.

For the sake of both computation speed and memory, each
variable is coded in a short fixed bit-length sub-string. In the
OPF of FACTS, a 3-bit sub-string is used for any control
variable. There are 7 steps of change for each variable,
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(23-l = 7). A dynamical hierarchy of coding system is
developed to code the large number of control variables in a
real-life system with a reasonable string length but uithout
losing the resolution of the result. The search process will be
divided into several stages with different step-changes for
control variables as follows:

Stage 1:

Stage 2:

D _ ry mi" j/war j

1/ mat _ymin

Vslept ~ 7

,.max , . , ,,optl .,

(16)

fyopll ,. ..max j .f ,,opll ,. ,,.
/ ' " ' V ' ' / lf ' +l slept >l

[V°»ll-VMpl,V°""+\-,]. othenvise ( 1 7 )

7

where V'p" is the control variable vector after the first stage
search; R, and R; are the search range for Stages 1 and 2
respectively. The process would have several stages.
However, from experience, two stages are enough for this
OPF problem.

The objective of OPF problem is to minimize fpjc. The
minimization of objective of OPF has to be changed to the
maximization of fitness to be used in the simulated roulette
wheel as follows:

fitness, -fpfamix-fp/ci (18)
where frjLmJX is calculated in Statistics.

5. NUMERICAL RESULTS

In this section, a modified IEEE 30-bus system has been used
to show the effectiveness of the algorithm. The network is
shown in Fig. 4 and the impedances, loads and power
generations, except the generation from the slack bus that is
Bus 1, are given in [7]. Four branches, (6,10), (4,12), (10,22)
and (28,27), are installed with power flow controllers. All
quantities in this section are per-unit values.

-20° <®k < 20°

The loads are: Pload = 2.834, Qload = 1.262. The voltages at
generator buses, P-V buses and a slack bus, are set to 1.0.
Three cases have been studied. Case 1 is the normal
operation state. Cases 2 and 3 are contingency states. Case 2
has one circuit outage of branch (6,28). Case 3 has two

circuit outages of branches (6,28) and (10,21). Two
branches, Branches (10,22) and (8,28), are selected as limited
pouer flow branches whose limits are set to 0.1.

5.1 Initial Condition

The phase angles are set to 0°. The initial generations and
power losses are obtained as in Table 1. In Case 1, no branch
power flow is outside its limit. The power flows of Branches
(10,22) and (8,28) are listed in Table 2. In Case 1, the power
flow of Branch (8,28) is outside its limit. In Case 2, both
branches are outside limits.

TABLE I GENERATIONS AND POWER LOSSES

Case!
Case 2

Case 3

2.S93SS
2.S9666

2.90174

0.98020

1.00151
1.01471

P, ,m £>,„„
0.059SS -0.281S0
0.06267 -0.26049
0.06774 -0.24722

TABLE 2 POWI-R FLOWS OF BRANCHES

Branches

Case 1
Case 2
Case 3

(10.22)
O.OSO

0.0S6

0.231

(8.2S)
0.021
0.147
0.158

5.2 Optimal Results

The optimal phase angles are listed in Table 3 and
generations and power losses are listed in Table 4. The power
flows of Branches (10,22) and (8,28) are listed in Table 5
which have been regulated back into its limits in both Cases 2
and 3.

TABLE 3 ANGLES OF CONTROLLERS

Branch
Case 1
Case 2
Case 3

(6.10)
-2.03
-1.46
0.46

(4.12)
•2.12

-1.39

3.75

(10.22)
•0.06

-0.09

-13.68

(28.27)
-0.17
-5.72

-13.61

TABLE 4 GENERATIONS AND POWER LOSSES

Case 1
Case 2
Case 3

2.89364
2.89892
2.93173

Q<
0.98177
1.00810
1.09807

Plrai

0.05964
0.06492
0.09773

a...-0.28023
•0.25391

-0.16393

TABLE 5 POWER FLOWS OF BRANCHES

Branches
Casel
Case 2
Case 3

(10,22)
0.076
0.0963
0.100

(8.28)
0.023
0.100
0.100
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After the optimization. Case 1 has got 0.00024 pu power
saving. In other two cases, there are even more active power
losses. The regulations of phase angles are used to remove
the overloads of branches after the circuit outages.

6. CONCLUSIONS

The potential for application of IGA to OPF of FACTS has
been shown in this paper. With no need to differentiate the
objective function and the constraint equations, IGA
effectively finds out the best results. The mutation probability
modification and uniform crossover improve the convergence
of GA. The dynamical hierarchical coding makes GA
practical in large scale real-life systems.
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Analysis of the effects of application of PST and SC on the performance of the
I CPTE svstem in the Balkans

T.M. Papazoglou. tvlember. IEEE
Technological Educational Institute

lrakiio. Crete. GREECE

Abstract-Comparison is made of the effectiveness on the steady
state load flow control of the Phase Shifter and the Series
Compensation. Attention is focused on the ability to reduce
unscheduled loop flows and redirect power flows in the system.
The Balkan section of I CPTE system resulting after the parallel
synchronous interconnection of Bulgaria is used as test system
with loading conditions corresponding to the 1995-peak load.
The superior properties of PST on power flow control are
shown. The positive effects of PST in maintaining a high level of
steady stale security while realizing relatively large multilateral
power exchange programs are demonstrated. A comparison of
the power flow control efficiencies and an economic estimate are
made for PST and SC.

1 INTRODUCTION

This is a comparison of the effectiveness of the Phase-
Shifiinsi Transformer (PST) and the Series Compensation
(SC) for the case of a possible application to improve the
performance of a complex interconnected power system The
initial idea was to extend results that were reported previously
for model systems [ I j to a real large pouer system The data
base used in this work corresponds to the Halkan section of
L'CPTli system resulting after the parallel synchronous
operation of the Bulgarian system, and to well-defined
conditions of system operation (IWS-peak load, generation,
etc) [Z\. [3|. [-l| The test system is divided into four
subsystems A. G. H and J interconnected by means of six
single • ircuit transmission lines (Fig 1) The overall
characteristics of the component subsystems are shown in
Table 1. and parameters of the interconnectinu lines appear in
Table 2
In recent years, following multilateral agreements among the

pouer utilities (if the Balkan region, load tlow and voltage-

Paper SPT PS 16- 02- 0520 accepted
for presentation at the IEEE/KTH
Stockholm Power Tech Conference,
Stockholm, Sweden, June 18-22,1995

D.P. Popovic. S. Mijailovic
Nikola Tesla Institute

Beluracle. SERBIA

UCPTE

Fiu

level studies have been done for the realization of the
synchronous interconnection of Bulgaria (subsystem B) with
UCPTE [3]. [4] These studies have examined realistic
scenarios for large power exchanges in cases of power
generation insufficiency in any subsystem (such as, for
example, the shut down of ageing units at the nuclear plant of
Kozlodui in Bulgaria), and have determined the limiting
factors for such exchanges (limitations in the 220 kV
transmission system, etc ). Also, the problem of circulating
unscheduled loop power flows (ULPF) around the
subsystems, during zero power exchange, was recognized.

Of the six interconnecting transmission lines (Fig. 1) some
are given special attention. Line 1, for example, is of interest
because it is associated with a power-flow bottleneck effect
due to a 300 MVA, 400/220 kV autotransformer at node e
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TABLE 1
COMPONENT SUBSYSTEMS

TABLE 2
INTERCONNECTING LINES

Svstem

A
G
B
J

Installed
MWs
1S92
0232
12074
22I2S

Transmission
Yoltaues(kY)

220 110
400 150
400 220
400'220

Network
Nodes

12
39
51
126

(Fig 1) Also, the state of protection o.'"the lines 2. 3 and 4
determines the upper limit of power intercinnge [4]

II MODELLING AND COMPUTATION

The computer program "Constrained Load I-"lo\\ - Optimum
Power Flow" CLF-OPF [5] is used The name of the program
implies its main functions and capabilities Apart from finding
the initial load tlow (first phase), the program searches, in a
second phase, for a solution in which the relevant operational
constraints are satisfied (constrained load How), or. if so
specified in advance, the program determines in a third phase,
the state in which the minimization of a suitably defined
objective function occurs (optimum power How) The
problems treated in the second and third phases belong to the
area of nonlinear analysis, and in CLF-OPF the generalized
reduced gradient method is used The Newton-Raphson
method is employed to determine the load tlow

The modelling of the PST and SC is done by modifying the
electrical parameters of the network Accordingly, the PST
case is dealt with by using the well known Yj,us-modifying
model [6], while, the SC is represented by the modified line
reactance expressed in terms of the degree of series
compensation as' X(l-Kse)

III REDUCTION OF RING FLOWS

The first case considered is that of zero power exchange
between subsystems In this case, ring power flows (ULPF)
arise mainly as a result of the electrical characteristics of the
subsystems at the interconnections and the size and place of
power injections in boundary regions

Two illustrations are considered in which the power output
of the thermal power plant (TPP) BITOLA in the boundary-
region of subsystem J near node d (Fig. 1) is assumed to take
two different levels: 460 MW the one. 630 MW the other

For the first illustration, in which the TPP BITOLA
generates 460 MW, an ULPF appears in the unaided system
such that 112 MW power flows from G to A through line 1
(Fig. 1), and returns to G partly through line 4 (93 MW) and
partly through line 3(19 MW). Now,- if a PST is installed on
line 1 (near node e) and is set at phase-shift angle tp = 10°,
then, the ULPF is replaced by two much smaller ring flows:
one that flows from G to A through line 1 (33 MW) and

1 ine

1
->

4
5

6

Voltaue
kV
400
400
400
400
220
220

Lenuth
km
190
163
175
115
71
66

Reactance
X(ohm)

64
41
60
3$
2l)
27

returns to G through line 4. and another one that flows from
B to J through line 2(14 MW) and returns to B through lines
4 and 3 in series Reducing the ULPF this way by means of
the PST results in an increase of the overall swem losses by
3 36 MW in total - shared among subsystems

For the second illustration, in which the TPP B1TO1.\
generates t'30 MW (which actually corresponds to its
maximum capacity at 0 85 power factor), an e\en higher
ULPF appears in the unaided system such that 127 MW
power tlows from G to A through line 1 If. again, a PST is
applied on line 1 (near node e) set at phase-shift angle q> - 10°
. then, this Ul.PF is reduced to 48 MW from G to A. while, at
the same time the overall system losses are increased by 2 d7

MW in total

IV REDIRECTION OF POWER FLOW

Next, consider the case of a very large power exchange
program such that UCPTE exports to subsystem B w o MW
and at the same time UCPTF. exports to G 500 MW In this
case, when the system is unaided, most of the power exported
to B is channeled through line 2 (more than O| °0) However,
the real power through line 2 can be controlled by means of a
PST or SC Table 3 shows how the portion o[' power
exported to B via line 2 can be controlled by a PST on line 2
(near node n) or by SC of line 2 For example, when the PST
is set at ip " 8 \ or when about 45 °o SC is applied, the whole
of the 990 MW exported to B is channeled through line 2
We see from Table 3 that the power flow redirection
properties of PST are superior than those of SC With the
PST the range for power flow control is wider even when (as
in Table 3) the range of phase-shift angles is relatively narrow
as compared with the full ranges of existing PSTs [7]. With
SC the range for power tlow control is relatively narrow even
when (as in Table 3) the degree of compensation varies in a
wide range respecting the practical limitations [8]

The power flow control properties of the PST can be used to
practical advantage. For example, for a desired power export
of 300 MW from subsystem A to G it is found that, when the
system is unaided, most of the power would flow indirectly
and only 33 MW would flow directly through line I. But, if a
PST is applied on line 1 (near node e) set at tp = 10°. then, the
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TABLE 3
POWER FLOW FROM J THROUGH LINE 2

TABLE 4
CONTROLLER RATINGS

Centre

•PC")

- 15
- 1 0
— >

0
6
12
10

with PST

Power flow
M\V

710
770
S23
008
%0
1042

10OS

Control

K s o ( °o )

0
10
20
30
40
50
60

with SC

Power flow

M\V

oos
026
042
0b 5

OS 2

1002

1024

PST
AP (MW)

29
52
S2
103
134
100

Ratitm
MYA

66
101
130
177
210
306

SC
AP(MW)

IS
34
57
74
04
116

Ratiim
Mvar

24
4S
77
106
141

IS5

comparison between the two alternatives The ratings ol'PST
direct portion of the power flow increases significantly to 110 [0| and of SC are given by
M\V With the PST application, the overall swem losses
increase by 1 66 MW .S'/-S/- :/\//i/<,i 2)jH)uipui VA) (1)

V STEADY STATE SECURITY ANALYSIS

Considering the large power exchange program, studied in
section IY. that assumes a L'CTTE export to B of °00 MW
and to G of 500 MW. examine according to the 'n-l' principle
the following insecure stale

Following the tripping of line 4 In this case, line 2 is
overloaded earning 1264 MW exceeding its rating of 1247
MW by roughly I % When a PST is installed on line 2 (near
node n) and is set at phase-shift angle i? •= - 10". then, the
ensuing redirection of power How results in a post dynamic
state in which there are no overloaded elements in the system
(eg line 2 carries 1163 MW)

Consider another large power exchange program, such that
G exports to J 400 MW and at the same time G expons to l\
400 MW, and examine according to the 'n-l1 principle the
insecure state following the tripping of line 3 In this case, the
autotransformer at node e receives 337 MW and is overloaded
by 12 °o If a PST is installed on line 4 (near node t) and is
set at phase-shift angle <j> = IO\ then, the autotransfornier is
loaded with just 273 MW The same PST action relieves the
overloading of a power line internal to network A and
restores security

The positive effects of PST application in achieving suitable
power flows in post dynamic states resulting from the tripping
of major interconnecting lines to maintain security can be seen
from the above characteristic examples. It is worthwhile
noting again that the necessary phase shifts throughout this
study have modest magnitudes as compared with the
maximum phase shifts possible by existing PSTs [7],

VI. APPARATUS RATINGS AND COSTS

The power flow control efficiency of PST and SC is now-
examined with the purpose of making an economic

ssr
(2)

where A'c. is the reactance of the series capacitor and / is the
line current

Referring to the case of power flow control by PST or by
SC on line 2 (examined previously in section IV) the ratings
o( PST (in MYA) and SC (in M\ar) are calculated using (1)
and (2) and are listed in Table 4 together with the
corresponding increases of the real power flow through the
line 2 (AP in MW) From fable 4 it can be seen that the
power flow control efficiency (measured in amount of
redirected power (low per controller rating) of PST is
constant and equal to 0 06 MWMYA. while, the power flow
control efficiency of SC varies from 0 75 MW/Mvar. for
smaller power-How increases, to 0 51 .MW/Mvar for larger
power-flow increases This means that the efficiency of the
PST is higher than the efficiency of SC when large increases
in real power flow are to be achieved (important in actual
applications) Furthermore, the unit costs of the two
alternatives, as recently quoted |10]. are 10 S/kVA for PST.
and 15 S kvar for SC. therefore, the costs of equipment per
MW of power-flow control are for the PST 15 kS/.MW. and
for the SC 20 kS'.MW (at least) Again, this comparison
shows the PST to be superior to SC

VII CONCLUSIONS

An existing complex interconnected network was used as
test system to compare the effectiveness on the steady state
load flow control of the PST and SC. The system was
appropriately chosen since it includes the transmission
networks of many different electric utilities and therefore the
reduction of loop flows and the ability to redirect power flows
have great importance. The power-flow control properties of
the PST were shown to be superior compared to those of SC.
The positive effects of using PST in achieving suitable power
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It should be noticed that steps 1 and 2 just solve the
system using injections of active and reactive power. The
following steps of the process alter the vector of corrections
of the system state, which is x at the end of step 2 and z at
the end of step 8.

This methodology should be iterative to present precise
results but in just one iteration good estimates can be
obtained, as will be shown in next section.

IV. TESTS AND RESULTS

Several tests were carried out using the IEEE 39 bus
system and a Brazilian 352 bus system.

.1 - 39 Bus System
The results of a power flow applied to this system, before

the simulations, are presented in table 1 and a single line
diagram of the system is shown in Figure 4.

TAIN.

Hus

1
2
3

•t
5
6
7
X
9
10
11
12
13
1-1
15
16
17
IX
19
20

•: 1 - INITIA

Type

0
0
0
0
0
0
0
0
0
0

0
0
0
0
0
0
0
0

0
0

1. STATHOF U-1KI-; 39 ULS SYSTEM

Voltage

.030

.037

.025

.016
026
.030
.017
.014
.024
.046
.040
.020
.03X
.025
.009
.017
.022
.021
.049
OOX

Angle

-835
-5.56
•8.77
-9.93
•8.91
•8.27
•10.34
-10.81
•10.39
-6. IX
-6.X9
-6.90
-6.7X
-8.18
-8.33
-6.77
-7.74
•8.57
-2.15
-3.34

Hus

21
22
23
24
25
26
27
28
29

30
31
32
33
34
35
36
37
38
39

Type

0
0
0
0
0
0
0

0
0
1
2
1
1
1
1
1
1
1
1

Voltage

1.012
1.027
1.021
1.012
1.046
1.043
1.027
1.045
1 046
1.030
1.020
1.040
0.990
1.050
1.030
1.040
1.030
1.030
1.010

Angle

•4.31
0.31
0.34
•6 60
-4.32
•5.72
-7.82

•2.18
0.60
•2.59
0.00
0.60
2.86
1.84
5.05
9.30
2.47
7.62
-10.05

The disconnection of lines 7-8 and 3-18 were simulated.
In tables 2 and 3 the results of those simulations arc
presented. Only the voltages and angles of the lines in the
neighbourhood of the disconnected line arc included in the
tables. The results of a load flow without the line and the
results obtained after the second step of the algorithm
(incomplete simulation) are also presented to allow some
comparison. As the incomplete simulation presented some
very inaccurate results in the previous tests it was
abandoned.

I — i* ( 4 i«4 I "•» * i

Fig 4 - Single Line Diagram of the 39 bus system

TAIiLE 2 - SINCU.AT1ON OK THE OUTAGE OK LINE 7-8

Bus

5
6
7
8
9
10
11
39

Incomplete
Simulation
Voltage Angle

.025

.030

.016

.012

.023

.045

.039

.010

-X96
-X.27
-10.19
-11.04
-10.58
•6.20
-6.91
•1021

Complete
Simulation
Voltage Ancle

1.025
1.031
1.023
1.007
1.021
1.046
1.040
1.010

-9.14

-X.26
-9.41
-12.11
-11.44
•6.26
-6.95
-10.92

Without Line 7-X

Voltage Angle
.024
.030
.022
.006
.021
.045

1.040
1.010

-9.16
-X.28
-9.42
-12.14
•11.47
-6.2X
-6.96
-10.95

TAHI.H 3 - SiMn.ATioN OF nu; orr.-v.;i; OF I.INI; 3-18

Hus

1
2
3
4
5
14
16
17
IX
25
27
30

Incomplete
Simulation

Voltage Angle
.030
.037

1.024

.015

.025
1.024
.015
.019

1.018
1.047
.026

1.030

-8.37
-5.58
•8.82
-9.94
-8.91
-8.18
•6.71
-7.65
-8.46
•4.32
•111
-2 61

Com
Simu

Vollai'.e
1.030
1.037
1.027
1.016
1.026
1.024
1.014
1.017
1.014
1.048
1.024
1.030

plete
ation

Angle
•8.42
-5.66
•X.97
-9.96
-8.92
-8.14
-6.46
-7.35
-8.07
-4.34
-7.55
-2.69

Without line 3-18

Voltage Angle
.030
.037
.027

.016

.026
1.024
.014
.017

1.014
1.048
.024

1.030

-8.42
-5.66
-8.97
-9.97
•8.92
-8.14
-6.46
•7.35
-8.06
-4.34
-7.55
-2 69

B - 352 Bus System
This system has 30 generation buses. 282 Transmission

Lines and 252 Transformers (107 with on load tap changer).
The voltage level varies from 13.8 k V lo 500 kV. Tables 4
and 5 show the results of the disconnection of two lines.

TABLE 4 - SIMULATION OF THE OUTAGE OF LKE 307 - 326 c 138 KV)

Bus

271
299
306
307
326
327
342

Defore Switching

Voltage Angle
1.034
1.027
0.972
1.035
0.990
1.030
1.030

-9.51
-16.02
-6.84
-9.27
-15.84
-20.69
-8.17

Simulation

Voltage Angle

1.031
1.014
0.968
1.032
0.968
I.00S

1.023

-9.31
-17.38
-6.87
-9.07
-18.22

-22.91
-8.42

Without Line
307-326

Voltage Angle
1.030
1.012
0.966
1.031
0.966
1.005
1.021

-9.35
-17.48
-6.90
-9.11
-18.37
-23.07
-8.46
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flows in post dynamic states resulting from the trippirm of
major interconnecting power lines and maintaining a high level
of steady state security while realizing large multilateral power
exchanges were demonstrated Power flow control
efficiencies were calculated for PST and SC and an economic
comparison, based on recently quoted prices, shows the PST
to be an advantageous choice over the SC for the studied
applications
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Abstract- This paper describes a methodology for simulating
switching operations in transmission lines. As it is an AC
method, it allows the analysis of the effects of such switchings
on the voltage profile.

The first steps of this procedure are similar to the
compensation methods usually applied to the nodal susccptance
matrix in network linearized models, but this procedure uses
diukoptics techniques and is applied to the Jucobian matrix.

The results obtained after one iteration are fairly close to
those obtained by a complete power flow, but saving
computational time.

Tests applied to IEEE 3!) bus system and a Brazilian 352 bus
system are presented.

I. INTRODUCTION

When a transmission line is switched, oit or off, the
system state changes and so do the power flow , losses
distribution and the short circuit currents in sonic locations.

In static security analysis studies it is necessary to
simulate the loss of sonic elements, for example a
transmission line, in order to verify the effects of this
contingency on the system state.

Another condition when it is necessary to simulate
switchings is during the scarcli for the optimal switching
change in order to control overloads on transmission lines
or voltage problems.

In section 2 a DC method is presented and used for the
search of the optimal switching to control line overloads.

Paper SPT PS 16- 03- 0418 accepted
for presentation at the IEEE/KTH
Stockholm Power Tech Conference,
Stockholm, Sweden, June 18-22,1995

In section 3 the method developed to observe the effects of
switchings on the system state is presented. This method
deals with alterations to the Jacobean Matrix, instead of the
nodal admittance matrix [5,6|, but it is not iterative (3] and
there is no need to obtain tiic sensitivity matrix between
power flows and injections (8,9). Some tests results arc
displayed in section 4 and the conclusions in section 5.

II. SWITCHING TO CONTROL TRANSMISSION
LINE OVERLOADS

The methods used for security assessment are the same as
those used to simulate an clement outage during the search
for the optimal topology. These methods arc usually applied
to linearized or decoupled models, in order to improve the
process speed, although sometimes it may be necessary to
verify the most severe cases more accurately.

The linearized power flow model is:
P--H.Q (1)

Where:
P Vector of nodal injections of active power.
0 - Vector of nodal angles.
B - Matrix of nodal susccplancc.

The DC power flow has the advantage of being simple
and quick but it docs not give any information about voltage
and reactive power.

From the network equations it is possible to find a relation
between the power flow in the branches (T) and the bus
injections (P):

T=S.P (2)

Where S is the sensitivity matrix.
The compensation theorem [07] may be applied to avoid

the refactorization of B at each simulation. In this case the
compensation injections (see appendix A) will not be
currents but active power and will have the same value as the
flow on the withdrawn line.
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busi

A

Ici

J3L SJ

Yicj
Ici=-Icj=Tij

Fig. 1 - Compensation Injections

The variation of the net injection in a bus may be
represented by:

Where:
l_(j - Vector of Compensation injections.
PQ - Vector of active power generation injections.
£f< - Vector of load injections.
// - Incidence matrix of bus-compensation injection.

Then :
AT - .V.//./c; (4)

Using (4) it is possible to calculate the changes in the flow
of each clement after switching on or off one or more
elements.

The switching operations usually considered arc on
transmission lines, transformers and coupling circuit
breakers. Changes in tap position of transformers with on-
linc-tap-changcr can be included in the switching model [1]
but in most cases they arc considered to be linear.

The search for the optimal topology can be formulated as
the minimisation of the sum of the overloads in the network

XISC

7/ -17/1 (5)

Where:
NLSC - number of overloaded elements.

T i - maximum flow allowed on the clement i,
Ti - flow in the clement i.

After a switching, represented by the compensation
injections, the relation showed in (5) can be rewritten as:

XLSC

1=1

7 I - | 7 I O + A77 | (6)

Where Tio is the flow through line i before the simulation
of an outage and ATi is the change in that flow due to the
switching and calculated by (4).

///. LINE OUTAGES TO CONTROL VOLTAGE
PROBLEMS

Some utilities arc used to switching off some transmission
lines in periods of minimum load, in order to control
ovcrvoltage problems when other procedures arc not enough.
The choice of which line to switch is generally done by off
line studies, using a complete power flow.

When it is necessary to estimate quickly the effect of a
manoeuvre on the voltage profile, the execution of a
complete power flow should be avoided, but a CA model is
needed.

The proceeding to be presented here has some similarities
with the method of compensation injections applied to the
linearized model.

Starting from the equations of the power flow using
Ncwton-Raphson method:

AP AO

AV

(7)

Jacobian Matrix J
Where:

d t cQ 8Q
M L

(8)

(9)

At each iteration the correction vector ([AO.AYI" ) is
obtained and the system state and, consequently, the
Jacobian matrix, arc updated until the system converges.

Sachdcv and Ibrahim [3] developed a proceeding to
simulate load or generation changes and outages of
transmission elements. This method is based on the
sensitivity matrix (inverse of Jacobian matrix) of the basic
system. This method is AC and iterative. Bus injection errors
are considered equal to the pre-contingency power flow in
the line in the first iteration. After updating voltages the flow
in that line is recalculated. When the changes are within
permitted tolerances the process stops. Power injection
modification factors are used to improve accuracy.
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Mamandur and Berg [S] also use the inverse of the
Jacobian matrix as a sensitivity matrix and a simulation
based on the power injection changes at end buses, but
instead of considering the premise that the power injected
into the end buses is the same as the power flows in the
outaged clement, they consider that the scheduled demands
of the end buses should match the power flows in the
remaining lines connected to the terminal buses.

In (9) that method was upgraded to deal with other
switching actions, such as switching-in, busbar
coupling/splitting and branch "changeover", that is, branch
relocation at both ends.

The method proposed in this work, in contrast to those
described above, docs not do any alteration on the Jacobian
matrix after topological changes in order to avoid
rcfatoriv.ation. but tries to compensate this by diakoptics
techniques in the cases where the modification docs not alter
the number of nodes, isolating part of the system. For this
increases the accuracy of the method, good results arc
supplied without the necessity of being iterative.

An error matrix P, with the same dimension as the
Jacobian matrix is created and contains all alterations that
should have been done on that matrix. The number of
elements in P depends on the type of the terminal buses of
the switched branch. This number varies from 1 (when one
of the buses is the slack one and the oilier is a generation
bus) to 16 (when buses T and ' j ' arc load buses).

column

AHii

AHji

AMii

AMji

V-
AHij

AHjj

AMij

AMjj

r
AN»

ANji

ALii

ALji

t
ANij

ANjj

ALij

ALjj

(mxm)

Fig. 2 • Structure of Error Matrix T

The Jacobian matrix after the switching operation is the
sum of the previous one and the error matrix. Using
diakoptics techniques [4] we can obtain the solution of the
system j ' .Ax = Av, relating it to the solution of J Ax = Av,
where J1 =1° +P; and the factors of J° arc already available.
The complexity of this proceeding depends on the rank of P
[4].

Supposing that both buses are load type and that bus T
data corresponds to columns 'c ' and 'r ' and bus ' j ' to

columns 'k' and Y, the error matrix would have the
stnicturc presented in fig. 2.

If, for instance, bus "j ' is a generation bus, the elements
of columns and lines Y would not exist. The complete
algorithm to effect the compensation of a line switching is
the following:

1 -Construct the vector of mismatches of power. AY .

Pji QU Qji Av

In the case of switching off a line connecting two load
buses, the elements of this vector arc equal to the previous
flows on the line. The other elements arc zero and the
dimension of Ay_ is the same as that of the Jacobian matrix,
" m'.

2 - Solve the system J.x = Av by calling the subroutines
of forward and backward substitution.

3 - Separate x (obtained in step 2) cm x, c x,,.r .where x,
contains the elements of x that occupy the positions
correspondent to the non-zero elements of Ay_ and Xj,.r the
other elements.

4 - Construct the matrix Pr . formed by the non-zero
columns (in this example columns c.k.r and t) of the error
matrix P (maximum number of columns is four).

,*
AHii

AHji

AMii

AMji

V
AHij

AHjj

AMij

AMjj

r

AN»

ANji

ALii

ALji

t

ANij

ANjj

ALij

ALjj

(mx4)

Kig. 3 - Matrix I1

5 - Solve V = J '1 .P r . applying J"1 (factors) to each column
of Pr and joining all vector solutions as columns to form
matrix V.

6-Obtain z r=(l+V r)"1 .x r .
Notice that the matrix (1+Vr), to be inverted, has the

dimension less than or equal to 4x4.

7-Obtain zn.r = xn . r-Vn . r .z r

8 -Build z from Zn.r and 2r, where z is the vector of

[Av|A5]"T.

9 -Update voltages.
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TABLE 5 - SiNO.-L.vnoN OF THE OLTAGE OF LINE 189
Bus

7?
130
145
181
189
190
191
314
326
327
328

Before Switching

Yoltaee Ancle

1.023
1.011
1.009
1.011
1.021
1.019
1.030
0.990
1.030
1.052

-21 51
•21.08
-17.6S
-18.89
-19.45
-25.02
-22.68
-22.94
-15.84
-20.69
-23.67

Simulation

Vollace Ancle
1 013
1.023
0.99S
0.994
0.995
1.003
1.002
1.029
0.989
1.030
1.052

-21.65
-21.22
-17.14
-18.26
-18.77
-24.52
-22.11
-23.03
-15.92
-20.83
-23.81

- 327 (230KV)
Without Line

189-327
Voltage .Angle
1.013
1.022
0.997
0.993
0.995
1.002
1.001
1.029
0.989
1.030
1.051

-21.66
•21.23
-17.14
-18.26
•18.77
-24.53
-22.11
•23.04
-15.92
-20.84
-23.82

Some measures of elapsed time to run a complete load
flow starting from flat start and to run the simulation
subroutine, using two difcrcnt test systems were taken on a
SUN SPARC station, 40 Mhz (CPU.FPU) and the average
values arc presented in Table 6.

TAHI.I- 6 - CuMI'LTATIOXAL TIME

.Activities

Readme

liuildinc Jacobian Matrix
1'low Iterations

Simulation

Klapscd Time
39 bus svstem

0.175s

0.076 s

0.393 s

0.035 s

Klapscd Time
352 bus svstem

1.9235
4.172s

1.680s

0.144 s

V - CONCLUSIONS

This method was developed to be used in conjunction with
a complete power flow (Newton Rnphson). The purpose is to
have a fast way to check the effects of a line switching over
the voltage profile.

In spite of the modification of the network, the available
factors of the Jacobian matrix before the manoeuvre arc
used. That possible source of error is considered during the
process using diakoptics.

The results presented in the previous section showed good
accuracy with considerable computational lime saving.

The outage of transformer and shunt elements can also be
simulated by this method, the only difference being the
calculation of the elements of the matrix P.
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APPENDIX A - METHODS FOR ANALYSIS OF NETWORK
MODIFICATIONS

Several methods have been developed to deal with
alterations in electrical energy networks, especially
addition/withdrawal of lines and transformers. Usually those
methods arc applied to the nodal admittance matrix, but they
can be applied to other matrices, as for example, the matrix
B of the DC load flow [07]. Using the model

Y.V = (A.1)

V is the column vector of nodal voltages and I the column
vector of current nodal injections.

The procedure to compensate a perturbation matrix AY is
based on the inverse matrix modification lemma [06|, where
the final matrix Y' is:

Y'=Y (A.2)

In |05] the method is explained through network analysis,
showing the compensation as a Thcvcnin equivalent.

Several ways of modelling changes in the network arc
showed in [06|. For example, when the admittance of a
branch between node "i" and "k" changes by <5y. the matrix
AY can be expressed as:

M Rv M

AY =

+ 1

-1

+ 1 -1

(A.3)

And the solution of the system after modifications Y
becomes

V = (Y-I - Y-'.M.C.MT.Y-1).l

I = (Y° + AY).E

can be simulated as

I + Ic = Y° E

(A.6)

(A. 7)

Where Ic is null vector, except for the positions
corresponding to the terminal buses of the i-k branch.

Therefore the non-7.cro components of Ic

-V = If = •
11 'k

(A.8)

(A.4)

In the case of switching off an clement, for example, the
compensation injections will have the same value as the
previous flow on this clement, which is retained in matrix Y.

Besides these methodologies there a sensitivities analysis
approach can also be applied. [07|.

Jacqueline (I. Kulim - was horn in Rio dc Janeiro, Brazil on 25 August ,
1961. She graduated in Electrical Engineering from Univcrsidadc Federal de
Santa C'atarina (lTSC),Hra/il, in 19X2 and also get the M So. degree in Power
Systems there, in I9XX. From 19X5 to 1991 she worked in HV and EUV
susbstation projects. She did a sandwich Phi) at Universidadc Federal de Santa
Catarina. Hninel fniversity (F.ngland) and received the degree in 1995.
Now she is a researcher at ITSC and works with artificial intelligence
applications to power systems operation

Malcolm U. Ining - was born in Newcastle, UK on 4 December 1952. lie
graduated in Electrical Engineering and F.lectronics from the University of
Sheffield, UK in 197-t, and obtained a Ph.D. from the Department of Control
Engineering at the same University in 1977. From that lime he has worked at
ShclTicld University and Durham University, and has been the Director of the
liruncl Institute of Power Systems at Ilruncl University, UK since 1990. Dr.
Irving's research interests include power system planning and control
applications for both distribution and transmission networks.

c= + /.)•

The compensation theorem shows that the physical
alteration in a branch can be modelled by current injections
of appropriate value in the terminal buses of that branch.
The fictitious injections arc called 'compensation injections'.

So, an initial situation

Y = Y° . E°
and a final situation

(A.5)
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Power Flow Solutions With Intermediate Control
Adjustments

R. Salgado A. D. R. Medeiros
L'niversidade Federal de Santa Calarina

Grupo de Sistcmas de Poténcia

CTC / EEL CP 476 Florian6polis-SC Brazil

A b s t r a c t : The use of strategics to correct voltage magnitude

violations and to adjust the generation of active power during ihc

iterations of the Newton-Raphson power flow technique is proposed.

These intermediate adjustments are performed in two stages: in the

first, the generated voltage magnitudes and the transformer taps .ire

rescheduled to eliminate the violations in the bounds of the load lius

voltage magnitude. In the second, when all violations .ire removed,

the active power of the generation buses is redistributed to reduce

the value of an active power performance index. The changes in both

the voltage magnitude of the generation buses and the transformer

taps are optimally evaluated through a Least Squares technique,

whereas the generated active power increments are determined via

the conventional Economic Dispatch formulation. Among many ad-

vantages, this procedure provides fast results without major changes

in the structure of the power flow itrractive process. Nmneric.-i] re-

sults uf testi: cases including a practical power system are use to

assess the performance of the proposed approach.

1 Introduction

Since Iheir proposition, computational methodologies for
conventional Power Flow and Economic Dispatch solu-
tions have been extremely useful numerical tools for power
.system analysis. However, in spite of the recognition of
this fact, the algorithms on which these methodologies are
centred, in their conventional forms do not take into ac-
count global strategies to eliminate violations in the limit
of certain variables of the power network (such as load bus
voltage magnitudes, for instance). The procedure usu-
ally applied to correct eventual violations is to model the
determination of corrective solutions as an optimisation
problem, which is usually solved by Linear or Non-linear
Programming based methods. In this problem, the ob-
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jective is to minimise a function of the deviations of the
current value of the control variables such that the power
balance equation as well as the operational constraints be
satisfied.

Many approaches have been proposed to solve the prob-
lem of voltage magnitude corrective dispatch, hi [1] and
[2], Meliopoulos el al determine the corretive dispatch of
reactive power through the Dual Simplex method. In the
first reference, a strategy to reduce the linear model by
eliminating redundant constraints and a technique to han-
dle discrete controls during the optimisation process are
also proposed.

Mota-I'alomino and Quintana [,\] apply Linear Pro-
gramming to evaluate the reactive power corrective ad-
justments. Aiming at making the sensitivity matrix as
sparse as possible, they propose a criterion to eliminate
non-significant elements of this matrix. In this approach,
the selection of constraints based on the graph of the
power system is also used.

The similarities between the mentioned methodologies
are basically: the use of linearised sensitivity relationships
relating the power system variables, and the distinction
between the power flow process and the optimisation pro-
cess. More recently, Maria et al [•)] proposed n method-
ology based on the decoupled power flow technique, in
which the control variable adjustments to eliminate vio-
lations in bolh line flow and voltage magnitude limits arc
evaluated during the iteractive process to solve the load
flow problem. During the P8 iterations, the active power
generation is rescheduled to eliminate transmission line
overload, whereas in the QV iterations the voltage mag-
nitude of the generation buses and transformer taps are
adjusted to correct eventual load bus voltage magnitude
violations. Linearised models based on the sensitivity re-
lationships between the variables of the power network are
used and Linear Programming is applied to solve both
optimisation subproblems. This procedure, which is an
extension of the conventional decoupled power flow, has
the advantage of maintaining constant the structure of
the power flow problem.

The methodology commonly used to perform economic
dispatch calculations is based on the equality of the pe-
nalised incremental costs of the generating utits. The con-
ception of this technique is relatively simple. Basically,
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the optimisation of the active power generation cost is
performed by applying the Kuhn-Tucker optimality con-
ditions to the Lagrangean function. The major difficulties
associated to the solution of this problem are related to
the determination of the incremental transmission losses
and the calculation of the incremental generation cost.
However, some of the references found in the literature
[5. I). 7] overcome these difficulties through a small ex-
tension of the conventional Newton-Raphson method to
solve the nonlinear network equations.

In this work, attention is focused in two points: the first
concerns the solution of the power flow problem with an
intermediate global strategy to make the necessary ad-
justments to correct eventual violations in both voltage
magnitude limits and reactive generation bounds. The
determination of the corrective solution is formulated as
a Least Squares problem, whose objective function is the
sum of the square deviation of the current values of the
generation bus voltage magnitudes and transformer taps.
The second consists in determining the optimal distribu-
tion of active power generation during the iterations of
the load flow solution. The active power resheduling is
modelled as a conventional Economic Dispatch problem
with quadratic objective function. This procedure can be
seen as a strategy to speed up the determination of power
flow solutions via those techniques that apply successive
linearisation to the optimisation problem.

2 Fundamental Concepts

Any steady-state power network can be aualitically rep-
resented by a set of nonlinear equations expressed as

h(x) > 0

l(u) > 0

(1)

(2)

(3)

where, x is tin: vector of the dependent variables; u is the
vector of the control or independent variables; g is the
vector that represents the nonlinear network equations; li
is the vector that represents the operational constraints
associated to the dependent variables (load bus voltage
magnitude limits, generated reactive power limits etc);
and 1 is the vector representing the operational constraints
associated to the control variables (physical limitation of
the control equipments of the power network).

2.1 The Corrective Action
The aim of the corrective control is to assure that not
only the equality but also all inequality constraints are
satisfied. For a given condition of the power system, the
set of nonlinear equations 1 is solved (through Newton-
Raphson method, for example), and the set of inequalities
is verified. If some constraint is violated, the necessary
adjustment in the control variables is evaluated to satisfy
equations 2 and 3, eliminating the eventual violations.

The changes in the control variables must be as small
as possible. This assures that the network continues op-
erating near the initial condition, in spite of the changes
in these variables. Thus, a potential objective for the
corrective nction can be the minimum deviation of the
current operating point. Analitically, this statement can
be expressed as the following optimisation problem [8]

Minimise A u r A u
subject to Sx uAu > b

SlJuAu> b
('O

where, Au is the (n x l)-vector of the control variable
increments; STU is the (m x n)-sensitivity matrix relating
the the linearised operating constraints and the control
variables; Sju is the (n x n)-sensitivity matrix of the re-
strictions corresponding to the control variables.

The sensitivity matrices Sxu and Sdu are obtained by
expanding the set of nonlinear equations 1, in a first order-
Taylor series, about the current operating point. The
evaluation of these matrices consists in a series of direct-
inverse substitution processes, with the factorised Jaco-
bian matrix, and matrix products. Since their calculation
involves the inverse Jacobian matrix (in fact, its trian-
gular factors) of the Newton-Raphson power flow, which
is sparse, these sensitivity matrices arc dense. However,
non-significant elements of these matrices can be elimi-
nated, making them as sparse as possible [3]. This allows
the application of sparsity techniques (compact storage)
and, what is more important, avoids negligible increments
in the control variables.

Equation 1 states a Least Squares problem with lin-
earised inequality constraints. The conventional approach
to the determination of corrective actions alternates the
solution of the optimisation problem represented by equa-
tion 8 with the conventional power flow solution. The lat-
ter is necessary to confirm the results estimated with the
aid of the linearised modelling of the constraints. In the
present work, this optimisation problem is solved by ap-
plying the technique presented in [9], whose application
to the power corrective rescheduling problem in power
systems had been previously investigated [8].

2.2 The Active Power Dispatch

The classical Economic Dispatch problem is a particular
case of the Optimal Power Flow problem, in which the
performance index to be optimised is expressed as an ex-
plicit function of the active power generation cost curves,
the set of equality equations is summarized as the active
power balance equation and the inequality constraints are
related only to the control variables of the optimisation
problem (the generated active power). Analitically, this
problem can be expressed as

Minimise
subject to

/ (PG)

* G — rO •

-PL=O (5)
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where, A' is the total number of buses of the power system;
PDJ is the active power demand in the j ' h bus; Pi is the
total active power transmission loss; and Pg1" and P ^ a r

represent vectors whose components .ire the maximum
and minimum generated active power limits.

The solution of the problem stated by equation 5 re-
quires that the penalized incremental costs of the gener-
ating units be equal, that is

\ _
[1 - (6)

where, A is the penalized incremental cost; the term
(9Pi,/3Pcj.) represents the incremental transmission
losses; and the term 1/[1 — (dPi/dPat)] is the penalty
factor of the k'h generating unity.

As suggested in reference [5], the incremental transmis-
sion losses can be determined' in the following two stages

• evaluation of the vector ~, (with components -,,) to
the PY buses, by solving the linear system

where, [(dP,ittrt/0x)] is the vector of the first deriva-
tives of the slack bus active power with respect to the
conventional Newton-Haphson power flow variables;
and J is the Jacobian matrix of the Newton-Raphson
power How method.

• determination of the incremental transmission loss
factors of the PY buses, which are expressed as

(OI\IOPlSi)= l + ->,

Note that for the slack bus, ",i,,,.n = — 1, such that
(0lii./01>a,,afk) = a.

The penalized incremental cost A can be directly ob-
tained through the algorithm proposed in reference [C],
which is based on the cost curve coefficients, the total of
active power demand ]T̂ }=1 Pm, the active power trans-
mission loss /'/.. and the incremental transmission losses
(dl'i./dl'ai)- '" 'he c;ls<> of >'|e quadratic cost functions

(7)

th'1 analitycal expression to evaluate the scalar A is [G]

A=
ic{GP)

where

and

ic{PV)

Despite of its simplicity and limitations, the develop-
ment of Economic Dispatch methodologies has been ob-
ject of a lot of research, since fast solutions can be deter-
mined at a relatively low computational cost. The attac-
tiveness of the strategies proposed by [5] and [6] is that

just a little has to be added to the conventional Newton-
Raphson power flow to their application. The first deriva-
tives required in these calculations are easily obtained and
the Jacobian matrix is usually available in its factorised
form.

3 Proposed Approach

During the solution of the power flow nonlinear equations,
it is observed that the adjustments in the dependent vari-
ables decrease considerably as the power mismatches are
near to satisfy the pre-specified tolerance. This allows to
have an idea about the values of the dependent variables
before the final solution is reached and, if necessary, to
make some changes in the control variables on order to
have these variables at a satisfactory level. The proposed
approach takes advantage of this fact to modify the direc-
tion of the power flow solution, with the aim of eliminating
any eventual violations in both the load bus voltage mag-
nitude and the generated reactive power limits and, simul-
taneously, to find a solution of reduced cost in terms of
generated active power. Therefore, during the iterations
of the conventional Newton-Raphson power flow process,
instead of simply correcting the dependent variables (load
bus voltage magnitude and generated reactive power) the
limits of these variables are verified. In case of violation, a
quadratic optimisation problem similar to that expressed
by equation 8 is solved to provide the minimum deviation
of the current value of the generated voltage magnitudes
and transformer taps that removes the violations. If there
is no violation, an optimisation problem similar to that
of equation 5 is solved to determine the rescheduling of
generated active power that optimises the corresponding
performance index.

The iterative process to perform intermediate control
adjustments, which in fact can be seen as a simple ex-
tension of the conventional Newton-Raphson method to
solve the power flow problem, proposed in this work, can
be summarized in the following sequence of steps:

1. Estimate initial values for the angle and magnitude
of the complex bus voltages V and 5;

2. Evaluate the active power mismatches AP (PV and
PQ buses), and the reactive power mismatches AQ
(PQbuses);

3. Test the convergence of the iterative process: check
the power mismatches, verify if there are violations
in the voltage magnitude limits or in the generated
reactive power bounds, and check if it is still possible
to reduce the value of the objective function of the
active power subproblem; if the convergence has been
reached, stop;

4. If there is some violation in the limit of the load bus
voltage magnitude and/or of the generated reactive
power bounds, solve the quadratic optimisation sub-
problem, adjust the generated voltage magnitudes.
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the transformer taps and the power flow dependent
variables, and return to step 2;

5. If there is no violation, solve the active power opti-
misation problem to determine the active power dis-
tribuition with minimum cost of the objective func-
tion, update the active power generation and the
power (low dependent variables and return to step
2:

6. If there is no violation and if the active power gener-
ation has been rescheduled, update the Jacobian ma-
trix and the vector of power mismatches, and solve
the linear svstem for AV and A<5:

A Q ,,Q

H N
J L

7. Update V and b ami return to step 2.

The following remarks must be done with respect to
this process:

• since the generated reactive power restrictions are in-
cluded in the Least Squares problem with linearised
constraints, there is no necessity of PI ' — I'Q bus
conversion (as in the conventional power (low prob-
lem). This allows to keep unchangeable the structure
of tin: .lacobian matrix as well as the set of dependent
variables of the power flow problem;

• the adjustments of the control variables is globally
coordinated; Due to the coupling between the vari-
ables reactive power—voltage magnitude (Q\ ) , tin:
voltage magnitude in the generation buses and the
taps of the LTC's are selected as the control to the
determination of the corrective solutions. Thus, the
optimisation problem becomes

[AV(7
T|Aar][AVf;

r|Aa'/']r

SIT,.,, X [AVf/'"|Aar]r > 1

g^vi» x [AV6-T|Aar]r >

Minimise
subject to

(8)
where, AV()- is the vector of the increments in t lie
generation bus voltage magnitude; Aa is the vector
of the increments in the taps of the LTC's; Sy\-aa

is the sensitivity matrix between the load bus volt-
age magnitude changes and the increments AVg and
Aa; and SQ C V G 0 is the sensitivity matrix between
the generated reactive power changes and the incre-
ments A V G and Aa.

• in the proposed approach, the active power optimisa-
tion subproblem can be alternatively formulated with
an alternative objective function, which is the sum of
the weighted quadratic deviation of the active power
generation of a pre-specified distribution. This is ex-
pressed as

/(APGl) =

where, Q; is the weighting factor and P'J" is the
pre-specified active power generation of the i'H gen-
erating unity. The combination of these functions
with the expressions used to the A-calculation (with
quadratic cost functions) can be done, bearing in
mind that the expansion of equation 9 provides

/(APCl-) = £>[P£,- - 2 x P'jr x Pa + {P£")7]

(10)

The comparison between equations 7 and 10 allows
the following analogy:

i, 2 x t\t x P'(f'c

c, — t i ,

The use of these coefficients permits that the method-
ology developed to the classical Economic Dispatch
with quadratic cost curves be applied to optimise the
minimum deviation performance index without any
modifications in the in the search for the optimal so-
lution.

• tin: larger increments in dependent variables are de-
termined in the first iterations of the power flow,
when the power mismatches still have considerable
values. That is, at this stage the current solution is
far from the solution that would be reached without
intermediate adjustments. For this reason, in order
to avoid precipitated changes in the control variables
(and therefore in the power flow solution), steps •! and
5 are performed only after the power mismatches are
below a certain value (here, the values of 1.0 p.u. of
M w and Mvar were adopted). Note that, if the value
of 10"'1 p.u. is taken, the iteractivc process becomes
similar to that which applies successive linearisation.

• though in step ä a minimum deviation objective
was optimised via the classical Kconomic Dispatch
method, other formulations of the active power sub-
problem arc possible. For example, a Least Squares
optimisation modelling with the same structure of
equation '1 could be used, but with the linearised re-
strictions representing the corrective action to alle-
viate the overload in the transmission lines. In this
case, the same optimisation technique could be ap-
plied.

4 Numerical Results

The methodology presented in the previous section to
solve the network equations with intermediate adjust-
ments in the control variables was implemented in FOR-
TRAN, in a personal computer Digital DECpc AÖ0D2LP
of the Laboratory of Power Systems of the Universidade
Federal de Santa Catarina. Tests with power networks
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Variable

r,
i b

° i

|AV|

NV

Successive Linearisation

1 " NRPF

0.900
0.900
0.909
0.975
0.274

04

•\"> NRPF

1.099
L 1.016

0.97S
1.011

-
-

Proposed Technique

1-" iter | a"1 iler

0.900
0.900
0.909
0.975
0.242

04

1.094
1.019
0.9S2
1.015

-
-

Iteration —

A P

AQ

0
1

1»

.552

.053

Maximum Power

0.159
0.179

0.069
0.25S

Mismatcl

0

o

i"1

015
068

0
0

5"'

.0004

.0097

SRPF: Newton-Raphson Power Flow

.W: nunibtT of violations

AV : magnitude of the max. violation

Tabela 1: Corrective solutions / 6-bus system

of 6, 118 and 352 buses were used to assess the numeri-
cal results. The analysis of these reasults was performed
by observing the quality of the solutions provided by the
proposed approach with respect to the convergence of the
power How process under the viewpoint of:

• the behaviour of the maximum active and reactive
power mismatches. This provides an idea about how
the intermediate adjustments influence tin; path to
the convergence;

• the number of iterations and c.p.u. time. This aspect
reveals the improvements obtained in terms of speed;

• the final values of the control variables. This gives
an idea about how far the solution obtained through
the proposed methodology is from that which would
be reached by the approach based on the successive
linearisation.

4.1 6-bus system

In this case, only the adjustments in the voltage mag-
nitude of two generation buses and in two transformer
taps to correct the load bus voltage magnitude violations
were evaluated. Table 1 summarizes the results obtained
for this system. Four optimisation and four power flow
problems were solved to remove four voltage magnitude
violations, the maximum of which with an absolute value
of 0.274 p.u. This is the magnitude of the violation which
would be reached in the proposed technique if the inter-
mediate adjustments had not been done. The corrective
adjustments are evaluated to minimise the deviation of
the current value of the control variables, and thus there
must be no concern about the initial values of the control
variables. Here, they were set so as to result in a con-
siderable number of violations. A comparison between
the final values of the control variables reveals that the
solutions obtained through these two methods are nearly
the same. Table 2 shows how the maximum power mis-
matches change during the power flow with intermediate
adjustments in the control variables. It can be noted that,

A / \ iicU\e power mismatch p.u. jf A/w

AQ: reactive power mismatch p.u. of Mvar

Tabela 2: Intermediate adjustments / 6-bus system

since the generated active powers are not modified, the
maximum active power mismatch decreases continually,
as it could be expected. On the other hand, in the sec-
ond iteration, when the reactive power mismatch is below
the pre-specified tolerance (1.0 p.u./Mw), corrective ad-
justments of considerable magnitude are done. As a con-
sequence, the reactive power mismatch increases. From
the third iteration on. (he changes in these controls are
small compared with those of the previous iteration. This
makes the maximum reactive power mismatch be contin-
ually reduced, until the iterative process finishes. The
convergence was reached when: (a) there was no viola-
tion in both the load bus voltage magnitude limits and
generated reactive power bounds, and (b) the power mis-
matches were below a pre-specified tolerance.

4.2 118-bus system

For the purpose of this test, only the intermediate ad-
justments to obtain the active power dispatch were deter-
mined. The generated active power were scheduled to pro-
vide the solution of minimum generation cost. Quadratic
cost functions for .'M generators were considered. In this
case, the process finished when: (a) there is no possibil-
ity of reducing the value of the objective function, and
(b) the power mismatches arc below a pre-specified toler-
ance. Table .'5 shows the main results of this test. Seven
power (low solutions were necessary to decrease the value
of the active power generation cost from 28,088.00 (?) to
15,102.00 (.?). through the classical Economic Dispatch
methodology. By using the proposed approach, the same
solution was reached after 8 iterations, with a fifth of the
c.p.u. time required by the classical method.

4.3 352-bus system

This practical system is part of the power network of the
southern region of Brazil. It has 30 generation buses,
532 transmission lines and 180 transformers. In this case,
both the corrective adjustments and the active power dis-
patch were considered. The active power generation was
rescheduled to have a minimum deviation of a previously
knosvn distribution. The penalty factors (of the objective
function similar to that of equation 9) were selected pro-
portional to the capacity of the generating units. Table 4
summarizes the results of this test. It can be noted that
115 voltage magnitude violations (with a maximum mag-
nitude of 0.1310 p.u. were corrected at the 2n d iteration,
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Quantity

AP

AQ

t?)

Iterations

1 "

5.956

•1.539

2S.0SS.

0.257

O.S25

M.tWS.

yd 1 •t''1 1 1 S*̂ 1

0.006 | 0.006

0.011

15.0S3.

0.15.1

15,100.

0.0001

0.0003

... | 15,100.

A P : active power mismatch

AQ: reactive power mismatch

(S): %alue of the objective function

Tabela 3: Intermediate adjustments / US-bus system

Quantity

A / '

I - * < ?
AT

AT

(S)

Iteration
1 "

3.73:!

•1.552

0.000

U

i. i as

2 ml

.3021

.ssiu

.1310

ur.
1.135

3 r d

.S3G1

3'kiO

0.000

0

1.13S

•«"•

.1)0271

.0292

0.000

0

1.152

5 ' "

.0002

.0012

0.000

0

1.150

G"1

.1)001

0001

0.000

0

1.150

A / ' , A Q , AV, XV, ($): same as previously drfinrcl

Tabela -I: I lit cniHHliat c adjustments / .'iö'2-bus system

when the testo in the limits of theses variables started
to l)c performed. .Since this system presents a reason-
able degree of decoupling, no violation occurred in spite
of the rescheduling of the active power generation. The
value of the objective function gives an idea about how
far the control variables of the /•'—dispatch are from the
pre-specified distribution (it should be zero if it wore pos-
sible to use the pre-specified distribution of active power).
The analysis of the power mismatches reveals that only
I lie changes in the active power generation have impact
on the variation of the power mismatch (increase in the
maximum AP from the '2"'! to the 'Vd iteration).

5 Conclusions

Power Flow solutions with corrective adjustments in the
voltage magnitude of the generation buses and trans-
former taps and/or with rescheduling of the generated ac-
tive power can be obtained by a reasonably simple exten-
sion of the Newton-Raphson power flow method. These
adjustments arc evaluated such that the load flow depen-
dent variables satisfy the limits and, alternatively, the
P—redistribution provides minimum cost solutions. The
extension of the power flow methodology consists in for-
mulating the problem of the determination of the control
variable changes as optimisation problems.

Numerical results demonstrate that improvements in
terms of the efficiency of the iteractive process (number
of iterations, distinction between the power flow and opti-

misation processes etc) can be achieved without compro-
mising the accuracy of the final solution.
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Abstract

This paper deals with optimal power flow control in electric
power systems by use of unified power flow controller
(UPFC). Models suitable for incorporation in power How
programs are developed and analysed. The application of
UPFC lor optimal power How control is demonstrated
through numerical examples. It is shown that a UPFC has
the capability of regulating the power How and minimising
the power losses simultaneously. An algorithm is proposed
for determining the optimum size of UPFC for optimal
power How applications. The performance of UPFC is
compared with that of a phase angle regulator (PAR).

Keywords: FACTS, scries connected voltaic source, unified
power flow controller. PAR. injection model, power flow
control. lo.\s minimisation, optimal power flow

1. INTRODUCTION

The possibility of controlling power How in an electric
power system without generation rescheduling or topology
changes can improve the power system performance [ 11. By
use ol controllable components, the line Hows can be
changed in such a way that thermal limits are not exceeded,
losses minimised, stability margins increased, contractual
requirements fulfilled, etc. without violating the economic
generation dispatch.

Investigating the power through a transmission line shows
that reactance and phase angle control of a transmission line-
are effective means for power How control in AC
transmission systems. In principle, thyristor-switehed
scries capacitors (TCSC) and ihyristor switched phase angle
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regulator (TPAR) could provide fast control for the active
power through a transmission line. Both devices exert a
voltage in series with the line. For a series capacitor, the
inserted voltage lags the line current by yi) degrees. For a
phase shifter, the inserted voltage is in quadrature to the
voltage. Recent advances in high power technology has
made it possible to implement all solid state power How
controllers using power switching conveners. The unified
power flaw controller (UPFO is a new device in FACTS
family which consists ol series and shunt connected
converters.

The concept of unified power flow controller (UPFC)
approach can broaden the basic power transmission
application. This approach allows the combined application
of phase angle control with controlled series and slumi
reactive compensation. Also, the real-time transition from
one selection compensation mode into another mode for
handling particular system conditions in an optimum
manner is attainable |2 | .

This paper investigates the performance of the UPFC lor
power How control. A mathematical model lor UPFC
which will be referred as UPFC injection model is derived.
This model is helpful in understanding the impact of the
UPFC on power system. Furthermore, the UPFC injection
model can easily be incorporated in the steady state power
flow model .

The proposed model is used to demonstrate some of the
feature»; of UPFC for optimal power flow control
applications. This paper shows thai a L'PFC has the
capability of regulating the power How and minimising the
losses at the same time. This outstanding leature can be
utilised for various power How control applications, for
example, overload relief, loop flow minimisation, etc. Since
the size of UPFC has a great impact on power system
performance and also in view of the device cost: the
optimal dimensioning of UPFC for a specific application is
quite important. Such a subject is handled in this paper and
a design algorithm is proposed.

This paper is organised as follows: Section 1 describes the
operating principle of a UPFC. Section 2 develops a steady
state model for UPFC and discusses the implementation of
the model for power flow studies. Section 3 demonstrates
the application of UPFC in optimal power flow control
through numerical examples. Section 4 is devoted to
dimensioning of UPFC.
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1. OPERATING PRINCIPLE OF UPFC

The unified power flow controller consists of two switching
converters. These converters are operated from a common
dc link provided by a dc storage capacitor (Fig. 1).

Bust

Converter 1 m m
m Convener 2Tramfonncr

Fig. 1: Basic circuit arrangement of UPFC

Convener 2 provides the main function of the UPFC by
injecting an ac voltage with controllable inagnitude and
phase angle in series wiih ilie transmission line via a series
transformer. The basic function of convener 1 is to supply
or absorb the real power demand by convener 2 at ilie
common dc link. It can also generate or absorb controllable
reactive power and provide independent shunt reactive
compensation lor the line. Converter 2 supplies or absorbs
locally the required reactive power and exchanges the active
power as a result of the series injection voltage.

2. UPFC MODEL FOR POWER FLOW STUDIES

In the Mowing section, a model for UPFC which will be
referred as UPFC injection model is derived. This model is
helpful in understanding the impact of the UPFC on the
power system in the steady state. Furthermore, the UPFC
injection model can easily be incorporated in the steady
stale power How model. Since the series voltage source
converter docs the main function of the UPFC. it is
approprinic lo discuss the modelling of a series voltage
source convener first.

2.1. Series Connected Voltage Source Con\erter Model

Suppose a series connected voltage source is located
between nodes i and j in a power system. The series
voltage source converter can be modelled with an ideal
series voltage Vs in series with a reactance A',. In Fig. 2,

Vs models an ideal voltage source and V,' represents a

virtual voltauc behind the series reactance. We have:

V'= V. + V (1)

The series voltage source Vs is controllable in magnitude

and phase, i.e:

(2)

where 0 < /• < /„,„ and 0 < y < 2K.

I; ZH,

I

I

Fi'i. 2: Representation of a series cuiinecieil VSC

The vecior diagram of Ihe equivalent circuit is shown in Fig.
3:

/•"/•,' .' \'ecinr dia^iam of the t\/iii\'alciit • ut mi uf\ SC

The injection model is obtained by replacing the voltage

source I , by the current source /", = -jl\ \\ in parallel wiih

the line where />, = -7- |3 | :

/Ci,

Fig. 4: Replacement of a set tcs vulture .wince h\ a current
source

The current sourcesf( corresponds to the injection power*

Slt and .S',t. where:

.v., = r (7 , r (4;
The injection power Sls and 5,, are simplified to:

(5)

= +6, r\\ V, sin (e, - ö ; + y) + jh, r\', V, cos (ö, - 9, + y)

(6)

Based on the explanation above, the injection model of a
series connected voltage source can be seen as two
dependent loads as shown in Fig. 5.

= ~bs r\'; sin y-jbs r\\ : cosy
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i; ze,

d
Q,. =-rblvly.cps(el-el + y)

Fig. 5: Injection model for a series connected \'SC

2.2 Ul'KC MODEL

In UPFC. the shunt connected voltage source ( Converter 1)
is used mainly to provide the active power which is injected
to the network via the series connected voltage source. We
have:

n _ /i
'cowl - 'rosv: 17)

The equality above is valid when the losses are neglected.
The apparent power supplied by he series voltage source
converter is calculated from:

w,.rr.=l.,,r(JLi£Y
Active and reactive power supplied by Converter 2 are
distinguished as:

/ro.sv: = ' M ' , r , s in(o, - l ) ; + y)-;•/ ; , I; : sin y (V)

Gcosv: = ~ ' A v> v,a)S (°. - ° ; + v)+ '•''., l i : cosy + r />, i; :

(10)

The reactive power delivered or absorbed by converter 1 is
indepetuleriily <-•• .•{.••»liable- by UPFC and can be modelled
as a separate con;:- liable •»hunt reactive source. In view oi
above, we assume thai (?<-<>svi=0 (In Sec. v2. the
possibility to control 0 (T lNU is investigated). Consequently,
the UPFC injection model is constructed from the series
connected voltage source model (Fig. 5) with the addition of
a power equivalent to /^ ) N M + ) 0 to node i. Thus, the UPFC
injection model has the following form:

between the models of a UPFC and a PAR. The injection
model for a PAR can be derived using the same method a>
described (or ihe UPFC | 3 | . In a PAR. we have:

7 = i - ^ . r = tan'1 0

where 0 is the phase angle of PAR. The injection model for

a PAR is:

V _ H

'> 9, - t i ,

< • . ""/v I ;

Fig. 7: PAR I/IJIVII<W

Coni|iarison between Figs, (i ;ind 7 show some difference1»
beiuceii UPFC and PAR. In PAR ihc- ivaciive powci
injection Qu is dependent on the system luiidnii: while lot
UPFC this component is dependent of connol. Furthermore,
the changes of angle y in PAR is limited to i l 't) .

2.3. Ul'KC Injection Model Kor Load Klow Studies

The UPFC injection model can easily be incorporated m a
load How program. If a UPFC is located between node i and
node j in a power system, the admittance matrix is modified
by adding a reactance equivalent to .\\ between node i and
noile j . The Jacohian matrix is modilicd by addition ol
appropriate injection poweiv II we consider the lineari/cd
load How model as:

(111

The Jacobian matrix is modified as given in Table 1. (The
superscript o denotes the Jacobian elements without UPFC).

Fig. 6: UPFC model

The model shows that the net active power interchange of
UPFC with the power system is zero, as is it expected for a
lossless UPFC. An interesting comparison can be made

II,,

":.

H'J.

l,n

J«.J

J<j.,

, = //".....-(

, = / / " . . . , . -

, = / / " • . . . . +

„ = / / " • ; . ; • -

- 1 "

— J "•!)

= J (;.n ~ r

— f° • • 4-

0.,

öv

y

v. . , .= N"-. -^
•V,,, = . v , , . - ^

:Y y . ; . = .V .w - / > ,

L,ul = L".(.,.-r2ö>1

7 — 1° • D

Table I: Modification of.lacobian matrix
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3. UPFC IN OPTIMAL POWKR FLOW

The possibility of controlling the magnitude and angle of the
series voltage source in a L'PFC. makes it a powerful device
for optimal power How control applications. This section
examines, through numerical examples, some applications
which can be realised in a power system:

3.1. Power Flow Control and Loss Minimisation

A UPFC is assumed to be located on the line between
Sonh-Uike in Hale network [4]. The nominal active power
flow through the line is about 41 MW.

Nonh

Fig. S: //(//(• iwtwoik

The L'PFC is planned for:

i)! the active power Jlow iP in Fix .S'; hv
±20 MW(tilK).

isinii the total power losses.

The UPFC is designed with the following data (It is assumed

Unit G . . sv . = » ) :

Cullip

Data

Sei les

1 ian.\

• \ n \

\ , = i;' ,.

SIIIIIII

1 ian\

•• -- . - \ i \ \

\ = . ,>

Canv 1 Cunv -

s = i.\n \
i,,,,, = n i i ' j

Table I: UPFC data (The procedure for determining UPFC
dimension is presented in Section 4)

The results of a study to achieve minimum losses are
summarised in Table 2. (The minimum losses are
determined by varying randy for a given P). Also, the
results of a study using a phase angle regulator (PAR) is
shown for comparison. The rating of PAR is selected as the
sum of series and shunt convener, i.e., 10.8 MVA(6 + 4.8).
The maximum phase shifter angle is:

4>m« = 'an"1 ( r ^ J = tan'(0.09) = 5.14°

Table 2 shows that a UPFC can regulate the power How and
minimise the total power losses simultaneously with the
properly selected control parameters. The change in the total
system losses for the base loading 4̂1 MW) is negative
(-3.671"?) and (or ihi* variation of power llow from 26 MW
lo 54 MW, the trend is still remained. PAR can also affect
the power How and minimise losses, but the impact is less
when compared to UPFC. This is because a UPFC yields
two choices of reactive power How for any desired active
power How and a given >'. while the relation of active and
reactive power flows for PAR is unique.
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Table 2: Optimum power flow table for UPFC and PAR
(PLOSS 'S <he 'otal system losses for base loading and without
any controller)
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3.2. Use of Reactive Capacity of Converter 1

So tar. we have assumed that the converter 1 only delivers
active power flow. In this way. the dimension of convener
1 was selected, namely:

xvi = max| PCOSVI (y)\ 0 < y < 2K. r = /nlJ, (12)

Over-head line
Pg=115WW

UPFC
Underground cable

Load

However, this capacity is only utilised for a certain
operating condition and for the rest of the time, there is
some available capacity. This remaining capacity can be
utilised if the converter 1 delivers or absorbs reactive power.
In any operating point (r.y). the reactive power available is:

GrasviI' '-Y' = [(Srosvi) : - (JCONVI('%Y))" 1 '

Based on this control strategy, the optimal power flow for
the same example is calculated and is shown in Table 3.
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Table 3: Optimal power flow table when the reactive

power through converter I is controlled.

Comparison between Table 2 and Table 3 shows the
improvement of UPFC performance in view of loss
minimisation and voltage stabilisation.

3.3. Overload Relief and Loss Minimisation

Fig. 9 shows a single line diagram of a 132 kV system. The
transmission system consists of an underground cable
(R = 0AQQ/km,X = 0.13 Q/kin.L = 100km) " and an
overhead line (R = 0.12ftykm. X = 0.40 Q/km.L = 45km).

Fig. 9: One line diagram of a 132 k\ net» ork

The permissible power through the cable is limited to IM
MVA. The nominal value of load is SL =23u-. /6O MVA.
Under nominal loading, the power through the cable is
below the rating, but it exceeds when the load grows. A
UPFC is assumed to be located nil the cable in order:

• V'c limn the power ihwirjh the cable
• To minimise the total /<'.vw.\

The L'PFC is designed with the following data:
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S = | f i \ | \

.V, = o . l |i

• \

ii

Coin 1

.S = IdM\ \

C"o/i r 2

=:: M\A

Table 4: / ITC data

The results of optimal power How studies aie summarised in
Table 4. It is to be noted that in this application, because ol
the shon lines, a controllable series capacitor can not
elfectivelv be used.
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Table 6: Optimal power flow table
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4. DIMENSIONING OF UPFC 5. CONCLUSIONS

A UPFC consists of several components and has the
capability to influence the power system through three
control variables. For a given requirement of power flow
control, the dimensioning of UPFC needs to be determined
through an iterative process. The How chart of Fig. 10 shows
how the dimension of a UPFC can be determined. The first
step is to estimate the size of series transformer (Ss) and
rmix. The effective reactance of UPFC (Xs) can be
determined in the next step (A\- is the short circuit reactance
of series transformer). The load flow solutions for the whole
range of y verifies if the power (lows are satisfied. From
(9) and i KM. the apparent power of the converter 2 is
checked to be less than the series transformer rating. If these
requirements are fulfilled, the algorithm tries to minimise
the series transformer rating. The iteration stops when the
power flow are within the specified limits, the rating of
converter 2 is less than converter 1 and the si/e of series
transformer is minimised. If the parameters y and rm,vare
known, the rating of converter 1 (.VONVI) and the rating of
the shunt transformer (.S';, = .S'n)NV1) are easily calculated.

A steady state mathematical model for the UPFC W;LS
proposed. The proposed model can easily be incorporated in
existing power How programs. It was shown that UPFC h;i>
a great capability in optimal power How control
applications. UPFC can be controlled in a power system to
satisfy the following objeeii\e\ simultaneously:

• liejfiiliitiiig power flow through a transmission line
(over-load relief, loop flow iniiiiiiusainm. cuntraeiiit.il
power jlvw fulfilment. en i

• Minimisation of pov.ei losses .•.itlnnii xeneiiiimn
rest lit'tJnliiw.

The sillily showed superior peifurmaikc ol a UPFC
compared with a phase angle regulator.
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Abstract: This paper describes the comparative
study on 'lie performance-- of three types of power
How controller* under steady-state operating condi-
tions on a laboratory power system. Comparisons
were made among the conventional Phase Angle Reg-
ulator (PAR), the Line Compensating Phase Angle
Regulator (LCPAR) and (lie Scries Capacitor (SC)
in the following three characteristics: (1) maximum
transferred power vs line capacity. (2) line loss vs
transferred power, and (3) reactive power require-
ment at the terminal vs transferred power. The
results show that the I.C'PAR is naturally .superior
to the other two. luit the SC. if adequately con-
trolled, could achieve almost the sunn1 capability as
the I.CPAR under certain conditions.

INTRODUCTION

Traditionally, the Phase Angle Regulator (PAR) and
the Series Capacitor (SC) have been available in the
power system to change the direction and magnitude
of power flow and to compensate for the inductive re-
actance of transmission lines for increasing the trans-
mission capacity, respectively. However, both power
How controllers have had inherent drawbacks that
prevented them from widespread use. The PAR is
slow and introduces a high series impedance resulting
from the connection of the exciting and series trans-
formers, while the SC may introduce stibsyitchronotis
resonance (SSR).

Paper SPT PS 16- 06- 0208 accepted
for presentation at the IEEE/KTH
Stockholm Power Tech Conference,
Stockholm, Sweden, June 18-22,1995

Recently, a new transmission control device, the Line
Compen.sating Pha.se Angle Regulator (LCPAR). ha>
been introduced [1]. It has the combined capability to
regulate phase angle and compensate for real and re-
active line impedance. Its superiority has been shown
over the conventional PAR. On the other hand, a new
type of SC. controlled by a thyristor switch. li;is been
developed to overcome SSR [2]. Each of these con-
trollers has both advantages and disadvantages, and
will be Used together to complement each other in
the power system.

Therefore, it would lie benetii'ial to know how each
of them behaves dili'erently or in the same way to
achieve a desired level of transmission power. The
purpose of this paper is to present an illustrative
example on a 3300 V laboratory power system to
show the dilference in steady-state performances of
the three power flow controllers. A simple, approx-
imate load flow model based on the ADCD matrix
formulation was utili/ed to evaluate and compare tin1

steady-state performances of the PAR. LCPAR and
SC. For the sake of comparison, such parameters as
(1) maximum iransfeired power to the receiving end.
(2) transmission line loss. aud(3) reactive power re-
quirement to support constant terminal voltage at
both ends with a unity power factor load were cal-
culated for the three power How control devices each
inserted into the simple test system.

TEST SYSTEM

Five generators were assumed to operate in paral-
lel at the sending end of ;\ transmission line. Each
generator has a rated capacity of G kYA and a rated
voltage of 220 V. The generators were connected to
a 210 V infinite-bus through a 3300 V transmission
line with an impedance of 0.01+ jO.20 pu on a 6 kVA.
220 V base, using step-up and step-down transform-
ers (220Y/3300Y and 3300Y/210Y). as shown in Fig.
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1. Generator* were assumed to be able to generate as
many kW as required. Each of the power flow control
devii-es was located at the sending end of the 3300Y
line. Both terminal voltages were ke])T constant at
their nominal value--.

MODELING

In order to assess the steady-state performances of
the power flow controllers, mathematical models for
each of them must lie established. The LC'PAR can
be approximated as a combination of a variable series
reactance in series with the leakage reactance of the
series insertion transformer, a negative variable resis-
tance, and an ideal phase shifter, in series with the
transmission line [1]. These features of the LCPAR
can be modeled by the AlK'D matrix as follows:

A B
C D

1 Z
I) 1

T" I)
I) T"

Z
T

T" ZT"
O T"

r + j{.\i + AY)

.7. T" = 1 _ - T

(1)

(3)

where He. A/, and Xc denote the negative resistance,
the leakage reactance of the scries transformer, and
the negative reactance of the LC'PAR. respectively.
The pha.se shift function of the LC'PAR is indicated
by T \

Tin- above equations are also used to represent the
PAR and the SC. In the ease of the PAR. its phase
shift function is expressed by (3). In (2). Re and Xc
are set at zero and A"/, is replaced by the sum of the
leakage reactance of the series transformer and that
of the exciting trausfoimer. The SC has no phase
shifting capability. Only Xc is used in (2) to model
the SC: the values of Re. A";, and r are all set at zero.

The ABC'D matrix can be easilv modified to include

the total impedance of both the transmission lim- and
the two transformers in the test system by adding it
to Z in (2) [3].

The voltage-current relationships and the expression
for the receiving cud complex power are:

Vs 1 _ [ A B
Is J ~ [ C D

Sr = Vrlr"

Vr
Ir

(5)

Then, after some manipulation, transferred real
power at the receiving end (Pr). reactive power re-
quirement at the receiving end to support unity power
factor (Qr). and line loss (L) are given in the follow-
ing equations.

Pr = ' • " eos(: - - - / / ) '— cos c (G)

YrYs Vr'
Qr = —— sin(: - r - 0) - — s i n : (7)Z

L = I r'It = Is'Ii

" - ' - - ? l > - f l -
21 . ^ ) ]

(S)

(9)

where
Pr: receiving end real power
Qr: receiving end reactive power
Vs.Yr: sending and receiving end voltage magnitudes
Is.Ir: sending and receiving end current magnitudes
L: line loss
Z: magnitude of the impedance of the compensated
line
R: magnitude of line resistance
z: angle of impedance 7.
r: phase shift angle induced by LCPAR or PAR
fl: system angle by which V s leads Vr.

Note that all the variables in the above equations are
expressed in pu on a GkYA. 220V base. For the sake

220/3300

Power Flow

Controllers

6kVA

220V

X5

jO.026

3300/210

0.0108+J0.216

(p.u. on a 6kVA,220V base)

Fig. 1. Test system.

J0.025 210V
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of simplicity, tin- term "system anylo" is used to refer
to the angle difference l>et\veen the terminal voltages
of the line throughout the text.

TEST CONDITIONS

Steady-state performances of the three power How
controller.-.. PAR. LCPAR and SC.uvre compared at
different system angle- of 0. 10. 4(1. GO and 00 degrees
between the sending and receiving end voltages on
the test system.

The capacity of transmission line \va> assumed to he
limited at 0.2. 0.1. O.G. O.S. 1.0. 2.0. 3.0. 1.0 and 5.0
pti on a G kVA l>ase. For each kYA limit with each-
systein angle, each of tin- PAR. the LCPAR and the
SC wa.- operated MI that the level of power transfer
could lie increased up to as many as the rated k\ A
capacity of the line while keeping the designated sys-
tem angle constant.

The assumptions made concerning the operation of
each power Mow device in this study are as follows:

• The LCPAR was operated with the increase of
the line capacity in the following way: lirst. re-
sistive ri>iiipeiis,iiioii capability was ulili/ed to
the lull: secondly, reactive compensation was
increased from 11'/ to 101)'/ for the line reac-
tance: and. finally, phase angle regulation capa-
bility was Used.The leakage reactance of the se-
ries transformer was assumed to lie 0.0S pu con-
st an i.

• The PAR was operated from /em degree angle
shift to as many angle shifts as possible. The
leakage reactance of the series transformer was
assumed to lie O.ll.s pu constant. The leakage re-
actance of the exciting transformer was assumed
to vary with the phase angle shift in a 'cate-
nary' way: the characteristic is a bowl shaped
curve with the minimum at zero degree shift and
a symmetrical increase in either the advance or
retard direction [l.-l]. The minimum and maxi-
mum were set at 0.0S and 0.14 pu. respectively,
in this study. The total of the system angle and
the angle shift made by the PAR or LCPAR was
limited to 90 degrees, which corresponds to the
steady-state stability limit of the study system.

• In the SC-contrnlled line, level of reactive com-
pensation was varied from 0'/ to 100'/. The SC
was assumed to be free from SSR phenomena.

RESULTS

As an example, the test re.sults at a system angle of
10 degrees are given in Figs. 2. 3 and 4: maximum
transferred power vs line capacity in Fig. 2. line loss
/ transferred power vs transferred power in Fig. 3.
and reactive power requirement vs transferred power
in Fig. 4. In addition, these parameters at higher
system angles of 10 and GO degrees are shown in Figs.
5. G and 7 to compare with those at a system angle
of 10 degrees. The following points can be seen from
these figures.
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Fig. 2. Maximum transferred power vs line capacity
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Transferred Power vs Line Capacity Etfi'ct of Svstem Allah1

L"p to the line capacity of 1.0 pn. the same transferred
real power was achived by all rhe controllers. The
power transfer capability of PAR was largely ilereri-
or.ited .it line cap.uity level-, exceeding 1.0 pu. The
niaxiiiintn real power transfer was 1.9 pu at a line ca-
pacity of 3.0 pn. where the necessary angle shift was
SO degrees and the total leakage reactance of the two
transformers reached as much as 0.22pu. which is the
major reason of the deterioration in the performance
of PAR.

The upper transfer limit of SC was 3.2 pu. Up to line
capacity of 3.0 pu. almost the same real power was
delivered by the SC in proportion to line capacity as
the LCPAR. The limit of SC was reached when its
reactance compensation increased up to the limit of
100'/. Up to around this limit, the resistive compen-
sation and the angle shift are canceled by the effect of
the S'/ leakage reactance ill the case of I.CPAR. The
LCPAR could deliver the maximum I.G pu real power
at a line capacity of 5.0 pu. where full resistive com-
pensation, full reactive compensation and angle shifts
of 20 decrees were required. Ill the I.CPAR-coutrolled
line, reactive compensation readied the limit of 100
'/ between 1.0 and 2.(1 pu of line capacity, but. the
LCPAR could increa.se the traiismittable power by its
angle shifting function, after the limit.

The lower limits of the trausiiiittable power was 0.12.
0.5 and 0.CG pu for PAR. LCPAR and SC. respec-
tively. These limits were restricted by their respec-
tive leakage reactances: 10'/. $'/ and ()'/ for PAR.
LCPAR and SC. respectively.

Transmission Line Loss

Transmission los> vs transferred power increase with
the increase of line capacity. Higher loss was observed
in the PAR-controlled line exceeding the line capac-
ity of 1.0 pu. The reason is that the power factor of
the PAR-controlled line worsens with the increase of
line capacity and needs greater current to achieve the
same transferred power.

Required Reactive Power

Required reactive power at the receiving end to main-
tain constant terminal voltage increased greatly with
the increa.se of line capacity in fhe PAR-confrolled
line, while those in the SC- and LCPAR- controlled
lines showed a slight increase.

The SC could deliver 4.5 pu real power for a line
capacity of 5.0 pn at a system angle of 40 degrees.
Higher system angles improved rhe performances of
the SC. The LCPAR could deliver -l.G pu by less re-
active compensation at a system angle of 40 degrees
than at a system angle of 10 degrees. The decrease
in reactive compensation in turn resulted in a slight
decrease in transmitted power because the decrease
of transmitted power by less reactive compensation
exceeded the increase by higher system angles.

The smaller angle shifts of 50 degrees in the PAR-
controlled line were required at a system angle of 40
degrees. However, this did not contribute much to
the increase of transferred power. Because the leak-
age reactance of the excitation transformer reached
the maximum of 0.1 I pu at the angle shifts of 50 de-
grees.

Loss in both the I.C'PAR- and SC- controlled lines
increased slightly compared to those at the case of
system angle of 10 degrees. The reactive power re-
quirement increased slightly in the cases of LCPAR
and SC. On the other hand, higher system angles
contributed to the slight decrease of reactive power
requirement in the PAR-controlled line. This is be-
cause the range of angle shifts wa.s narrowed by the
high system angle, resulting in the decrease of the
leakage reactance. The minimum trausmittable pow-
ers for the three devices increased at higher system
angles.

At a system angle of (I degree, the LCPAR-controlled
line transmitted 5.0 pu. the PAR-controlled line 2.S
int. but the SC'-controlled line only 0.S7 pu real power,
respectively. It showed that the angle shift function of
PAR ami I.CPAR was effective at this system angle.
On the other hand, at a system angle of 00 degrees,
the angle shift function of I.CPAR or PAR did not
work and then1 was no appreciable difference in the
performances between the LC'PAR and the SC. The
maximum transmitted power in the PAR-controlled
line was 2.2 pu and it was achieved only when the
system angle was increased up to 90 degrees.

Sunimarv

The main points that have been made in this section
are summarized as follows:

1. At low line capacity, from 0.2 up to 1.0 pu. there
was little difference among the performances of
PAR. LCPAR and SC.
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2. Maximum transferred power of 4.G pu was
achieved by the LCPAR at a system angle of 10
degrees. Tliis required full resistive coiupeusa-
tion. full reactive compensation and angle shift
of 29 degrees. Maximum transmitted powers by
PAR and SC were 1.9 pu and 3.2 pu. lespci lively.
In the SC-controlled line, maximum transferred
power uf 4.Ö pu was achieved at a system angle
of 40 degrees.

3. The performance of the PAR became worse with
line rapacity than those of the LCPAR and SC.
since the increase of angle shift required to match
the increasing line capacity caused its leakage re-
actance to heroine much higher, resulting in de-
terioration of power factor.

4. The performance of the LCPAR was naturally
superior to the oilier two: higher transmitted
power and lower loss resulted in higher trans-
mission efliciency. But it could not escape from
the detrimental effect of its constant leakage
reactance of the scries transformer. Loss and
required kVAR of the LCPAR-contlolled line
tended to iucrea.se at high level of line capacity.

'>. Since the SC is lacking in phase angle regulation
capability, the upper and lower power limits in
the SC-coHtlolled 'ine Wele restricted by the sys-
tem angle between the terminal voltages of the
line. The limits moved higher with the increase
of the system angle. On the other hand, the SC.
unlike the PAR or LCPAR. did not suffer from
the leakage reactance of the transformer. While
the SC has little capability to transfer real power
at low system angles, it was shown that the SC
potentially is in no way inferior to the LCPAR
at liigli system angles with the adequate control
ofSSR. '

CONCLUSIONS

The results of comparative study on steady-siate per-
formances of the LCPAR. PAR and SC are pre-
sented in this paper. The results show that both the
LCPAR and the SC Live potential advantages over
the PAR and the performances of the two are influ-
enced greatly by operating conditions. Therefore, to
develop a method of operation to get the most from
these promising power flow devices will be beneficial
and the analysis presented in this paper will be useful
in thi' development.
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Abstract-This paper presents results of testing a recently
proposed Recursively Parallel method on an array of
transputers. The performance of the actual parallel
implementation has been tested against its theoretical
prediction and against the simulated performance on a
sequential PC. The closeness of the results of the
predicted, simulated and actual implementation proves
that the method has a sound theoretical basis, its
performance may be theoretically predicted and assessed,
and the communication overheads present no serious
obstacle. The method suffers less from speed-up
saturation than other parallel methods and its efficiency
improves with the size of the network. The use of hybrid
sparse/dense data storage improves significantly
performance of the factorisation phase of the solution.

I. INTRODUCTION

A recurrent problem in almost every algorithm in power
system analysis is the solution of large, linear, sparse
network equations

Ax = b (1)

where A is a square, admittance-type, sparse, diagonally-
dominant, symmetric (or incidence symmetric) matriv; x is
the unknown vector of nodal voltages and b is the given
vector of nodal currents. A typical method of solution is to
factorise A using one of the factorisation techniques [1,2]
and then perform the forward/backward (F/B) substitution.

There is a continuing trend to enhance the system
operator support by providing very fast power system

Paper SPT PS 17- 01- 0447 accepted
for presentation at the IEEE/KTH
Stockholm Power Tech Conference,
Stockholm, Sweden, June 18-22,1995

analysis tools, among which perhaps the most important is
real-time simulation for security analysis purposes. As the
use of super-computers is financially prohibitive, the
attention of researchers lias turned to multiprocessor
systems. These can offer a significant speed-up over
sequential computers but the solution of linear equations
proves to be a major bottleneck seriously hindering the
prospect of multiprocessor real-time application [3,4].

It was realised right from the beginning [1] that the
simplest approach to a parallel solution is by clustering a
large network into several smaller, loosely connected
subnetworks [5.6,7]. Introduction of the factorisation (or
elimination) tree concept first for Cholesky factorisation [S]
and then in a power systems context [9] (when it was called
the factorisation path tree) provided, in a compact form, a
very powerful tool for looking at the parallelism in
factorisation and F/B substitution by describing the
precedence relationship between the elimination of nodes.
This allowed the network to be partitioned efficiently by
using the factorisation tree as a tool [10,11,17], rather than
the connectivity information.

It is often the case in power system applications that a
repetitive solution of (1) is required with the same matrix A,
but different vectors b. This led to the development of a
special category of methods in which only parallel F/B
substitution is required. Typically these method require
additional manipulations in the factorisation stage, which
makes them unattractive from the factorisation point of view,
in order to achieve a good F/B substitution speed-up. The
most important here is the multiple factoring method [12],
and the W1 (or inverse factors) method [9]. Recently those
two types of methods have been proven to be
computationally equivalent [14]. An effort has also been
made to develop parallel factorisation algorithm for the
inverse factors method, but the result was rather
disappointing [15],

Recently a new Recursively Parallel algorithm has been
proposed [17] which allows parallel processing of both the
factorisation and F/B substitution phase and which
introduces more parallelism into processing of the cutset
nodes. This paper contains the results of testing the
algorithm on an array of transputers, using a number of
power networks.
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II. STANDARD NODE-TEARING APPROACH

Assume that a network, described by A, has been divided
into m independent subnetworks connected by tearing (or
cut-set) nodes. If the nodes within each subnetwork are
numbered consecutively, and the cut-set nodes are numbered
last, then A will have the Bordered Block Diagonal Form
(BBDF) shown below, where subscript / indicates cut (or
torn) nodes.

.-I,

•-'„ A , ,

A»

A,,

Am,

A,,

V 2

•V,

(2)

The factorisation of the first m subnetworks (rows/columns
from 1 to m) is mutually independent and can be performed
concurrently by parallel processors. As all the
communication between the subnetworks is via the last
(cutset) block.!„, the factorisation updates to the elements of

this block can be added independently after all the
processing of rows/columns 1 to m is finished. The F/B
substitution follows a similar pattern of concurrently
processed subnetworks and sequentially processed tearing
nodes.

The first algorithms to implement the method described
above used connectivity information to decompose matrix A
into BBDF structure. The factorisation tree, however, has
proved to be an ideal tool for that purpose as it enables the
size of subnetworks to be easily balanced [10,11,17].
Factorisation-tree-based decomposition also has an
additional advantage in that the necessary node re-ordering
docs not introduce additional factorisation fill-ins [17], as
the child nodes are still numbered before their parent nodes
in the tree (so-called topological re-ordering). In other
words if an optimally-ordered matrix A is topologically re-
ordered to obtain the BBDF structure, then the factorisation
and F/B substitution with the BBDF matrix has the same
computational complexity as with the optimally ordered
matrix.

The efficiency of this parallel method depends on the size
of the cutset block Att. If a large network is torn into a small

number of subnetworks then the size of the subnetworks is
much greater than the size of the cutset block. This means
that the amount of interprocessor communication is low
when compared with the amount of uninterrupted
computation on each processor (coarse grain parallelism).
Also the share of the sequential part of the algorithm
(factorising and solving of Att) in the whole algorithm is

Figure I. 12-node example network and its factorisation tree.

small. The algorithin can be implemented efficiently and
good performance can be expected. On the other hand if the
network is torn into a greater number of subnetworks then
the granularity of parallelisation of the algorithm becomes
finer, communication overheads grow and the share of the
sequential part of the algorithm (i.e. processing of Alt)

increases. This, according to Amdahl's law, produces fast
saturation of the speed-up when more then about four
processors are used [16,17], Other types of parallel methods
can be analysed in a similar way [3,15].

III. RECURSIVELY PARALLEL METHOD

This section describes the Recursively Parallel (RP)
algorithin [17] which attempts to break the sequential part of
the algorithm by exploiting a potential parallelism existing
between the nodes of the cutset block.

Consider a simple 12-node system shown together with
its factorisation tree in Figure 1. Each node is labelled with
its ordering number obtained from MDML ordering [13].
Solid lines show the actual connections between the nodes,
while dotted lines show the factorisation fill-ins. If the
network was to be solved using two parallel processors, then
each of the processors would process one of the subtrees
branching out from the root node d and the cutset block
would consist of node d only. But now assume that the
network is to be processed by four parallel processors. The
standard method of parallel solution considered in the
previous section would assign the four sets of nodes {g, /»},
{A ' } , {f, c} and {a} to four processors to be solved in
parallel, while the remaining cutset block {k, j , b, e, d\
would have to be solved sequentially. Note that processing in
this way neglects a potential parallelism existing between the
two pairs of nodes {k,j} and {b, e). These two sets of nodes
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Q Main supemodes

I I Cutset supemodes
# processor number

Fi». 2. General structure of the RP method for a network aggregated
into 15 supeniodes to be processed by S processors

could also be processed in parallel after processing of the
first four sets of nodes have been completed, using two of the
idling processors.

This idea of exploiting parallelism at all the levels of the
factorisation tree forms the basis of the Recursively Parallel
method. First the nodes of the tree need to be aggregated into
a number of subnetworks using the node aggregation and
balancing algorithm [17. IS]. These subnetworks are then
represented on the diagram by their equivalent supernmles.
Basically a supernode may contain any subtree which
branches out from the same factorisation path. Consequently
an aggregated factorisation tree is obtained, which general
structure is shown in Figure 2. Circles represent the main, or
leaf, supernodes, which should contain as many nodes as
possible. Their weight can be made roughly equal by
balancing the factorisation complexity, i.e. the number of
multiplication-additions required to factorise the group of
nodes making up the supernode. Squares represent
additional supernodes created by the RP method to introduce
more parallelism into processing of the cutset nodes.
Processing of the network is executed in Iog2»;+1
sequential steps where m is the number of main supernodes.
In each of the steps a consecutive level of the supernodes is
processed. For the tree from Fig. 2, the first sequential step
involves processing of supernodes 1 to 8 by eight parallel
processors. The second step involves processing the
supernodes numbered from 9 to 12 by four parallel
processors. The third step involves processing of supernodes
numbered 13 and 14 in parallel by two processors, and the
last step involves processing of the supernode 15.

It is important to stress that the described above RP
algorithm has the same computational complexity (i.e.
requires the same number of mult-adds) as the standard
sequential method. The only difference between the
sequential and the parallel algorithm lies in topological re-
ordering of the network nodes in such a way, that they form
several layers of clusters (supernodes) amenable for parallel
processing. In other words the essence of the method lies in
careful re-scheduling of the same sequential algorithm.

The dotted lines in Figure 2 show the supernode-to-
processor mapping of the method. Each processor is

assigned to one of the main supernodes and one of the cutset
supernodes. This allows to minimise the number of
processors required

One of the main problems with any parallel processing
method is minimising the amount of communication
required between processors. Global communication steps,
when all the processors want to communicate with each
other or demand simultaneous access to the shared memory,
can kill off any benefit of the parallel processing. One of the
important features of the RP method is that it does not
require any global communication steps. All the
communication between the processors is local as indicated
in Fig. 2. This makes the method ideally suited to
implementation on a distributed memory' multiprocessor.

The communication traffic can additionally be minimised
by aggregating the messages as they are sent down the tree.
For example factorisation of supernodes 1 and 2 may
produce updates to supernodes 9, 13 and 15. Similarly
factorisation of supernodes 9 and 10 may produce updates to
supernodes 13 and 15, etc. These updates often refer to the
same nodes in supernodes at lower levels, and therefore may
be aggregated (added) and sent down as a total rather than
two separate components. In this way the amount of traffic is
minimised and the indirect message passing (i e. between
processors which are not directly connected) is eliminated.

IV. TEST RESULTS

This section presents the results of testing the Recursively
Parallel method an array of INMOS T805 30 MHz
transputers [19]. A number of networks has been studied
including IEEE 118 node network, 734 node representation
of the CEGB (England & Wales) network and 1624 node
representation of Eastern US power system. Zollenkopfs bi-
factorisation [2] was used rather than more traditional I.V
factorisation. The nodes of the systems were ordered using a
modification [10] of the standard MDML ordering [13]. A
third tie-breaking strategy (in a case when two nodes in
question have the same degree and length) was used of
choosing a node which was least recently referenced in the
previous ordering iterations. This strategy tended to give
more balanced factorisation trees than the standard MDML
ordering.

The processor architecture used in the tests resulted
directly from the task allocation shown in Fig. 2. As the
processors need to communicate only with their neighbours
in the tree structure of Fig. 2, the transputers were connected
in a chordal ring. Experiments were also carried out with
more complicated architectures like e.g. hypercube, but no
improvement in execution times was encountered. It is
interesting to note that, because of a low amount of inter-
processor communication, even a simple pipeline
architecture gave almost exactly the same timing results.
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Figure 3 Factorisation speed-up of the algorithm.

Figure 3 shows the factorisation speed-up results for the
three test system. Each of the diagrams contains four graphs.
The dotted-dashed line corresponds to the predicted
theoretical speed-up of the method obtained by dividing the
total number of mult-adds required for factorisation of the
network by the number of mult-adds on the critical path of
the factorisation tree. The dashed line corresponds to the
simulated speed-up obtained by simulating the performance
of the method on a sequential PC with communication
overheads neglected. The speed-up was obtained by dividing
the factorisation time of our best sequential algorithm
(developed by the same programmer and also based on the
Zollenkopfs bifactorisation) by the simulated completion
time of the RP method. The solid line {obseired vs.
sequential) corresponds to the actual speed-up obtained by
dividing the factorisation time of our best sequential
algorithm by the completion time of the actual
implementation of the RP method on the transputer array.
And the dotted line {observed vs. uniprocessor) corresponds
also to the actual -peed-up, but this time obtained by
dividing the f?' ation time of the uniprocessor
implemeriation . -,'ated using one transputer) by the

completion time on the array of transputers of the same
transputer-based RP program.

The results show excellent performance of the method.
For all three networks the performance of the actual parallel
implementation of the method was very close to that
predicted by the theoretical analysis or simulated on a
sequential PC (with communication overheads neglected).
The following conclusions can be drawn from the results:

1. The method suffers to less extent from a speed-up
saturation around 4-8 processor mark than other
parallel methods.

2. The efficiency of the method increases with the size of
the network (this will be again confirmed by analysing
Fig. 5 later on). It can be expected that the method,
when applied to a system of several thousand nodes,
would yield even higher speed-ups when using 10-20
processors. Unfortunately we did not have data of any
such a big network at our disposal to test this
hypothesis.

3. Performance of method can be predicted and assessed
before the actual parallel implementation.

4The closeness of the actual and predicted performance
suggests that communication overheads do not present
any serious obstacle

The only graph which stands out from the others is that of
the obsen-ed vs. sequential speed-up. This graph is below
the other graphs for the 118 node network and above the
others for the 734 node network (when up to 8 processors are
used) and for the 1624 nodes network. A closer look at the
results reveals that a super-linear speed-up (i.e. higher than
the number of processors used) has been achieved for larger
networks. Such a speed-up, according to Amdahl's law, is
obviously not possible, unless a better algorithm than the
sequential one is used. In our case both algorithms (based on
Zollcnkopfs bi-factorisation) were numerically identical, but
the data structures used were not. The sequential algorithm
used standard linked-list structures to store only non-zero
elements of the matrix. On the other hand the parallel
algorithm used a dense matrix representation for some parts
of the matrix.

It is a well known fact that all the Minimum Degree
based ordering routines cause increased density of the
factorised A matrix towards the bottom right corner of the
matrix. In the case of the RP method the nodes are re-
ordered causing additional condensation of non-zero
elements of the matrix in certain regions [17]. The last block
of the matrix was found to be almost always full. Hence, we
have decided to use a hybrid sparse/dense data structure for
the RP method, where sparse matrix method are used up to a
certain changeover point, and then a full matrix
representation of the subnetworks is employed. This resulted
in higher factorisation speed-ups for larger networks.
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Figure 4. F/B substitution and complete solution speed-ups.

Figure 4 shows the test results for the F/B substitution
phase only of the method (useful when the matrix is kept
constant and only a repeated solution for different rhs
vectors is required) and for the complete solution (i.e. for
both factorisation and substitution). In both diagrams the
speed-up of the actual implementation is shown as calculated
against the best sequential implementation and against the
uniprocessor transputer implementation.

The results show that the speed-up of the substitution
phase, as calculated against the best sequential algorithm, is
smaller than for the factorisation phase. This was
unexpected, as the principle of deriving the parallel
algorithm is the same for both factorisation and F/B
substitution phase so the speed-ups were expected to be
roughly the same. The explanation of the difference lies in
the hybrid sparse/dense data storage used. Factorisation of a
given column involves quite complicated manipulations on
the non-zeio elements of that column. Hence, if the column
is almost full, representing it using the sparse matrix
techniques causes an increase in the execution time and the
use of hybrid storage scheme proves to be beneficial. On the
other hand during F/B substitution the elements of the
row/column are processed sequentially and the linked-list
representation gives good results even when the row/column
in question is quite full. Hence the use of hybrid scheme
brings benefit only in the factorisation phase of the solution
and may actually deteriorate performance of the F/B
substitution phase.

And finally Figure 5 shows the efficiency of the
algorithm calculated as the ratio of the speed-up (calculated
against the best sequential algorithm) and the number of

FACTORISATION

1624 nodes

6 8 10

No. of processors

12

F/B SUBSTITUTION

No of processors

COMPLETE SOLUTION

1624 nodes

No of processor

Figure 5. Efficiency of the method.

processors used. The results are shown separately for the
factorisation, F/B substitution and the complete solution.

Figure 5 confirms that the efficiency of the method
increases with the size of the network. It also shows that the
hybrid sparse/dense data storage improves the performance
in the factorisation phase of the solution boosting it to values
exceeding unity (superlinear speed-up) when up to four
processors are used for large networks. As the factorisation
phase is much longer than the F/B substitution phase, the
efficiency of the complete solution is obviously similar to
that of the factorisation.

V. CONCLUSIONS

This paper has presented the results of testing the
Recursively Parallel method of solving large, sparse linear
equations existing in many power system problems. The test
performed on the array of transputers have shown that:

• both the factorisation and forward/backward substitution
phases can be processed in parallel;
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i performance of the method can be predicted and assessed
before the actual parallel implementation;

> the method suffers to less extent from the speed-up
saturation than most of the other parallel methods'.

> the efficiency of the method increases with the size of the
network;

> communication overheads do not present any serious
obstacle;

> use of the hybrid sparse/dense data storage schemes
improves efficiency of the factorisation phase.
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AUSTRALIA
A derivation is proposed in this paper which

relates s-z mapping functions to several numerical
ODE methods used in power systems analysis.
Therefore, numerical solution of ODE and
discretization of continuous transfer functions can be
treated in the same framework.

Matrix model of generator commonly in used for
power system simulation assumes stator and rotor as
cascaded circuits of resistances and inductances [9].
Values of the model are derived from time-domain or
frequency-domain tests. Refinements of the matrix
model are still proposed and discussed in current
literature. On the other hand research to derive time
domain results without matrix model have been
reported, for instance using Fast Fourier Transform
[10], or Finite element method [11]. These procedures,
however, require new ways to solve power system
dynamic calculation. In this paper we propose using s-z
mapping function to transform frequency-domain test
results to a recursive time domain generator model,
that can be solved by well known procedures with
minimum adjustments.

Abstract- This paper describes a new derivation of a-
z mapping functions and extensions of z-transfonn
applications In power systems. The derived s-z
mapping functions relates to several well known
numerical ordinary differential equation methods.
New applications are proposed for constructing
discrete time domain model of generator from
frequency response measurements results and general
discretization of continuous power system dynamic
model.

I. INTRODUCTION

Z-transform method has been used in HV
Electromagnetic transients analysis [1-3],
Probabilistic power system planning [4], and
calculation of oscillating modes in power systems [5].
One of the key elements in z-transform application is
s-z mapping functions which is used to transfer
models between frequency-domain, z-domain and
time-domain. Traditional derivation of s-z mapping
functions was due to [6]. I t was quite different from
numerical ordinary differential equations (ODE)
methods, although one of the derived mapping
functions - Bilinear transform - is equivalent to
trapezoidal rule (Adams-Moulton method order 1).
Based on the fact that 's' in Laplace domain is
related to a differential operator while 'z' is related
to a shift operator in time domain, [7] proposed
Adams-Moulton methods order >1 as higher degree
s-z mapping functions. In [8] a 5 operator which is
similar to Euler method is proposed for discretization
of power system transfer functions.

Paper SPT PS 17- 02- 0438 accepted
for presentation at the IEEE/KTH
Stockholm Power Tech Conference,
Stockholm, Sweden, June 18-22,1995

II. DERIVATION OF S-Z MAPPING FUNCTIONS.

The exact mapping of s to z is [12]
z = e*T or z-'=e-rir

Where AT sampling period. From (1)
(1)

(2)

Then Pade approximation procedure [13] is used to
.-Kconstruct rational approximations of ln(z~'),

(i) With u = z -I, expand In(z ) around the
- ipoint u=0 (or z~ =1).

U U u

T(ii) truncate (3)

(iii) estimate

(-D
ta - 1

ta =1 ta

(3)

(4)
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ln(z"')
D{u)

where E(u)=

(5)

iu=O

From (5) and (4)

Ta(u)D(u)-E(u)=0 (6)

nex,ndx are varied from 1,2,3....with tax=nex+ndx.
Equation (6) can be solved for d^ and e^.

(iv) By substituting (5) to (2) s-z mapping functions
are obtained in the form

khhx

, -»-tf(x>=^g (7)
<• T-> ii — ihh

Example.
ihh=O

For ndx = 2, nex=l ( s-z mapping type (1,2)),
equation (4) becomes

2 3
and equation (6) becomes

+

Solving for d, e: eo = 0,e, = 1 ,

From (5) and (2)

,«)= 0.

= -,dz = ~~

12 1-z"1

derived s-z mapping functions, types (2,3),(3,2),(2,2),
and (3,3) do not satisfy this requirements and
therefore are excluded from Table 1.

m. FORMULATION OF ^TRANSFORM GENERATOR MODEL

The d,q axis model of generator [9][14][15]is
described by the set of equations presented here in
Laplace-domain:

Partial list of derived s-z domain mapping
functions is given in Table 1. s-z mappings in column
ndx=0 are related to Backward Difference Formulae
(BDF). s-z mappings in row nex=l are related to
Adams Moulton methods.The s-z mapping type (1,0)
is related to the Backward Euler shared by BDF and
Adams-Moulton methods. The s-z mapping type (1,1)
is related to Trapezoidal rule or Adams-Moulton
method order-1 or Bilinear Transform, or Boxer-
Thaler integrator [6] order-1.

s-z mapping function shall not be a source of
unstability. A discrete transfer function is stable, if
the modulus of its poles and zeros £ 1 and those of
modulus =1 are simple (non repeated). Of the

Ed (s)=
»c

: i ^ + 0)mWVd(i)-ro/17(5)

Ld(s) G(s)
1

(8)

(9)

(10)

(11)
Where
V<f ( J ) IV<J( J )

Ed(s)£g{s)
d, q axis stator flux linkages in pu.
d, q axis stator voltages in pu.
d, q axis stator currents in pu.

E/d(s)J/j(s) excitation voltage and current in pu.

stator resistance in pu.
d, q axis operational inductances in pu.
stator to field transfer function in pu.

rotor instantaneous angular speed in pu.
rotor field operational impedance in pu
base angular speed in rad/s

ra

G(J)
to(s)
Zf(s)

Substituting (10X11) to (8X9),

(12)
From frequency response measurements[14,15],

magnitudes and phase angles of It/Cs)Xi?(.s)X'Cs') can be
obtained, s-domain rational functions l-^{s)JLq{s),sG(s)

then be constructed by curve fitting method,can
resulting in s-domain functions with general form

i

(13)

Where isx and ksx are selected to match the
complexity of frequency response.
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TABLE 1: DERIVED S-Z MAPPING FUNCTIONS

ndx
nex
0

1

2

3

0

-

AT
1-z"1

2AT
3-4z' l+z-2

ll-lSz-'+9z-2-2z-3

1

-

A71 + Z"1

2 1-z-1

2AT(l+2z"1)
5-4z-l-z~2

6A7(l+3z-1)

2

-

ATS+Sz-'-z"2

12 1-z'1

3

-

AT9+19rl-5r2 + z-3

24 1-z"1

Using s-z mapping function (7), 's' in (13) is
substituted by its equivalent z-domain rational
functions. We obtain z-domain function Ld(z) ,Lq(z),
s(z), CKz) in the form.

ihx

(14)khx

kh=O

-kh

Where a*,b* and c* are functions of AT, a', b', c1, a",
b". and c". While ihx=ihhx.isx+(ksx-isx)khhx and
khx=khhx.ksx.

The procedure is called indirect method [1] as it
requires two successive steps to be carried out

A direct method [1] is by directly fitting z-domain
function to the frequency response results, at a specific
AT value. The synthesised z-domain function has a
general form of

hx S O*\ihh*
(15)

Where hx, ihhx, khhx and AT are selected to match
complexity of frequency response results.

Equation (15) can be reduced to the form of equation
(14) In this case ihx=h.ihhx and khx=h.khhx. So (14) is
used as general form of s{z)J^(z)J^j(z),G{z).

Substituting (14) to (12) we obtain d,q model in z-
domain

D,"'j(x)C(l) _ , .

(16)
Where s{z)^d(z)JLq(z),G(z) are rational function in z

Rearranging and inverse transforming (16), the
recursive d,q model in time-domain for n-th step is

1=1

Y.d{p)Efd(n-p)

i=O
2
/=O

(17)

q

xx

S
x=0

Eq(n)= - ietfE^n-/•)-
r=l u=0

yx

m(n - x)id(n - x ^
>=0

(,n - y)Efd(n - y)

Combining (17) and (18)
EM
EM

c(0)com(n) i »
h(0)(om(n)

(18)

(19)

The constants a(i),b(k),cO),d(p)Ie(r),fi:u),g(x) and h(y)
are functions of AT, A, a*, b*, c*and (äo~ . Values of
Kd(n) and Kq{n) depend on values calculated in
previous steps.

Equations (12X16-19) includes effects of stator
transients. Neglecting stator transient is
straightforward by setting the terms syd(s),syq(s) in

equation (12) to zero and revise [16-19] accordingly.

IV. SATURATION MODELLING

Generator open circuit characteristics (OCC) and
short circuit characteristics (SCO gives basic
informations about saturations in generator. During
both open-circuit and short-circuit tests the machine

5 2 6



runs at rated speed (com = 1), and ra«machine
reactances, so equation (12) becomes:

Ed(s)
Eq(s)

0 Lq(s)
0 I0(s)

0
G{s.

Efd(s) (20)

FromFor open circuit test id = iq = Y? = ed =0.
(10X11X20) the OCC formulas are:

Eq(.s)=yd(s)=G(.s)Efd(.s) (21)
Efd(s)=Ifd(s)Zf{s) (22)

Eq(s)=G(.s)Zf(s)Ifd(s) (23)

By measuring Eq{s)JEfd{s)Jfd{s) saturation
characteristics of G(s)2f(s) can be obtained.

For short circuit test ed=eq = 0. From (10X11X20)

the formula for SCC are:
G(s)E/d(s) (24)

^Efjis) (25)
By measuring ld(s)£fd(.s)Jfd(s) and using saturation

characteristics results of G(s)£f(s) calculated from
OCC, saturation characteristics of Lit(s),sG(s) can be
obtained.

From the above analysis we noted the following:
- measurements of excitation voltage need to be

added to both OCC and SCC in order to obtain
saturation data for z-transform model.

- saturation characteristics from OCC and SCC are
derived at rated frequency. Using these characteristics
in representing saturation assumes that they are not
significantly affected by changes in frequency.

- measurements of OCC and SCC do not indicate
possible incremental saturation effect due to stator flux
transient, because stator transient does not present in
steady state operation.

- further measurements may be required for q-axis
saturation characteristics and other possible
refinements.

V. DISCRETIZATION OF POWER SYSTEM EQUATIONS.

Power system equation consists of first order
ordinary differential systems with algebraic
constraints. The ordinary differential systems
expressed in Laplace domain is

*Y(s)=FXY(s),X(s),r) (26)

Using s-z mapping functions in (7) to discretize (26)

tf(z)Y(z)=F(Y(z),X(z),0 (27)

and transferring back to time domain,
ihhx khhx

khh=O
(28)

iWi=0

which is identical to applying numerical ODE
method to solve time domain power system equation
The developed recursive model can therefore be
interfaced to power system step-by-step model with
minimum adjustments

VI. SELECTION AND VARIATION OF TB.E-STEPS

For efficiency of calculations, AT is often varied
according to a certain limiting local error criteria. In
indirect synthesis the variation is readily implemented
because coefficients of H(z) is a function of AT. In
direct synthesis, since H(z) is fitted to the frequency
response at a preset AT, changing the time-step needs
a new curve fitting process to be carried out.
Alternatively, a procedure described in [1] can be used
to vary time-step for direct synthesis.

The highest oscillation frequency that could be
accurately simulated by a model derived from
frequency response test is the highest frequency applied
during the test Frequency response measurements for
power system dynamics models typically carried out up
to 100 Hz.

To obtain accurate representation of continuous
system , its discretized form time-step shall be related
to frequency as

A T S r 4 - (29)

where /// is the highest frequency of oscillations to
be represented , which often referred to as Nyquist
frequency [16], In time-domain this means that time-
step shall be less than half of shortest oscillation period
inherent in the dynamics. This limitation is therefore
very marginal. Smaller time-step is to be selected in
order to have sufficient accuracy. One suggestion [8] is
one-fifth of value set by (29). In power system model
derived from frequency-response, time step will be
limited to less than 0.001s, which is a reasonable
selection if we want to use the model to simulate up to
its limits of 100 oscillations per-second.

When expected dynamics are slower, larger time-step
is appropriate. In effect, the highest frequency that can
be accurately covered is reduced to corresponding
Nyquist frequency calculated based on (29) or its
variants. Using one-fifth of the limit set in (29), if time
step is increased to 0.01s the model will perform
accurately only for up to 10 oscillations per second.

Numerical stability is another problem faced when
selecting and varrying time step. Because s-z mapping
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functions used are closely related to numerical ODE
methods, numerical stability can be investigated in a
similar way as in numerical ODE methods used in
power system analysis. It is curious to note that
investigations in numerical ODE methods concerns
mostly non-oscillating transients parts of dynamics. A
commonly adopted test equation is y - Ay F where the
eigenvalues of constant matrix A are distinct and have
real value less than zero ( decreasing response). In this
sense, limit based on frequency as (29) complement
limit based on numerical stability.

VH. EXAMPLE

The procedure is applied to data based on [15]
Nanticoke generator. Indirect and direct synthesised
Ld(z) are shown in Table 2. The s-z mapping function is
typed.l) . Direct Ld(z) is fitted with hhx=2,
ihhx=khhx=l, AT = 0.005s.

Figure 1 shows frequency responses of Ld at time-
step Ar=0.005s.

Figure 2 shows effect of increasing AT for indirect
synthesised z-domain model. It clearly indicates
reduction of the maximum frequency covered
accurately by the model.

TABLE 2: INDIRECT AND DIRECT SYNTHESIZED LEXZ)

Magnitude (pu)

3

INDIRECT

(AT3 * \S.t60t&T* O.S3O6544)»(2A7"i - 1.O613O88).'1 -.(AT' - 15460<Ar» 0-S3O&M<)r2

DIRECT

0.27953989(l-1.938641z~' + 0.93876892z~2)

1 -1.9705766z~' + 0.970593632"2

Magnitude (pu)

Phase(xlOdeg)

-A- data
-o- indirect synthesis
-x- direct synthesis

FIGURE 1. FREQUENCY RESPONSES OF INDIRECT AND
DIRECT SYNTHESIZED LD(Z)

Phase (x 10 deg)

-A- data
-0 - time-step 0.005 s, Nyquist frequency 100 Hz
-o - time-step 0.01 s, Nyquist frequency 50 Hz
-x - time-step 0.025 s, Nyquist frequency 20 Hz

FIGURE 2. EFFECT OF TIME-STEP VARIATIONS.

Figure 3. Shows time domain simulation of z-
transform based generator model in one machine-
infinite bus scheme with Vf and mechanical input
constant, stator transient and saturation ignored.

VIII. CONCLUSION

s-z mapping functions has been derived and related
to numerical ODE method.

Using the z-transform a discrete time-domain model
of generator can be constructed without assuming
circuit model for the stator and rotor. Compared to
Fast Fourier Transform and Finite Element techniques,
the model can be adapted to step-by-step time domain
solution with minimum adjustments.

Rolor angle (deg)

250 T

200 •

150 •

100 •

0.2 s
0.16 s

0.04 s

Troe(x0.01

FIGURE 3. TIME DOMAIN RESPONSES OF Z-TRANSFORM
GENERATOR MODEL WITH DIFFERENT FAULT CLEARING
TIMES AS SHOWN.
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The model can be adapted to different ranges of time-
frames in power system analysis by varying the highest
frequency used in frequency response tests, and also by
varying the time step.
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Abstract — This paper proposes a novel statistical approach to the
identification of problem dependent power system regions. It com-
prises three steps: (i) for a given problem and power system, operating
states are first generated via a random sampling approach; (ii) each state
is prc-analyzed by numerical simulation so as to compute its relevant
electrical parameters; (iii) automatic unsupcrvised learning techniques
are applied to identify correlations among these parameters and extract
information about electrical regions. In this approach, great flexibility
is possible and various different unsupcrvised learning methods may be
used in conjunction. The ideas are demonstrated on a realistic model
of a large scale voltage stability limited system, where hierarchical ag-
glomerativc clustering and Kohonen self organizing feature maps show
to provide valuable physical insight. Various potential uses in power
system planning and operation are further discussed.

K e y w o r d s — Power systems; voltage stability; electrical regions;
correlation analysis; hierarchical clustering; neural networks; Kohonen
self-organizing maps.

1 INTRODUCTION

The definition of appropriate electrical distances and the iden-
tification of electrical regions are generic problems in the field
of power system analysis. For example, a typical application
is the building of reduced order models for ultrafast security
assessment [ 1 ]. Another field concerns the choice of appropri-
ate measurement and/or control areas and signals, such as the
selection of pilot nodes for secondary voltage control [2] or the
optimal placement of a reduced number of phasor measurement
devices for power system monitoring.

Classically, electrical regions and representative variables arc
identified via engineering judgment exploiting a small number
of numerical simulations [3J. Thus, while the non-linear nature
of power systems is one of the main reasons for the practical
interest of electrical distances/regions, it is also responsible for
the difficulty in providing a systematic approach to design them,
assess their range of validity.and refresh them when required. In
particular, a problem of concern is how to take into account the
effect of variable topology and operating state on the definition
of electrical distances/regions.

The approach proposed in this paper trier to circumvent the
above difficulties by designing statistical data analysis tech-
niques able to treat massive numerical simulations, so as to
extract the appropriate information from the simulations. It
is decomposed into three steps : (i) for a given problem and
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power system, operating states are first generated via a random
sampling approach, in a sufficiently broad and diverse range
so as to screen all situations deemed relevant; (ii) each stale is
pre-analyzcd by numerical simulation so as to compute the rele-
vant electrical parameters; (iii) automatic unsupervised learning
techniques are applied to extract information about electrical re-
gions. This is similar to the decision tree approach to security
assessment described in [4], which relies also on large statistical
data bases of operating conditions of a power system to extract
security criteria. Actually, the method of identification of elec-
trical regions presented here may be considered as a byproduct
of the latter methodology.

In its principle, the approach is very general. For example,
it allows one to determine regions either for a given operating
state and various disturbances or for a broad range of operat-
ing conditions and a particular disturbance, or a combination of
both. On the other hand, it may be applied for different types of
problems, depending on the electrical variables used to define
regions, which may be static (e.g. a snapshot) or dynamic (e.g.
a function of time) and may capture different types of phenom-
ena (e.g. voltage security vs transient stability). Finally, it is
also general in terms of the type of unsuperviscd learning algo-
rithms used to extract the information (e.g. statistical clustering
methods vs neural networks). Notice, however, that in contrast
to the standard way of using unsupcrviscd learning to identify
similarities among operating states [5, 6], here we apply it in a
different fashion so as to identify similarities among electrical
variables.

The organization of the paper is as follows. Section 2 de-
scribes the principle of the statistical approach to the identi-
fication of electrical regions, and provides a brief description
of important unsupcrviscd learning algorithms used. Section 3
gives an illustrative application of this method to two different
voltage security related problems, on the basis of a model of
the Brittany region, which is a voltage weak area of the EHV
power system of Elcctricitc dc France [7]. As a conclusion, we
discuss in section 4 the potential advantages of our approach
with respect to other methods for the determination of elec-
trical regions and outline some interesting problems for future
investigations.

2 IDENTIFICATION OF ELECTRICAL REGIONS

The proposed approach is an instance of a more general sta-
tistical methodology for power system analysis [8, 9]. The
latter consists of first defining a study range, then automatically
applying numerical simulations to a representative sample of
scenarios corresponding to this range so as to build a data base,
and further using various automatic learning methods (decision
trees, neural networks, nearest neighbor,.. .) to exploit the data
base information, in an interactive trial and error procedure.

In this general framework, the definition of the study scope
relies on existing expertise about the power system problem.
The bulky part concerns the data base generation, but it is rather
easy to speed up by exploiting trivial parallelism to carry out
the simulations. On the other hand, the application of automatic
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Figure 1. Principle of the statistical approach

learning is ideally carried out in a study environment, where
experts may extract and validate synthetic information about
the power system problem of concern.

In this paper we apply this statistical approach to the iden-
tification of electrical regions. The overall principle of this is
depicted in Fig. 1.

The first step consists of screening automatically a repre-
sentative sample of scenarios, according to predefined random
sampling schemes for topology, operating conditions and dis-
turbances.

Each one of the chosen scenarios is then simulated numer-
ically and relevant variables decsribing its behavior (static or
dynamic parameters) are extracted from the simulation results.
These are then put together fora large number of different sce-
narios into the data base; typically several thousand scenarios
are simulated and for each one several hundreds of parameters
arc extracted and stored in the data base.

The last step consists of identifying the electrical regions
hy applying unsupervised learning techniques to the data base,
such as statistical correlation analysis, hierarchical clustering
and Kohonen feature maps. This is first formalized below and
then illustrated on a real large scale application in Section 3.

2.1 Unsupervised learning

In contrast to supervised learning which aims at constructing
a model for an assumed relationship between given input and
output parameters, unsupervised learning (or clustering) aims
essentially at uncovering similarity relationships. There are
basically two ways of applying unsupcrviscd learning : (i) to
search for groups of similar observations; (ii) to search for
groups of correlated parameters describing the observations.
While most recent publications look at the former problem, w'e
are concerned with the latter one, also termed as correlation
analysis.

More precisely, we view the data base as an X(T + 1) x in
matrix /

w 7= parameters

Ar ^ scenarios and
possibly (T + 1) ̂

time instants

Each group of T + 1 ' adjacent lines of the data base corre-
sponds to a different scenario. In practice they are generated

'the time dimension is necessary if the purpose is to compare dynamic
trajectories; if only snapshots are considered then T — 0

Table I. Hierarchical agglomerative clustering algorithm

1. Compute the m(m — 1) similarities (correlation coefficients) of all
pairs of individual parameters.

2. Define the similarity of two sets of parameters as the minimum
similarity of parameter pairs obtained by picking a parameter in
each -ft.

3. Croup parameters in the following hierarchical fashion :

(a) first build m singleton sets corresponding to the m different pa-
rameters;

(b) iterate, by grouping at each step the two most similar sets of
parameters;

(c) stop, when all parameters have been merged into a single set
(after exactly in — 1 steps)

automatically by an ad hoc random sampling procedure specif-
ically developed for the problem under concern.

The columns, on the other hand correspond to different pa-
rameters used to describe the scenarios, such as for example
rotor angles, speeds, accelerations of different machines (if the
context is "electromechanical coherency") or voltage magni-
tudes at different nodes, or post-contingency load power margins
for different contingencies (if the context is voltage stability, as
below . . . ) .

Hence, in terms of this data base matrix the two ways of look-
ing at unsupervised learning consist of searching respectively
for similar lines or for similar columns. While the clustering
techniques described below may of course be applied to both
problems (though with different theoretical implications 110]),
for the sake of clarity we will particularize our presentation to
correlation analysis (i.e. columns).

2.2 Hierarchical agglomcrative clustering

This method exploits a similarity measure between two pa-
rameters. In our application we use the correlation coefficient
(or its absolute value) defined by

N(T + 1) * (7ri * ax:
. (2)

where

.v(r+i;
denotes the mean value of a:1, and

N{T+\)

(3)

(4)

its standard deviation. The advantage of using this similarity
measure is its independence with respect to variable rescaling.
In particular, it is equivalent to using the Euclidean distance (to
measure dissimilarity) if the variables arc prc-whitcned to zero
mean and unit variance.

The very straightforward clustering algorithm is indicated in
Table 1; starting with the set of m column vectors x\ it produces
a nested sequence of m clusterings which may be displayed
graphically in a dendrogram, as illustrated below. It is then up
to the user to select the appropriate level of clustering by visual
inspection. This clustering could be further refined by other
procedures (e.g. the ISODATA or the Af-means algorithms
[10]), although we don't investigate this possibility here.
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Figure 2. Two-dimensional Kohonenfeature map

2.3 Kohonen self-organizing-feature-map (SOM)

Wc now turn to the realm of neural networks, and more
specifically the feature maps developed by Kohoncn [11]. This
is a promising method for data analysis, thanks to its graphical
interpretation possibilities, which are quite useful in the context
of power system analysis. Some interesting applications to
power system security problems have already been proposed in
the literature [5. 12].

2.3.1 FEATURE MAPS

The main originality of the SOM is that it allows us to organize
the learned prototypes in a geometric fashion, for example on a
uni- or a two-dimensional regular grid or map. In the sequel we
will particularize our presentation to the two-dimensional case,
which is the most usual one. for graphical interpretation reasons.
The interested reader may refer to the paper by Kohoncn [11]
for a general description and an in depth presentation of the
biological motivations underlying the two-dimensional SOM.

To fix ideas we have represented in Fig. 2 a hypothetical
two-dimensional 4 x 6 feature map. In our application, each
neuron i.j would correspond to an (X{T + 1)—dimensional)
prototype vector, say p'<}. Thus, the connection weights from
the input layer to a neuron on the map are equal to the .\(T + 1)
coordinates of the corresponding prototype. The geometrical
organization of the map defines a so-called topological dis-
tance among prototypes, in addition to the physical distance
Hp''3. pk'1) (e.g. Euclidean) defined a priori in the input space.

In this model, the output corresponding to an input vector x
is defined as the nearest prototype, i.e. p' •' (x) such that

f> (x.p''-J'(x)\ < f> {x.pUJ) . V i.j. (5)

Two outcomes arc expected from the learning algorithm :
(i) to adapt the prototype vectors so as to minimize the quanti-
zation error, e.g.

k=\
(6)

(ii) to define the location of these prototypes on the feature
map, so as to preserve the topological properties of the physical
distance. Thus, we expect prototypes which are close in terms
of their physical distance to be also close in terms of their
topological distance on the map, and vice-versa.

2.3.2 SELF-ORGANIZING ALGORITHM

The elementary learning algorithm is an iterative method con-
sidering the learning states (in our case parameters correspond-
ing to data base columns) successively and updating the weight
vectors at each step, so as to reinforce the proximity of the pa-
rameter and its currently closest prototypes. This is indicated in
Table 2 in the particular case of a two-dimensional feature map.

Table 2. Kohonen self-organizing map learning algorithm

1. Prototype vectors are initialized randomly.

2. Consider the m parameter vector columns of the data base in a
cyclic or random sequence.

3. Let x be the current parameter vector, and p' 'J its currently
closest prototype.

4. Adjust the prototype vectors according to the following updating
rule

(P ) = ( / > ) + ' / A ( i - i , J -

The parameter i] denotes the learning rate of the algorithm,
and the function A(-, •) is a neighborhood function, i.e. a de-
creasing function when the topological distance on the feature
map increases. A frequent choice is to use the Gaussian kernel

(8)

Both the learning rate;; and the width parameters arc in prac-
tice gradually decreased during successive learning iterations.
Thus, initially corrections are made so as to move a large part of
the prototypes at each iteration considerably closer towards each
learning state. At the later iterations, only the nearest neighbor
prototype is moved and only a small correction is made at each
step.

Unfortunately, the theoretical analysis of this learning algo-
rithm has not yet been carried out very far, and among the many
questions which may be raised only a few have been answered.
Intuitively, we may feel that it will tend to minimize (at best
locally) the quantization error in the learning set. Of course,
the actual meaning of this criterion depends on the scaling of
the input parameters and the type of distance used (6). In our
application we have used the Euclidean distance together with
prc-whitened parameters, so as to be consistent with the simi-
larity measure used in the hierarchical clustering algorithm.

In practice the algorithm can be applied several limes to a
given problem, using different numbers of cells and different
topological organizations, different initial random seeds and
different learning rates and width parameters decreasing func-
tions. After exhausting a certain number of trials (or a given
amount of CPU time) the overall best solution (i.e. yielding
the smallest quantization error) is retained. Although, this is
rather heuristic, we found in our simulations that convergence
was straightforward.

3 CASE STUDY

Our simulations take advantage of data bases constructed in
the context of a long term collaboration between the University
of Liege and Elcctricité de France (EDF) on voltage stabil-
ity/security. Below we briefly summarize this investigation,
commenting briefly on the physical problem and the overall
scope of the study, in terms of operating conditions and contin-
gencies screened.

3.1 A real-life voltage security problem

We have considered the Brittany region of the EHV system
of EDF which has already been the subject of a real voltage
collapse [7]. The one-line diagram of this region is shown in
Fig. 3 where the most important substations and power plants
to which we will refer later are also indicated.

For the purpose of our research, several large data bases were
generated, comprising several thousand operating conditions,
26 different disturbances and several hundreds of parameters.
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225KV + 400KV Correlation coefficient p computed on the 5000 operating states

1.0 0.9 018 0.7 0.6 0.5 ' 0!4 0.1

[Ä]... : substations

Figure 3. One-line diagram of the Brittany system

Thanks to this information, a wide range of automatic learning
methods (supervised or not) could be applied and compared,
such as decision and regression trees, multilayer perceptrons
and nearest neighbor techniques [13, 14]. The main practical
applications sought concern the definition of synthetic criteria
for preventive voltage security assessment as well as for emer-
gency control (e.g. tap changer blocking).

3.1.1 OPERATING CONDITIONS AND CONTINGENCIES

To save space, we merely quote the independent variables
used during the random sampling of the pre-disturbance states:
topology (single or double line (400kV or 225kV) or transformer
outages); load level (including randomization of individual HV
load distribution, power factors, compensation and voltage sen-
sitivities); regional unit commitment (with variable active power
generation levels in Plant 1); reactive support (synchronouscon-
denser; EHV and HV shunt compensation; gas turbines) and
secondary voltage control set-points.

In the most recent data base [14], a total of 13,513 random
variants were drawn to yield 5000 pre-disturbance states. (The
remaini 'g 8,513 variants led to power flow computation diver-
gence or non-convergence.) For each state about 200 attributes
were computed, corresponding to key variables such as topolog-
ical indicators, important EHV power flows, 400W voltages,
numbers of units in operation in power plants, total load de-
mand, reactive shunt compensation reserves in the study region,
and reactive generation reserves.

All in all 26 different contingencies were considered in this
broad study, corresponding to synchronous condenser, generator
or line tripping and busbar faults. Thus, in addition to the pre-
contingency load power margin (LPM), the corresponding 26
post-contingency LPMs were computed for each operating state,
yielding a total number of 135,000 LPM computations!

3.1.2 ELECTRICAL MODELING AND MARGINS

The electrical static and dynamic models, the voltage se-
curity criterion and the LPM computation procedure used are
discussed in detail in [15]. We merely outline their salienl
characteristics to indicate their highly realistic character.

A 1200-bus modeling including sub-transmission levels and
distribution feeders is used while secondary voltage control is
modeled both in the static and dynamic computations. As con-
cerns the latter, a simplified mid-term voltage stability simula-
tion is carried out to track the on-load-tap-changers, automatic

., ,/2AC Types of contingencies

* • • : prc-contigency LPM
1 ab: single line trip from a to b
2 ab: double line trip from a to b

1 (or 2) s c : 1 (or 2) synchronous
condensers tripping

K2orAII)ua: 1 (2 or All) units
tripping in plant a

bbl (or 2) a: busbar fault 1 (or 2)
in substation a

0.0

0 035

p = 0.800

Figure 4. Contingency similarity dendrogram

shunt compensation, machine over-excitation limiters and co-
ordinated secondary voltage control behavior, subsequently to
a disturbance. This allows both to analyze preventive security
assessment as well as emergency control problems, depending
on the dynamic system trajectory.

Pre- and post-disturbance LPMs arc computed by simulating
the system response if submitted to a steady load increase until a
voltage instability is reached. The latter is identified according
to the change in sign of the sensitivity of total reactive power
generation to individual loads reactive demands.

3.2 Contingency similarity analysis

In the context of preventive security assessment, we use the
post-contingency LPM to rank contingencies. Hence, two con-
tingencies will be considered similar if their post-contingency
LPMs remain strongly correlated in the context of random vari-
ations of the operating state, i.e. if they are influenced in the
same fashion by the operating state characteristics.

Thus, 26 different contingencies are compared on the basis
of the 5000 different operating conditions described above. In
addition to the 26 corresponding post-contingency LPMs, we
have also included the pre-contingency LPM, yielding m = 27
different parameter vectors, each of N = 5000 components, to
which we have applied the clustering algorithm of Table 1.

Let us comment the resulting hierarchical clustering visual-
ized in Fig. 4 (the numbers 1,2.(a), 2.(b) and 3 refer to the items
discussed below). We invite the reader to first have a quick look
at Fig. 3 to identify the location of the main substations.

1. The first two parameters which are grouped are denoted by
"1AE" (a single line trip, between substations \K\ and [Ej)
and "***" the pre-contingency LPM. The very high value
of p (= 0.996) indicates that the severity (i.e. the difference
between the pre-contingency and post-contingency LPM) of
the single line trip is almost independent of the operating
condition, thus leading a to very high correlation between
pre-contingency and post-contingency LPMs. However, a
closer look at the severity distribution of this contingency
shows that it is also a very mild contingency.
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The subsequent groupings consist of merging the preceding
two LPMs successively with the post-contingency LPM cor-
responding to the single line trip AB (p = 0.987), then DG
(p = 0.985), then a single synchronous condenser tripping
(p = 0.982), and finally a single line trip DF (p = 0.973).
Except from the synchronous condenser trip, these are all
very mild contingencies.

2. Two other interesting groups are shown in the top of Fig. 4 :
(a) 2AB and 2DG, which correspond to double circuit trip-

pings of two lines which interconnect the central part of
the EHV system with the power plants in the Eastern part;

(b) 2 AC and 2DF, which correspond to double circuit trippings
of two radial lines interconnecting the central part with the
Western load area, at the periphery of the system.

3. In the lower part of Fig. 4 there is another interesting group-
ing : it is composed of "2u L" (tripping of two units in plant
L), "lu L" (tripping of one unit) and "2DI" (double circuit
trip of the line from Q] to [D]). The interpretation of their sim-
ilarity is that they all amount to a (partial) loss of the reactive
support from the power plant E) to the nearby load region.

These, and many other interesting observations, show that the
information provided by the unsupervised learning technique is
physically sound and interpretable. Before proceeding with an-
other application, let us give some hints on the possible practical
outcomes of this type of analyses.

First of all, we deem that it can allow the power system analyst
to gain a better physical understanding of the different types of
problems encountered in his system.

Another more specific application would be the selection of a
small number of test contingencies, representative of the differ-
ent physical problems for this system. For example, the dotted
line at p = 0.800 in Fig. 4 suggests that the 27 contingencies
may actually be grouped into 8 classes.

Finally, another possible application would be to use this
information in order to group contingencies for the multi-
contingency decision tree based approach proposed in [16].

3.3 Impact of a disturbance on voltages

We now consider the problem of voltage security emergency
state detection and control.

In previous studies it was found that the observation of the
voltage dip, observed just after a disturbance at the EHV/HV
transformers of a power system, may provide a good indicator
of voltage insecurity, and thus might be used to trigger very
anticipatively emergency control actions such as load shedding,
automatic on-load tap-changer (OLTC) blocking or fast unit
startup [17].

For a given system, it is therefore interesting to identify elec-
trical regions corresponding to a consistent behavior in terms of
this voltage dip. Once defined, these regions could then be fur-
ther exploited in order to select a small number of representative
voltage dip measurements with the right degree of localization,
and associate to each one a threshold and a load control area for
OLTC blocking or load-shedding schemes.

To analyze this possibility, we have used a sample of 100
operating conditions drawn from an earlier single contingency
version of our data base. The considered contingencyis defined
as the loss of one 700MVA generator in substation [A] (see Fig.
3), which is a rather severe one [14].

Thus the lines of the data base matrix of eqn. (1) now corre-
spondto/V = 100 different random conditions, and its columns
to the 39 simulated HV voltage measurements. The latter are
obtained from a snapshot made about 30 seconds after the dis-
turbance inception, i.e. at the very beginning of the relevant

1,2...: coherent
regions

prototypes

Feature map after learning \ 3 /
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Figure 5, Voltage coherency self organizing feature map
mid-term dynamics. The considered HV buses correspond ac-
tually to the HV side of the 39 EHV/HV substations modeled
in the Brittany region. Since in the pre-contingency state these
voltages are always at their nominal value, due to the action of
the automatic OLTCs, the value assumed just after the distur-
bance gives a good indication of the imminence of a voltage
instability, should the load be restored by the subsequent action
of the OLTCs, and hence for emergency control.

We have applied both hierarchical agglomerative clustering
and Kohonen self organizing feature maps to the same problem.
Both methods turn out to provide similar results, but since the
Kohonen maps provide also a two-dimensional graphical repre-
sentation of the regions, which may be compared to the one-line
diagram of the system, we will discuss this more in detail.

We used the Kohonen self organizing algorithm with a 5 x 6
map, and some trial and error to determine r\ and 6. Due to
the relatively small number of input vectors (m = 39) the map
did stabilize rather quickly. Using the final feature map corre-
sponding to the minimal quantization error, we have determined
the closest prototype corresponding to each one of the 39 HV
voltage measurement vectors on the feature map. As a result,
only 13 prototypes (out of the 30 possible ones) did actually
score as the nearest neighbor of a least one of these 39 voltage
measurements. The lower part of Fig. 5 depicts their location
on the feature map, whereas the corresponding 13 zones of "co-
herent" HV buses are shown one the one-line diagram beneath.
It is worth noticing that these zones are very similar to those
obtained by an analytical sensitivity analysis.

With respect to other clustering algorithms the Kohonen SOM
has at least two advantages: (i) it is able to determine automati-
cally the appropriate number of clusters; (ii) it is able to organize
the corresponding prototypes geometrically on the map, which
allows one to compare the topological distance among regions
of the feature map with their electrical counterpart on the one-
line diagram. According to our experience, such comparisons
are liable to improve the validation and acceptance of this type
of information by the power system experts.

For example, from the SOM in Fig. 5 we can make the
following observations : starting at the top-left corner we first
encounter region 5 (the epicenter of the disturbance), then re-
gions 4, 7, 3, and 2 (close to the disturbance epicenter), then
two groups of peripheral regions (8, 9, 1) and (6, 10, 11) and
finally the remote regions 12 and 13, hardly affected by the dis-
turbance. Thus, from top-left to the bottom-right corner of the
SOM we move from strongly to weakly disturbed load regions.
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4 DISCUSSION AND PERSPECTIVES

In the approach proposed in this paper, electrical regions
are determined thanks to correlation analysis carried out on a
statistical sample covering an a priori defined range of power
system operating conditions. Whether this range should be very
broad or rather specific will depend on the particular application,
but the possibility of taking into account the effect of any range
of operating conditions in addition to variable disturbances, in
a very systematic way is the main feature of the approach.

For example, in our simulations we have used very large sam-
ples screening a very broad range of topologies and operating
conditions. This will cause the extracted information to be very
general and robust. If, on the other hand, more specific analy-
ses are required, this could be achieved either by tailoring the
sampling scheme and generating a new data base or by con-
sidering appropriate subsets of a broader one, corresponding to
particular topological or operating conditions, for instance.

Another interesting possibility of our approach is the appro-
priate handling of uncertainties. Indeed, during the random
sampling of the data base, existing uncertainties (modeling pa-
rameters, external systems, measurement errors and delays. . . )
may be appropriately simulated by adding noise terms wher-
ever deemed necessary. Once compiled into the data base, these
uncertainties are then taken automatically into account in all
subsequent analyses.

While the general approach described in §2 is able to cope
with the dynamic behavior of a power system in the correlation
analysis, via the time dimension, in our simulations we did not
need to exploit this possibility, having considered only system
snapshots at a given time instant. However, there are many
practical problems where the combination of the time dimen-
sion and the statistical screening of different disturbances and
operating conditions would be very useful.

For example, our approach could be exploited to identify re-
gions of coherent electromechanical behavior, in order to select
appropriate phasor measurement locations for real-time system
monitoring as well as to define the region boundaries for auto-
matic islanding schemes such as the French defense plan [3],
used to mitigate the effect of a loss of synchronism. For this type
of application it would clearly be mor 2 appropriate to compare
dynamic system trajectories rather thai, snapshots. With respect
to present day practice, our approach would then enable engi-
neers to take into account from the very beginning the effect of
topology and operating state on the system modes, rather than
relying only on a small number of test scenarios as it is usually
the case. It would also provide a statistical validation of the
resulting information.

In terms of clustering methods, we have illustrated in this
paper a novel way of using these methods. Since the different
methods are often complementary rather than competitive we
suggest to use a tool-box of methods rather than to try to find a
single "best" approach. It was one of our aims to illustrate this
in the simulation results, by using a standard hierarchical clus-
tering technique together with the more sophisticated Kohonen
feature maps, recently popularized.
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The Utilization of Eigenvalues and Eigenvectors and the
Reliability of their Caculation in Power Systems: A Case Study

A.M.A. Hamdan
Jordan University of Science and Technology

Irbid 22110, Jordan

Abstract
The hypothetical two area system con-
structed by Ontario Hydro displays both lo-
cal and inter-area oscillation modes. In this
paper we present results of a comparison of
participation factors with a new method that
uses the singular value decomposition (SVD)
of complex matrices which are functions of
the state matrix A, the input matrix B, the
output matrix C and the eigenvalues as mea-
sures of modal controllability and observabil-
ity. The agreement between the two ap-
proaches is remarkable. The reliability of the
calculation of eigenvalues and eigenvectors is
a subject that has received a lot of atten-
tion by numerical analysts. In this paper we
give some results about the conditioning of
single eigenvalues and eigenvectors and apply
them to the same system mentioned above.
We find that in some region in the parame-
ter space the eigenvalues corresponding to the
area modes approach each other coalescing
into a double eigenvalue in what is called a 1:1
bifurcation. At this bifurcation point and in a
region surrounding it in the parameter space
the eigenvalues and the eigenvectors become
very ill-conditioned rendering the information
obtained from the eigenvectors meaningless.

Keywords: Power System Oscillations,
Modal Analysis, Eigenproblem Conditioning

1 Introduction

The type and stability of the equilibrium
point of a power system is determined by
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the linearized model around the equilibrium
point. Thus the calculation of eigenvalues and
eigenvectors is extensively used in power sys-
tem analysis [1,2]. In the language of nonlin-
ear dynamics the eigenvalues are associated
with local bifurcations of solutions of the orig-
inal nonlinear equations. Static bifurcations
such as the saddle-node, are coupled to the
motion of real eigenvalues towards the right-
half plane as one or more of the parameters
change. Dynamic bifurcations such as the
Hopf bifurcation, are coupled to the motion
of complex conjugate pairs of eigenvalues to
the RHP. The onset of static and dynamic
bifurcations can be detected by means other
than the direct calculation of eigenvalues ,
but the calculation of eigenvalues is indispens-
able. It is desirable to associate eigenvalues
with state variables and consequently with
devices and components [3]. Recently the
product of the corresponding entries of right
and left eigenvectors, which are called partic-
ipation factors have been widely used to asso-
ciate modes and state variables. However, it
is possible to quantify the controllability (ob-
servability) of a given mode using the angles
between the invariant subspace and a column
(row) or more of the input (output) matrix[4].
Another approach to this quantification is to
use the distance of the mode to uncontrolla-
bility. Singular values of appropriate matrices
are closely related to these notions[5]. Once
a 'troublesome' mode is identified it is nec-
essary to employ control action to assign the
eigenvalue involved to a position well in the
LHP [8]. This control action involves also an
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eigenstrcture calculation. Finally, the inves-
tigation of resonance and nonlinear coupling
between modes involves a transformation of
the nonlinear equations to normal form. The
eigenvectors are used to calculate these nor-
mal forms. Thus the eigenvalues and eigen-
vectors of the state matrix of linearized equa-
tions of power system models are used for sev-
eral purposes.

The eigenvalue problem is usually sus-
pected by numerical analysts. They have
studied the conditioning of the problem in
great detail [6,7]. They have measures for the
conditioning of whole matrices as well as for
single eigenvalues. The eigenvalue analysis
has been very useful in power system stud-
ies over more than three decades. This is a
practical evidence of the fact that the Eigen-
problem in power system models is generally
reasonable. We have shown in [9] that the
conditioning of eigenvalues for several classi-
cal and detailed models of multimachine sys-
tems is acceptable. However, the range of
equilibrium points in power system models is
so wide that there is a possibility of the exis-
tence of some regions in the parameter space
where the conditioning of the eigenvalues may
deteriorate. This is true as the state matrix
approaches one with repeated eigenvalues .

2 The Information Obtained
from Eigenvalues and
Eigenvectors

In the vicinity of an equilibrium point the be-
havior of the power system under the assump-
tion that all variables undergo small varia-
tions can be described by the following linear
state space model

i = Ax + Bu (1)

(2)

where the state vector xG Ä", the input
vector uG Rm and the output vector y G Rz.

The studies requiring eigenstrcture calcula-
tions can be classified as follows:

1. The eigenvalues of the state matrix de-
fine the set of modes of the system. As the pa-
rameters of the system change, these eigenval-
ues move in the complex plane. A large num-
ber of these eigenvalues remain in the LHP for
all feasible changes of the parameters. Some
of them may approach the imaginary axis or
cross into the RHP. The modes corresponding
to such eigenvalues are called 'troublesome'
modes. These modes are the ones associated
with local bifurcations of the nonlinear model
[8]. It is necessary to identify and track such
eigenvalues. This fact makes it necessary to
calculate the eigenvalues of the state matrix
of models of different orders.

2. The right and left eigenvectors of A are
needed for the purpose of associating a mode
with a device, a machine or a group of ma-
chines [3]. Let us define the set of right and
left eigenvectors as follows AW = AW and
ATV = AV. The n columns of W and the
n columns of V form two biorthogonal sets
satisfying

wJVj = Q if i^j (3)

Thi entries of the right eigenvectors, es-
pecially those corresponding to the machine
speed, are called mode shapes. They are com-
monly used to interpret the oscillation of ma-
chines against each other in multimachine sys-
tems [1]. If the product of wfvi is normalized
to unity for each i, then the product of the kth
entries of the ith right eigenvector and the ith
left eigenvector is

Pki = WkiVki (4)

The term Pki is called the participation fac-
tor of the ith mode in the kth state variable.
This factor serves as a measure of coupling
of the mode with the kth state variable. It
is also the partial derivative of the ith eigen-
value with respect to the kth diagonal element
of the state matrix.
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3. The interaction between the right eigen-
vectors and the row space of the output ma-
trix C, and the interaction between the left
eigenvectors and the column space of the in-
put matrix B are interpreted as measures of
modal observability and controllability. In
one of the early applications of these ideas
to power system models Castro-Leon [10] in
1980 considered the entries of the matrix CW
as indicators of modal observability and the
entries of the matrix VTB as indicators of
modal controUability. In 1984 Chan also used
the same ideas. The eigenvectors are not
unique and each one can be multiplied by a
different constant and still the resulting vec-
tors will be eigenvectors. This makes the en-
tries of the matrices CW, and VTB not
unique and in need of some normalization.
We suggested in [4] the angles between the
columns of B and the left eigenvectors as well
as the angles between the rows of C and the
right eigenvectors as measures of modal con-
trollability and modal observability respec-
tively. We suggested in [5] the use of the mini-
mum singular value (rm;n of the matrix (A-AI,
B) as an indicator of the controllability of the
mode corresponding to A. The minimum sin-
gular value also is equal to nc the distance of
the pair (A,B) to the nearest uncontrollable
Pair (A+6A,B+6B).

He - min. <rmin.{A - XI, B)
(6)

The subscript C in the above equation indi-
cates that the field is complex, because A is
usually complex. It is worthwhile to mention
that <rmjn can be estimated without finding
all the singular values, for more information
see [7].

4. In the design of a controller to mit-
igate the effect of undesirable oscillations,
pole placement techniques are applied. These
techniques involve the use of eigenstructure
calculations. Pole placement by numerical
methods have to cope with the problem of the
conditioning of the Eigenproblem . It is pos-
sible to increase the size of the system tackled
by what is called the partial pole placement

problem, where only one or several eigenval-
ues are assigned.

5. If the original nonlinear equations de-
scribing the power system are written as

then a Taylor series expansion of (7) about a
stable equilibrium solution x0 is as follows

i = Ax + -x Hx + higher order terms (8)

where A is the state matrix of the linearized
system and H is the hessian matrix. The last
equation can be reduced to normal form by
premultiplying it by the inverse of W and
postmultiplying it by W. The second order
terms are used to assess the nonlinear inter-
action between modes and resonance [11,12].

3 Results

In order to study inter-area oscillations On-
tario Hydro constructed a hypothetical yet
realistic system . The system displays both
local and Inter-area modes [1] . The sys-
tem has two areas with two machines in each
area. The four machines are identical. The
parameters of one of the machines are given
in [1]. Each machine is described by four
first order differential equations. The state
is[E'd,E'q,u>,6]

The system has a high degree of symme-
try. We will choose an operating point con-
sidered in [1]. Each of the four generators is
generating about 700 MW. Area 1 has a local
load PLl= 970 MW, while area 2 has a load
PL2= 1770 MW. Under these conditions area
1 is transporting 400 MW to area 2. In or-
der to keep the voltage magnitude acceptable
at all nodes some capacitance is assumed to
be connected at busbars 6 and 7. The state
matrix of the linearized system under these
conditions are given in Table (1).

One of the eigenvalues is zero because of
the fact that the system does not include an
infinite busbar. Another zero eigenvalue will
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result if the damping term is set to zero for
each machine. There are three 'troublesome'
modes. Each of the first two pairs of complex
conjugate eigenvalues correspond to what is
called a local mode. The third pair corre-
sponds to what is called an inter-area mode.
This classification is based on mode shapes
and participation factors [3]. The participa-
tion factors of the three troublesome modes
with the speed variables of the four machines
are given in Table (2).

It is clear from Table (2) that the mode cor-
responding to —0.6674 ±j7.5646 is strongly
coupled to the speeds of machines 1 and 2,
which is an indication that it corresponds to
a local mode in area 1. On the other hand the
mode corresponding to — 0.635 ± j 7.6093 is
strongly coupled to the speeds of machines 3
and 4, and as such is a local mode in area
2. The third pair of complex eigenvalues
-0.1066 ± ;2.2698 is strongly connected to
the speed variables of all four machines, al-
though the coupling to the machines in area
2 is stronger than that to the machines in area
1. As such this mode is an inter-area mode,
because it is strongly attached to all four ma-
chines. It is also possible to use the columns
of the input matrix B to calculate measures
of modal controllability by singular value de-
composition of (A-XI,Bi),i = 1 = 1,2,3,4
The results are given in Table (3).

The results in Table 3 can also be inter-
preted in the same lines as those of Table
2. The local mode of area 1 ( -0.6674 ±
j'7.5646 )is five times more controllable from
the excitation inputs of machines 1 and 2
than from the inputs of machines 3 and 4
which are in area 2. The local mode of area
2 ( -0.635 ± J7.6093 )is also much more con-
trollable from the excitation inputs of the ma-
chines in area 2 than those in area 1. The
controllability of the inter-area mode as mea-
sured by the minimum singular value seems
to be large for all machines in both areas.
There are also measures of observability of
these troublesome modes in the outputs of the
four machines. Again the SVD of the matrix

A-XI
where C; is the row correspond-[ ,

ing to the ith output of the system, gives an
indication of the controllability of that output
in the mode in question. Table (4) gives the
measures of modal observability of the speed
and terminal voltage in each of the trouble-
some modes.

Wi note that in Table (4) the local mode
in area 1 corresponding to the pair — 0.6674 ±
j'7.5646 is more observable in the outputs of
machines 1 and 2 by one magnitude of or-
der. Similarly, the local mode in area 2 cor-
responding to the pair -0.635 ± 7*7.6093
is more observable in the outputs of machines
3 and 4 in area 2 by almost five times more
than in the outputs of the machines in area
1. The inter-area mode corresponding to the
pair -0.1066 ± ;2.2698 is strongly observ-
able in all outputs of the machines in the two
areas.

In order to assess the reliability of the in-
formation obtained from the eigenstructure of
the state matrix in this particular case we cal-
culate the sensitivities of the eigenvalues and
eigenvectors of interest. Two functions are
used to estimate the sensitivities of the jth
eigenvalue and the jth eigenvector, and they
are Sj and separation function s»p [6,7]. They
are calculated as follows:

Si =
NIIHI

(9)

= <r - Xjl) (10)

The values of these functions for the system
under study are given in Table (5).

It is to be noted that the two local modes
are less sensitive than the third inter-area
mode. However the eigenvectors correspond-
ing to the two local area modes are more sen-
sitive than the eigenvector corresponding to
the inter-area mode. In fact the two local
modes tend towards each other and coalesce
into a double eigenvalue for some region in the
parameter space. When they approach each
other the sep function tends to zero and the
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distance function tends to infinity. The result
is a loss of controllability of the two modes.
Moreover the calculation of the eigenvectors
tends to be less and less accurate.
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Table 1
Eigenvalues of the A Matrix

Eigenvalues
-0.6674 ± J7.5646

-5.9314
0.0607

-0.2157 ±j0.0096

-0.635 ±j7.6093
-6.0476
-0.0855
0.0000

-0.1066 ±j'2.2698
-3.5729 ±j0.1942

-0.2675
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Table 2
Speed Participation Factors

state variable

w2

Eigenvalue
-0.6674 ± J7.5646
0.2456 + J0.0143
0.295 + J0.0041

-0.0042 - jO.0159
-0.0057 - j0.02

-0.635 ± J7.6093
-0.0006 - jO.0150
-0.0096 - jO.0211
0.2259+ J0.0200
0.3117+ J0.0015

-0.1066 ±j2.2698
-0.2046+ ;0.0869
-0.1573 + jO.0606
0.4926 - jO.1135
0.3487-jO. 0666

Table 3
of (4 - A7, Bi), 1 = = 1,2,3,4

Input
Efdi
Efd2
E,d3
Em

Eigenvalue
-0.6674 ±j7.5646

0.0103
0.0103
0.0019
0.0016

-0.635 ±j'7.6093
0.0038
0.0043
0.0100
0.0099

-0.1066 ±j'2.2698
0.1197
0.1478
0.1299
0.1638

Table 4

<7min. Of (V)
Output

« i

Va

w2

Va
u3

Vis

Eigenvalue
-0.6874 ±j7.5646

0.0096
0.0091
0.0098
0.0098
0.0042
0.0056
0.0037
0.0036

-0.635 ±j7.6093
0.0016
0.0013
0.0020
0.0021
0.0106
0.0104
0.105
0.105

-0.1066 ±;2.2698
0.928
0.105

|_ 0.1017
0.0125
0.2321
0.0140
0.2336
0.0192

Table 5
sensitivities of eigenvalues and eigenvectors

eigenvalue
-0.6674 ±7.5646
-0.635 ± 7.6093
-0.1066 ±2.2698

M
0.1531
0.1564
0.0385

uep
0.0105
0.0107
0.2716
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THE PROBLEM OF WEAK PLACES IN ELECTRIC POWER SYSTEMS

A lexander Z. Gamm Irina I. Golub
Siberian Energy Institute of Russian Academy of Sciences

SEI, Lermontov Str. 130, Irkutsk, 664033, Russia

Abstracl-Tbc paper presents the concept of weak places,
being a reason for the sensor existence in electric power
systems (EPS) whose operating parameters arc the most
sensitive to the change in external factors. Criteria for
identifying sensors and weak places in EPS, methods for
network reinforcement, an approach to visualization of the
weak places, directions in application of information on the
sensors and weak places arc suggested.

A large number of works are devoted to the problem of

weak places identification in EPSs that lead to the loss of

steady-state and transient stability. In some works the weak

branches and cutsets are sought in the process of numerous

calculations, in which disturbances are modeled with

respect to the largest mutual angle [1], rates of change in

the operating parameters, as the limiting operating

conditions and their parameters are approached [2]. In

other works the weak places are determined on the base of

factors invariant to the operating conditions such as

topology, parameters of network scheme elements [3-5].

This work belongs to the second group. However, the weak

places in it imply [6] nodes, branches, cutsets, the

unsuccessful choice of parameters for which causes

increased sensitivity of operating conditions in individual

nodes and branches, referred to as sensor ones, to changes

in the loads, the network scheme topology. The maximal
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diagonal element of the nodal impedance matrix Z

connecting changes of the nodal loads AJ with changes of

the nodal voltages AU can be used as a criterion for

revealing the sensor nodes

AU = ZAJ. (1)

As the active impedances of branches are small as

compared with reactive ones, the nodal admittance matrix

Y = Z"1 can be considered as a real one and represented in

the form

Y = VAVT = ^ V A • VT (2)

where A = [Xi ] is the diagonal matrix of eigenvalues

ordered by the increasing absolute value

|A. ,| < |X, 2 | <...< \k n | , that are real by virtue of symmetry

of Y; V = [ V,, V2,..., Vn] is the matrix of eigenvectors for

which the following condition is met

f i « i - j

[o at i * j
where n is an order of the matrix Y for the network with

(n+1) nodes.

With regard for the assumption on the reality of matrix Y

equation (1) is written as follows

(3)
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When \ essentially differs from the rest of eigenvalues,

the maximal contribution to the values of elements of the

matrix Z is made by the product V,\^T / A., and the

maximal diagonal element of the matrix Z corresponds to

the maximal component of the vector V, that is also an

indicator of the sensor node.

To determine the sensor branches b, whose currents are

the most sensitive to external disturbances, the following

expression can be used

(4)

conditions change within rather wide limits where P and Q

are active and reactive loads of the nodes and U and 5 are

magnitudes and phases of nodal voltages.

The nodes, branches and cutsets are weak, if the

parameter change has the maximal influence on the

minimal eigenvalue of the matrix Y and consequently on

the sensitivity of sensors.

The estimates of node and branch weakness can be

obtained when studying the derivatives

where Y, is the diagonal matrix of branch admittances; M

is the first incidence matrix.

As far as contribution corresponding to the first

(minimal) eigenvalue has a decisive value in determination

of A U the expression

= ( y - v )2

V v i l v i | / >

(6)

(7)

Alb = (5)

can be used to distinguish a sensor branch. From this

expression branch i-j may be the sensor one, for which the

indicator <pui - y ^ M ^ V , is larger than for other

branches (y{_j is the admittance of branch i-j, M is the

corresponding column of the matrix M).

Numerous calculations confirm an agreement of sensor

estimates obtained on the base of the indicated criteria with

those found as a result of statistical tests. For a great

number of EPSs, in which factors invariant to operating

conditions, are the main reason of sensor availability, the

sensor estimates obtained by the matrix Y coincide with

those obtained by the normalized diagonal blocks of the

fdPYdP (cQ)dQ
Jacobian matrix — — and . In addition

{dö) db {dö) ÖV
such an agreement is preserved when the operating

where y(_j and ysh are admittances of line i-j and shunt

in node i (the sign plus in (6) corresponds to the capacitive

shunt and minus - to the inductive one).

The minimal eigenvalue of Y can be increased by rise in

the weak branch admittance, introduction of an additional

branch, for which (7) is maximal, introduction of the

capacitive shunt in the weak node. Such a conclusion can

be made on the base of the Veil theorem corollary [7]. It

shows that for the sum of the Hermitic matrices A + zzT ,

where zz & 0 is the positive half-definite matrix of the

unity rank, the following inequality is satisfid

Ak(A) <Åk(A + ZZ1), k=l,2,...n.

The vector z can be represented as

z- rn^y,^, niij and y^ are the incidence matrix column

and the admittance corresponding to the branch added or

the branch whose admittance changes. Ifall components of

the eigenvector, connected with X ,, have the same sign,

the maximal increase in Å, can be obtained by

introduction of the additional branch i-j that combines the

weak node i with node j , the voltage in which is fixed (kept
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constant). In fact the eigenvector component corresponding

to the i-th node is maximal and the component, connected

with the j-th node, is equal to zero. The maximal increase

of A,, due to change in the admittances of the existing

branches is achieved by increase of the weak branch

admittance.

From equation (6) follows that the maximal change of

A , can be achieved by shunt introduction in the weak

node, to which the maximal component of the eigenvector

corresponds. The matrix Y obtained by addition of the

capacitive shunt to Y in node i can be written as

Y = Y + Y5h and by introduction of the inductive shunt -

as Y' = Y - Ysh _, Ysh _ = zzT, zzT * 0. The vector z

has the only non-zero element z, = y{l.. In the first case

corresponding to introduction of the capacitive shunt (this

is evident from (3)), the eigenvalues of the matrix Y

including the minimal one increase, and when the inductive

shunt is used, they decrease.

The following possibility of network strengthening

consists in the fixing of nodal voltages with the help of

VAR capacitors. It is known [7] that when the like-named

row and column of the symmetric (nxn) - dimensional

matrix are deleted, the minimal eigenvalue of the (n-1 x n-

l)-dimcnsional matrix obtained will be not less than the

minimal eigenvalue of the initial matrix that in a general

form can be written as follows: Ä.,(An_,) > X,(An).

Though the indicator for determination of the node, in

which voltage fixation provides the maximal effect with

respect to the increase in X,, the experiments confirm that

such nodes are, as a rule, weak.

If the assumption that X, is much smaller than X2 is not

satisfied, k eigenvectors connected with k minimal

eigenvalues are used to determine the weakness indicators.

Square root of the diagonal matrix element

is the weakness indicator of node j . Graphically such a

criterion can be represented by the intercept length in the k-

dimensional space, whose coordinates are k first

eigenvectors multiplied by the corresponding multiplier

l/y|A,j| . Such an intercept connects the origin of

coordinates with the point having coordinates

The intercept length characterizes voltage sensitivity of

the j-th node. The longer the intercept the larger the voltage

change of the j-th node with the change of system operating

conditions.

Criterion (7) characterizing the strength of branch i-j can

be written as follows:

It is equal to the intercept length that connects points i

and j in the k-dimensional space determined above. The

longer this intercept the greater the influence of the change

in parameters of branch i-j on the sensor node sensitivity.

If k=2, the projection of network graph nodes on the

plane given by the first and second eigenvectors is obtained

and integration of such nodes by intercepts, which are in

agreement with the network graph branches, results in the

projection of network graph. Such a projection being

displayed enables the investigator to see the most sensitive

nodes located as far as possible from the origin of

coordinates: subsystems of nodes that have close

sensitivity; and the longest branches (weak branches) which

combine such subsystems and allow in most cases the visual

determination of a weak cutset.
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If k > 2, the family of projections in the coordinates of

eigenvectors (V, ,V : ) , (V, , V 3) , . . . , (VU ,VL) can be

displayed.

Fig. 1 presents the projection of EPS scheme on the plane

given by the first eigenvectors. Projection analysis makes it

possible to determine node 531, that is the farthest from the

origin of coordinates, as a weak one. Cutting of six weak

branches separates three subsystems of nodes (Fig.2) having

close sensitivity of voltages to the load change. This

information can be used for reduction of the network

scheme.

If the dispatcher's screen displays constantly the network

graph projection in the coordinates of eigenvectors that

changes both under current variations in the network

scheme topology and variations of EPS conditions, this

projection allows the dispatcher to follow the change in and

appearance of weak nodes and branches in dynamics and in

fact changes in the EPS reliability.

Information on sensors is used to determine nodes that

admit both the lowest load surges and have the maximal

probability of voltage collapse.

As far as the parameters of weak places arc the most

informative that is confirmed by their inclusion in the

optimal composition of measurements providing the best

quality of observability [8|, the information on the weak

places is applied to determine the composition of controlled

parameters.

To know weak places is also important for determination

of the most dangerous failures. Really, decrease in the weak

branch admittance leads to increase of the sensitivity of

operating parameters and hence to increase in the

probability that these parameters will exceed feasible limits.

The latter in turn can cause violation of the serviceable

state of EPS, i.e. system failure. The maximal decrease of

X , will be achieved by disconnection of a weak branch.

Fig. I.Network graph in the coordinates of

eigenvectors

|___ (£10T 0.15 0^20 0.25 O.30

Fig.2.Network graph subsystems in the coordinates of

eigenvectors.

Disconnection of the capacitive shunt in the weak node

will result in a similar effect. Due to such actions X , can

become practically equal to zero that is indicative of the

system stability loss. Therefore, weak branches and nodes

should be the first for inclusion in the list of the most

significant failures. When three weak branches (534-584,

533-570, 530-531) are disconnected in the network scheme,

whose projection in the coordinates of eigenvectors is

shown in Fig.l, the minimal value of nodal admittance

matrix decreases from 0.007550 to 0.00190.

REFERENCES

[1] T.V. Kolonsky," Improvement of emergency control

adaptation in power systems," Elektrichesfro, no.9, 1983,

pp. 1-4, (in Russian).

5 4 5



[2] E.S.Lukashov, A.K.Kalyuzhny, N.N.Lizalek, Long-

term transients in power systems, Novosibirsk: Nauka,

1985, p. 198. (in Russian).

[3] G.Huang. J. Zaborszky, "The role of the weak cutset in

stability monitoring," 11 Power Systems Computation

Conference, 1993, Preprints of 1989 IFAC Symp. on Power

Systems and Power Plant Control, pp. 487-494.

(4] V.V.Davydov, V.G.Neuimin, V.E.Saktocv, "

Determination of the critical cutsets of power systems in the

limiting conditions." /zv. RAN. Energetika, no. 1, 1992, pp.

74-80, (in Russian).

[5] N.A.Abramenkova, N.I.Voropai, T.V.Zaslavskaya,

Structural analysis of power systems, Novosibirsk: Nauka,

1990. p.224. (in Russian).

[6] A.Z.Gamm, I.I.Golub, "Determination of weak places

in the electric power system," Iz\>. RAN. Energetika, no. 3,

1993, pp.83-92,(in Russian).

[7] F.Guill, W.Murray, M.Right. Practical optimization.

Moscow: Mir, 1985, p. 509, (in Russian).

[8] A.Z.Gamm, .I.Golub. Observability of electric power

systems. Moscow: Nauka. 1990. p.220, (in Russian).

Alexander Gamm was born in
Stalingrad, Russia, on October 9, 1938.
He graduated from the Electrotcchnical
Institute in Novosibirsk, Russia. In
1961-1962 he worked as a scientific
worker in the Transport Power

i Institute, Novosibirsk, and since that
I time he is with the Siberian Energy
I Institute of the Russian Academy of
I Sciences, Irkutsk. He is Head of
I laboratory of

electric power system control. His special fields of interest
include state estimation, optimisation, real-time control
problems. Univ.-Prof., Doctor of technical sciences,
Academician of Electrical Sciences of the Russian
Academy, member of International Energy Academy.

Irina Golub was born in Kemerovo,
Russia, on November 5, 1946. She
graduated from the Moscow Power
Institute on speciality of an engineer-
electrician in 1972. She has been
working at the Siberian Energy Instiluc
of the Russian Academy of Sciences,
Ikutsk since 1972. Her scientific
interests arc connected with real-time
control problems, especially in the field

observability of electric power
systems and location of measurements of operating
parameters of electric networks. She is a leading researcher,
Doctor of technical sciences.

5 4 6



APPROXIMATE PARTITIONED SPARSE INVERSE METHOD VIA MIF ORDERING FOR

POWER NETWORK SOLUTIONS
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Abstract - This paper proposes a new and efficient
algorithm for solving the classic matrix equation Ax = b
problem by using the LDU decomposition of matrix A.
Three important methods, namely, ordering by minimum
fill - ins minimum inverse fill-ins method, partitioning the
L and U matrix by means of less or no fill - ins, and at
last approximate solution of problem, have been combined
by means of saving computer memory and also increasing
speed, while being careful that the accuracy reduction is
small enough. To evaluate the performance of the
proposed method simulation test is carried out

Keywords - Partitioning, minimum inverse fill-in,
ordering, approximate solution .

I. INTRODUCTION

Power systems problems often require the
solution of sparse set of linear equation of the form
(Ax= b).

Sparse vector methods play an important and
vital role in the power system network problems,
through eliminating the unnecessary operations in
different power system problems, such as load flow,
short circuit calculations, and state estimation. The
importance of these methods in power system is due
to the existence of many sparse matrices in almost
all power system problems. In these kinds of
matrices, the operations which are multiplying by
zero will be eliminated (no-effect operations).

Paper SPT PS 17- 07- 0647 accepted
for presentation at the IEEE/KTH
Stockholm Power Tech Conference,
Stockholm, Sweden, June 18-22,1995

In the approximate sparse solutions, we also
eliminate low-effect operations. In other words, the
multiplications which have low effect in the
summation are neglected.

Another problem in sparse matrices is fill- ins.
Fill-ins are the increase in the number of nonzero
elements of the sparse matrix in the decomposition
of matrix to its triangular factors or the LDU
decomposition. To reduce this number, different
ways of matrix ordering have been introduced,
namely, MD - ML, ML - MD, three algorithms of
Gomez & Franquelo, and their fourth algorithm, or
Minimum number of predecessors algorithm, and
the Minimum inverse fill-ins algorithm .

It seems that the MIF ordering is at least one of
the best ways of ordering. Furthermore, there is
another advantage that will be explained later. One
other important method in sparse matrices is
partitioning the matrix for which reduction or
complete elimination of the fill - ins in the matrix
will occur. This article is organized as follows:

Section II presents MIF ordering method and
section III describes the partitioning method. In
section IV a brief description of the approximate
sparse vector techniques is given. Section V is
devoted to our proposed algorithm. Finally to
validate the proposed method, simulation results are
given.

II. MIF ORDERING

MIF ordering is proposed by Lee & Chen in [1]
and will be explained briefly in this section. In this
method some sets for each node, namely, frontiers,
adjacents, and predecessors are needed.

The value of fill - ins and inverse fill - ins that
occurs by selecting each node is computed by using
the concepts of these sets, which are given in [1]. At
the beginning of the ordering, all of these sets are
initialized. Then the fill- ins and inverse fill - ins will
be initialized. After that, ordering is begun. In each
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step, the node which causes minimum number of
fill-ins is chosen. If there is more than one node
with minimum fill-ins, the node with the minimum
inverse fill-ins is chosen among them.

After choosing one node all relative sets, fill - ins
and inverse fill-ins values, will be updated, and then
the next node is chosen. This process continues until
all nodes are selected.

Further information is given in [1].

III. PARTITIONING

The partitioning method is more useful in
parallel environments. But sometimes it is useful in
a serial environment, too. This technique may be
used with or without an ordering technique.

The problem can be described as follows:
L = L, .... Ln (1)
U = U, .... Un (2)

Where L and U are lower and upper triangular
factors of A. Each L; (U;) is identity matrix except
for i - th column (row) which contains column i of
L.

Therefore, for invcrsing L and U, there is no
fill-ins, but there may be more serial operations.

Usually we do not need to partition a matrix of
rank n to n parts in order to have no fill - ins in it.

Alvarado et al. have proposed three algorithms
for partitioning [4]. The first and second algorithms
cause no fill - ins in each partition, and the third
algorithm allows a number less than a pre - specified
value of fill-ins. In the first method, the ordered
nodes are grouped in each partition until two
connected nodes (in path graph) [4 , 5] appear in
one partition. Then the next partition will be
started. This guarantees that no fill-ins will happen,
but it usually causes more than enough partition. In
the second algorithm, when two connected nodes
appear in one partition, it will be checked to
determine whether fill-ins happen or not. If fill-ins
happen, the next partition will be started. The third
algorithm is similar to the second one, but when
fill-ins happen, it will be added to a variable TIF
(the total inverse fill-ins occured in present
partition). If the amount of this variable becomes
more than a pre-specified value, the next partition
will be started. In the second and third algorithms,
the number of inverse fill - ins is determind by
creating a set and comparing it with another set.

Further information can be obtained in [4].

IV. APPROXIMATE SOLUTIONS

The approximate sparse vector techniques,
introduced by Tinney et al. [2],are approximation of
the sparse vector methods. In their method, they
have fast forward substitutions in place of forward
substitutions and fast backward substitutions in
place of backward substitutions.

In other words, in forward substitutions, only
those elements of L are computed that are
multiplied by nonzero, or the elements which are in
those columns whose corresponding element in
vector b is nonzero, and those elements of L which
are needed for computing the mentioned elements.
In the backward substitutions, if a few elements of
vector x is needed, only those elements of x , which
are needed for computing those few elements, are
computed. This method is called fast backward
substitution. Skip forward and skip backward
methods are approximations of the fast forward and
fast backward methods, respectively. Fast forward
method changes to skip forward method by adding a
condition:

IF (ABS (Y(K) ) < £ ) THEN
Skip forward substitution for column k.

Where, index K is incremented to the next
column in the fast forward path. Similarly, skip
backward is determined by eliminating the
operations in the fast backward substitution that
corresponding operations in skip forward
substitution is eliminated [6]. In additon an
approximation of full backward substitution namely,
skip backward by columns, is introduced in [6]. In
this method similar to skip forward substitution an £
is considered and operations for those columns of U
that corresponding element in Z = L"1 B is less than
£ is eliminated [6]. In skip backward by columns, the
initial backward substitution must be done by
columns. More details are in [6]. One important
problem in approximate solutions is the way of
choosing cut off value ( £ ). This value will specify
that how much accuracy will be lost and how much
speed will be gained. The approximate solutions can
be used very well in iterative procedures because in
the first iterations very accurate values will not be
needed. Therefore, at first iterations, only large error
elements will be updated very fast, and in the final
steps, only when all errors come in the same range,
all of the elements will be updated. We can even
change £ in the first and final iterations in order to
gain better performance.

V. PROPOSED ALGORITHM

As mentioned before, our proposed algorithm is
a combination of three previously-mentioned ideas.
This section is devoted to the explanation of the
different steps in this algorithm. Then its advantages
are described. The steps of this method are as
follows:
1. Initialize the values and sets as in MIF ordering

case.
2. A node will be chosen on the basis of MF-MIF

ordering.
3. If no inverse fill - ins is desired, check whether
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the fill - ins of the selected node is equal to zero
or not.
a. If not, start another partition and initialize the
relative sets of MIF ordering again.
b. Otherwise, update the relative sets of MIF
ordering algorithm.

4. If all nodes have not been selected, go to step 2.
5. In the last step, when the equations are solved,

the low effect operations will be skipped in
forward and backward substitutions.
In the substitution, the cut off value (£ ) must be

chosen is such a way that the error remains small
enough.

We may allow a number of fill-ins in each
partition, less than a pre-specified value (MAX) .
For this reason, step 3 should change as follows:

Let us define TIF as the total inverse fill-ins in
present partition. When the inverse fill-ins of any
selected node is not zero, it will be added to TIF,
and, when (TIF>MAX), a new partition will be
started. In step 3, in which we decide to produce
another partition, we must form a set X of nodes
connected to the selected node. Then it must be
checked whether all nodes in the lower columns
already exist or not. This process requires a lot of
operational effort, but in our proposed algorithm,
this can easily be performed by checking the amount
of a variable of vector inverse fill-ins. Therefore, a
great part of operations in partitioning algorithm
have been eliminated because of the unique feature
of MIF ordering algorithm. For further information,
see [6j.

The flowchart of this algorithm is given in Fig.l.

VI. SIMULATION AND RESULTS

In this section, the simulation results, :«re given
based on the proposed algorithm to some power
system networks from 10 to 155 buses on a
80386/DX/33 computer with co-processor. Namely,
10 bus network of [1], 14, 30 and 57 buses standard
IEEE networks and a 155 bus network of Iran. The
Y-bus of these networks are chosen, and YV=I is
solved by the proposed algorithm and some other
algorithms when no fill-ins in each partition is
allowed.

Table I shows the CPU time for the solution, by
MIF ordering (second column), combination of MIF
with approximate solution (third column), and
proposed method (fourth column). The cut-off value
is chosen 0.03, so that the solution error is remained
less than 3% .

The results, as shown in Table I, clearly indicate
a decrease in CPU time using proposed algorithm
compared to MIF ordering. It also shows that the
CPU time for the proposed algorithm and the
approximate MIF ordering is almost the same. It is
clear that in our proposed algorithm, the memory
space decreases compared to the previously

mentioned methods because no fill-ins in each
partition is allowed.

Initialization of different

sets for MIF ordering

Choose the node with minimum

fill - ins. Break the ties with minimum

inverse fill - ins.

NO

Yes

Update relative

sets lor MIF

ordering algorithm

Initialize again

different sets for

MIF ordering

algorithm

Do skip forward - skip

backward substitutions

( END )

Fig. 1. Flow chart of proposed algorithm
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Table I
Relative CPU time for example

networks in percent

BUS

10

14

30

155

MIF

100

100

100

100

A • MIF

100

94

88

65

AP - MIF! Number of

Partitions

100 2

92 2

89 6

64 13

Table II

Relative CPU time for combination of approximate

solutions and partitioning with different methods of

ordering in percent

BUS

10

14

30

155

AP-MIF

93

89

75

70

AP-MNP

95

90

80

85

AP- (ML-MD)

100

100

100

100

It is a evident that all of these methods produce
no fill-ins because of partitioning. The cut off value
(£ ) is chosen the same as before by means of error
less than 3% . The results in Table II clearly indicate
the decrease in the CPU time in our proposed
algorithm. This is mainly because of the elimination
of that part of partitioning algorithm which checks
the number of inverse fill-ins. Sec section V for
further information.

As the final part of the tests, our proposed
algorithm has been used in solving the equation part
of the fast decoupled loadflow program. Table III
shows the amount of CPU time required in this
program for three IEEE networks.

Table III
CPU time for fast decoupled loadflow program using

different algorithms

BUS

14

30

57

AP-MIF

O.llsec

0.4sec

l.lsec

AP-MNP

O.llsec

0.47sec

1.21sec

AP-(ML-MD)

0.15sec

0.53sec

1.3sec

MIF

0.14sec

0.55sec

1.3sec

The value of (£)in each iteration for the solution
of each equation is chosen as follows:

The amount of difference between the values of

each variable in two consecutive iteration is
computed. Then, the maximum of these differences
for elements of vector b (independent vector in
equation AX=b) is chosen. Finally, (£) is selected as
one tenth of this chosen value. Similar to what is
shown in Tables I and II, the results in Table III also
indicate that the CPU time will be reduced, if this
new algorithm is used.

VII. CONCLUSIONS

A method for solving the matrix equation of the
form AX = b is proposed. It has been compared
with some other methods. It is also shown that this
method decreases the amount of memory space.
Furthermore, higher speed is gained. The authors
think that the selection of cut - off value is a matter
of further research, which is the topic of our future
papers.
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The Small Signal Stability Analysis of Large Power Systems
by Means of Improved Simultaneous Iteration Method
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Abstract— This paper presents an efficient algorithm
which can selectively compute only dominant eigenvalues of
large power systems with less execution time. By using the
conventional QR method, it is almost impossible to evaluate all
the eigenvalues of a large matrix since it requires a large
amount of storage and computing time. Therefore, several
methods for analyzing only dominant eigenvalues have been
proposed so far. Among them, the simultaneous iteration
method is very robust and accurate. In this paper, an im-
proved method based on the fast iteration cycles and an efficient
strategy for selectively evaluating eigenvalues within a specific
region are proposed. Furthermore, various machine models
are prepared in the program to easily conduct stability studies.
The proposed algorithm has been successfully applied to the
IEEE118 node test system with 54 generating units.

I . INTRODUCTION

Power systems have become larger and more complex
year by year and it has become very important to efficiently
earn- out dynamic stability analyses more than ever. How-
ever, it is almost impossible to calculate all the eigenvalues by
using the QR method since it requires a large amount of stor-
age and computing time. In actual power system analyses,
only dominant eigenvalues corresponding to poorly damped
oscillation modes are needed. So far, several methods for
analysing only dominant eigenvalues have been proposed (1-
6]. S-Matrix method [1-3] is efficient for finding unstable
modes; [1] gives an algorithm for evaluating some critical
eigenvalues using the Lanczos method while in reference [2]
and [3] the power method is used to calculating the most
crilical eigenvalue. STEPS [4| can evaluate eigenvalues
belonging to a small study zone and [5] gives an implementa-
tion of the implicit inverse iteration method. In [6], the

Paper SPT PS 18- 01- 0351 accepted
for presentation at the IEEE/KTH
Stockholm Power Tech Conference,
Stockholm, Sweden, June 18-22,1995

Hiroshi Sasaki, Naoto Yorino , Hitoshi Okimura
Hiroshima University
1-4-1 Kagamiyama
Higashi-Hiroshima, 724, Japan

simultaneous iteration method and modified Arnoldi method
are proposed to apply small signal stability analysis of very
large power systems. In both the methods, the sparsity-
oriented technique is fully exploited.

This paper proposes a fast algorithm for eigen analysis
by means of improved simultaneous iteration (SI) method.
The basic SI method includes a premultiplication and an
interaction analysis in each iteration cycle. However, the
interaction analysis may be omitted for a certain number of
iterations. An iterative cycle without the interaction analy-
sis is very fast and it is called the fast iteration cycles [6,7].
Too many consecutive fast iteration cycles, however, can
destroy the independence of the trial vectors resulting in vain
the eigenvalue analysis. This signifies that an upper limit
on the number of continual fast iteration cycles must deter-
mined.

In general, eigenvalues of interest in the small signal
stability analysis are located near the imaginary axis of the
complex plane and their frequencies are within a specific
range. Hence, we must evaluate such eigenvalues selec-
tively. For this purpose, we use a spectral transformation
which transforms eigenvalues close to the shift point to be
dominant. It is not efficient, however, to calculate eigenval-
ues within a large area by using only one shift point since the
convergence rate becomes very slow. Therefore we propose
an efficient algorithm which obtain a few eigenvalues for
each shift point and the shift point is changed automatically.
In this developed program, various machine models are inte-
grated to easily conduct stability studies.

The proposed algorithm has been successfully applied to
the IEEE118 node test system with 54 generating units.

II. Improved SI Method

A. Basic SI method
The SI method, which is an extension of the power

method, can calculate several eigenpairs by using an adequate
number of trial vectors and is well known to be robust and
reliable [6,7]. The basic SI algorithm is briefly reviewed
below.

Let U = [ui ii2 ••• um] be an initial set of m trial vectors
for evaluating m dominant eigenvalues of matrix A eC"*".
U is multiplied on the left by matrix A to reduce the compo-
nents of smaller:
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V = A U

Define matrices G and H by

G = U* U
H = U*V.

(1)

(2)

(3)

where superscript * means complex conjugate transpose.
Assuming that G is non-singular, we may obtain the reduced
matrix B as

H. (4)

Then, we calculate all the eigenvalues and eigenvectors of B
by the QR method

B = P A f l P - i
(5)

where A g denotes a diagonal matrix consisting of the eigen-
values of B and P a matrix consisting of the corresponding
right eigenvectors. A s contains the approximate eigenval-
ues and

\V = V P (6)

gives an improved set of right eigenvectors of A. Taking the
normali7.ed vectors

w
IIWL

as a new set of trial vectors, the above process can be iterated
until all required eigenvalues are found. The process de-
scribed by (2)-(7) is called 'the interaction analysis' or 'the
rcorientation process'.

In the SI method, the convergence rate //, for A, is ex-
pressed by

(8)

B. Fast Iteration cycles
As a technique for accelerating the SI method, the idea

of 'fast iteration cycles' is proposed in [7], which bypass the
interaction process to circumvent eigenvalue analysis by the
QR method. It is certainly a very efficient technique, but
according to our experiences, the repetition of too many con-
secutive fast iteration cycles may destroy the independence
among trial vectors and become impossible to evaluate eigen-
values. Therefore, the reasonable upper limit on the number
of continual fast iteration cycles should be determined.

In case of evaluating m eigenvalues (Ai,A2,---,Am), it is
necessary- that any trial vectors contain the component of m
eigenvectors (qi>Q2»"•»<!«). However, consecutive fast
iteration cycles wash out the component of eigem'ectors of
smaller magnitudes and the most rapid reduction occur in the

smallest component q,,,. Thus, let the m-th trial vector
which seems to contain the qra component most be expressed
by

um = cm|qj+-"+cmraqm+"-+cmnqn (9)

After / times fast iteration cycles, the following premultiplica-
tion is performed;

»» = A •"„
(10)

and

(11)

The coefficient of G which is most dominated by the qm com-
ponent will be

~ m m

1 = 1

(12)

(7) Considering ||q,||' > q* q ; (/ * j), (12) may become

omm """ Z^ | mi 1 \ i
1 = 1

(13)

Eq.(13) indicates that the qm component of G is reduced to

\/?.\ times as much as the qi component. Similarly, the

"m/l\ times. Furthermore, the qm

of B is reduced to \"yx\ times if the calculation error for
(4) is ignored. Once qro in B has reduced to be less than the
least allowable significance, we cannot recover it by the inter-
action analysis. Therefore, it is possible to accurately com-
pute qm from the trial vectors if

4/+1

^ (14)

where <f is the least tolerable significance. Eq.(14) leads
to the upper limit of continual fast iteration cycles as the
following:
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=10

(15)

At the first iteration, lmax is set to zero, and after the second it
is calculated by (15) using the current estimates of X\ and

Am-

C. Trial Vector Locking
In the SI method, it is possible to stop the update of the

trial vector corresponding to the converged eigenvector and
further computation can be omitted associated with this trial
vector (trial vector locking). In our numerical experiments,
however, a premature vector locking aggravates the conver-
gence rate of the remaining unconverged vectors. Therefore,
in a practical implementation, a more strict tolerance than the
convergent tolerance should be used. We have adopted the
following empirical value:

£,=10 (16)

where sL is the locking tolerance and EE is the tolerance of
convergence.

Ill. Selective Calculation Method

In small signal stability analyses of a power system, ei-
genvalues of interest generally have small damping factors
and their frequencies are within a specific range (generally,
0.2 - 2.0 Hz). Actually, in Japanese power systems, poorly
damped oscillation modes have been observed, thus causing
restrictions on power system operations. Therefore, we
must pay enough attention to such oscillation modes and
evaluate the corresponding eigenvalues. From the view-
point of the acceleration of the solution process, we shall use
the following spectral transformation to selectively calculate a
specific set of eigenvalues:

A, = ( A - A , - (17)

where A, is a shift point. By this transformation, A,-of A is
transformed to

i

Å-Å.
(18)

In case of the evaluation of eigenvalues within a specific
frequency range by only one shift point, it is necessary to
search rather wide area and to calculate many eigenvalues
which may include those of no interest. Furthermore, using
many trial vectors is disadvantageous for the fast iteration
cycles. Hence, it is definitely more efficient to evaluate only
a few eigenvalues by one shift point, and a shift point shall be
changed sequentially. Though changes in shift points needs

to rcfactorization of matrix A, the execution time for this
process is too short compared with the total SI iterations.

The flow diagram for calculating eigenvalues within a
specific region is shown in Fig. 1 and some key steps arc
explained below.

(a) Specify the following 4 values,

Upper and lower frequency : Fup , F/w

Upper and lower damping factor: Dup , A«-
(b) Calculate the radius R by

(19)

START

Specify
the search area

Calculate the radius
of a scrch circle
for a shift point

Calculate
the initial shift point

(c)

Factorizc the matrix

Iterations of SI algorithm

Has any new"
eigenvalue

^convergedj^

YES

K̂O

Add trial vectors

Calculate
the new shift point

d)

A

Figure 1. Flow diagram of eigenvalues calculation
within a specific region
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(c).(d) Real parts of all shift points arc given by

Imaginary part of the initial shift point is

For other shift points, it is computed by

( 2 0 )

(21)

- ^ - ^ ( 2 2 )

where /•**"'* is the radius of a convergence circle
for
(k-l)th shift point.

(e) In the first, small number of trial vectors are used be-
cause of fast calculation. If all required eigenvalues
cannot be evaluated within a searching circle, new trial
vectors arc added.

Following this flow diagram, we can obtain reliably all ei-
genvalues within a specific region.

IV. Machine Model

In an actual power system, there exist several types of
synchronous generators with various types of controllers such
as voltage regulators, speed governors and power system
stabilizers. Furthermore, even for the same machine, its
modeling should be altered from analysis to analysis. In order
to easily conduct stability studies, we have prepared various
standard machine models [8,9], from which a user can choose
proper models.

A. Synchronous Machine Model
The Park's model is used for a synchronous machine.

According to the purpose or the kinds of machines, one of the
following 4-typcs models listed in Table 1 can be chosen.

Table 2. Controller models

Table 1. Svnchronous machine models
No.

i

2

3

4

Number of damper windings

d-axis q-axis

1

1

0

0

2

1

1

0

Number of variables

8

7

6

5

B. Controller Model
Several models for controllers such as voltage regulators,

speed governors and power system stabilizers, which are
exhibited in Table 2, have been implemented so far. How-
ever, new types of controller models can easily be imple-
mented only by adding corresponding subroutines.

Voltage

regulator

Speed

governor

PSS

Xo.

1

2

3

4

5

1

2

1

2

Typos

DC excitation svstem -1

DC excitation system - 2

AC excitation svstem

SCR excitation svstem

Integral SCR excitation system

General purpose governor

Hvdroturbine governor

Accelerating power: A P

Rotor slip: A w

Number of variables

3

4

6

4

3

4

4

5

5

C. Load Model
As to load modeling, the voltage dependent characteris-

tics for active and reactive powers are prepared.

(23)

where PL and QL denote active and reactive power absorbed,
respectively and VL terminal voltage at a load bus.

V . Numerical Results

This section shows results of stability analyses on a test
system in order to examine the performance of the proposed
method. Full eigen-analysis by the QR method was per-
formed for the same test system to check the correctiveness of
results obtained through the proposed method. The calcula-
tions were performed with double precision on a Spark Sta-
tion-lO(lOOMIPS).

A. TestSystem
The test system has 118 nodes, 179 branches and 54

generating units. The same model is used for all generating
units: No.l synchronous machine model, No.5 voltage regula-
tor model and No.l speed governor model though power
syster- stabilizer models are not incorporated. The number
of total state variables is 810. All loads are represented by
constant impedance.

As for the measure of convergence, we use the following
expression:

(24)

KIIKIL
The convergence tolerance eE is 10"3 and the locking toler-

ance £L isis IQ"5.

B. Effect of Fast Iteration Cycles
Table 3 shows a comparison of the computation times
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per iteration of a fast iteration cycle and a normal iteration
cycle with the interaction analysis. In both the cases, the
number of trial vectors is set five. This Table shows that the
more the fast iteration cycles, the less computation time.

Table 3.
Fast iteration cycle

0.10 |s)

Computation time per iteration
Normal iteration cycle

(with interaction analysis)
0.24 [s]

Ratio

0.417

Table 4 compares the execution times and iteration
counts for four different shift points. In both the cases, the
number of trial vectors and required eigenvalues are set five
and four, respectively. It should be noted that the same
eigenvalues are obtained regardless of the use of fast iteration
cycles. The simultaneous iteration with inclusion of the fast
iteration cycles performs over 2 times faster than the basic
one. Especially, the use of fast iteration cycles is more effi-
cient when convergence is not rapid. The fact that all the
cases require similar total iteration counts indicates that the
convergence rate depends on iterative numbers of Eq.(l).

C. Selective Calculation
Selective calculations of eigenvalues according to the

following specifications have been tested:
Frequency range : 0.2 ~ 2.0[Hz]
Damping factor range : -0.5~ 0.5[l/s]

To accomplish analyses required, eight shift points are
changed automatically. Nine eigenvalues shown in Table 5
are obtained, and one of them corresponds to an unstable
mode. The error in the last column of Table 5 means the
relative errors to the results by the QR method. Table 6
shows the pciformances per shift point and Fig. 2 depicts the
distribution of eigenvalues and shift points. The distribution
of eigenvalues obtained by the proposed method is exactly the
same with the result by the QR method. In Fig.2, each circle
indicates the converged area for each shift point and the rec-
tangle in broken line indicates the specified search area.
The results have clarified that the converged circles cover the
important parts of the specified search area and four eigen-
values within the search area are obtained reliably. The
computation time for each shift point are very small since
only a few eigenvalues within a small circle are evaluated.

Total execution time is 19.64[s] with inclusion of the load
flow calculation. It is very small compared with the result
by the QR method (15107[sl). This means that the proposed
method is capable to selectively evaluate the eigenvalues
within a specific region with less execution time.

Table 5. Converged eigenvalues
No.

1
2
3
4
5
6
7
8
9

Conversed eigenvalue
0.100543+J7.699943

-0.039639+J4.789012
-0.095491+J6.301446
-0.281867*j9.919758
-0.617471+J7.966428
-0.744573+110.97695
-0.759480+J8.856733
-0.831172+jl 1.50868
-O.845588+J1.2O7027

Error
6.83E-9
1.16E-7
6.26E-8
3.31E-8
7.83E-8
2.52E-6
3.12E-5
2.75E-5
5.86E-5

Table 6. Performance per shift-point
Xo.

1
2
3
4
5
6
7
8

Shift point

0.0+j 1.757
0.0+J3.133
0.0+J5.675
0.0+J6.908

0.0+J9.535
0.0+j 10.92
0.0+., 11.98

Converged
eigenvalues

1
2
2
2
3
2
1
1

Time [s]

2.41
2.37
1.90
1.63
2.11
2.92
3.25
2.62

Iteration count

15
15
10
9

12
20
25
18

D. Computation il accuracy
The accuracy of eigenvalues obtained by the SI method

depends on the specified convergence tolerance. All of the
errors shown in Table 5 are under the convergence tolerance
(10'3) and very accurate.

VI. Conclusion

This paper has presented an efficient algorithm for the
small signal stability analysis of large power systems by
means of the improved simultaneous iteration method. The
use of fast iteration cycles improves the performance more
than 2 times faster than the original simultaneous iteration
algorithm. The algorithm for selective calculation within a
specific region is capable to evaluate only dominant eigenval-
ues for power system stability problems. Furthermore, the

Table 4. Comparison of execution time and iteration

shift point

J3.14
J6.28
j'9.42

j 12.56

without fast iteration cycles

Time [sj

(a)
65.94

4.59
33.78
35.25

Iteration

378
17
188
205

with fast iteration cvcles

Time [sj
(b)

26.29
3.47

15.32
16.04

Iteration
Total

378
17
190
207

Fast Iteration
cvcles
348

9
168
197

Interaction
analysis

30
8

22
10

Rate of fast
iteration cvcles

0.920
0.529
0.884
0.952

Ratio of
execution time

(b)/(a)

0.399
0.756
0.454
0.455
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Imaginary ;
(Frequency I
[rad/s]) i

: converged eigenvalue
X : shift poiit

2 . 0 ;

1.0 j

0.0 L
-2.0 -1.0 0.0 1.0

Real
(-Damping factor[ l /s])

Fig.2. Distribution of eigenvalues and shift-points

stability program presented in this paper has prepared various
standard models constituting power systems in order to easily
conduct stability studies. The proposed method has been
applied to the test system with 54 generating units and 810
state variables. All eigen values within a specific region
have been correctly evaluated with less execution time.
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AN EFFICIENT METHOD FOR EVALUATION OF POST-DYNAMIC QUASI-STATIONARY
STATES DURING THE ISLANDS OPERATION OF POWER SYSTEM PARTS

D. P. Popovic S. V.Mijailovic
Nikola Tesla Institute
Belgrade, Yugoslavia

Abstract - This paper presents the development and
practical examples of an efficient method for the
simultaneous solution of post-dynamic quasi-stationary
states in each of the islands, using a unique numerical
procedure, retaining the same node numeration which
existed in the power system before its disintegration. At
the same time, the developed method enables a simple
incorporation of the effects of primary frequency and
voltage control, emergency control devices and a scries of
possible dispatch actions, both during the monitoring of
the disintegration process and during power system
restoration with island synchronization, if the necessary
conditions arc met.

I, INTRODUCTION

Maintaining the necessary level of security in the
operation of electric power systems (EPS's) is a task of
utmost priority and significance, for without it, other high
priority tasks related to the economical and satisfactory
operation cannot be performed. Therefore, as evidenced
by numerous papers, security analysis plays a central role
in modern energy management systems, both in off-line
and on-line analysis, and in the last twenty years, great
progress has been made in developing analytical tools for
security analysis.

If we were to look for a common denominator in
approaches to security analysis in various modern power
system control centers, we would immediately note that
they encompass generally steady-state security analyses,
with the classical load-flow model (one reference node.i.e.

Paper SPT PS 18- 04- 0486 accepted
for presentation at the IEEE/KTH
Stockholm Power Tech Conference,
Stockholm, Sweden, June 18-22,1995

one slack buss), usually solved using the well known fast
decoupled method [1].

Such approaches give a sufficiently accurate
indication of the (non) violation of the three sets of
fundamental constraints (load constraint, operational and
security constraints - corresponding vector functions with
a vector argument - state and control vectors), but only for
a limited number of characteristic post-dynamic states of
the power system.

The approaches based on the classical load-flow
model, therefore, can give a good indication for all the
cases where the system has kept its integrity, but cannot
be of great practical assistance for cases when island
operation occurs, and specially, during the necessary
restoration process, after disintegration.

Thus, a scries of new and diverse approaches
appeared for the solution of these problems, founded on
knowledge based methods, e.g. [2],and their interface with
analytical tools, e.g. [3], or on approaches based on the
application of expert systems, e.g. [4]. Lately, there arc
some approaches to power system steady-state security
assessment based on the application of artificial neural
networks, e.g. [5].

This fact motivated the authors of the paper to
attempt to formulate and develop a practical method, in
the category of analytical tools approach, which would, in
a sufficiently adequate, simple and practical manner and
without changing the initial node numeration,
simultaneously treat the post-dynamic quasi-stationary
states in an arbitrary number of islands which appeared
during the critical stages of disintegration of the power
system. Also, the method would analyze such states
occurring during system restoration in post-dynamic
states, when individual islands arc being synchronized to
the system and would study and determine all the
necessary and sufficient conditions for rebuilding of the
system. These objectives required the introduction of
primary frequency and voltage control effects, of the
effects of automatic emergency control and protection
devices and of a series of possible dispatch actions, all of
which is achieved in a very suitable manner due to the
simplicity and flexibility of the developed method and the
numerical technique for its solution.
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The main intention of this paper is to present the
basic characteristics of the method for evaluating the post-
dynamic quasi-stationary states during the islands
operation of power system parts, by presenting its
mathematical model and the efficient technique
developed for its solution, with an illustration on an
example of the present state of the West European
electric power interconnection UCPTE in the Balkans.

N

NG

NVRD

NL

MI

MR

N m

Pcoi

svi

II. NOMENCLATURE

total number, i.e. designation of the
set of indices of all nodes of the power
system;
number, i.e. designation of the set of
indices of generator nodes;
number, i.e. designation of the set of
indices of generators with voltage -
reactive power droop;
number, i.e.designation of the set of
indices of load nodes (NL=N-NG);
number, i.e.cVsignation of the set of
indices of islands in the power system;
number, i.e. designation of the set of
indices of reference nodes (i.e. slack
busses), one from each of the islands
formed during the system
disintegration or system restoration;
deviation of the quasi-stationary value
of frequency in island m ( meMI)

from the nominal value fn;
designation of the set of indices of
nodes in "m-th" island;
primary frequency control constant of
the "i-th" generator;
active power of the "i-th" generator in
the initial steady state;
droop of the static voltage - reactive
power characteristic of the "i-th"
generator;
reactive power and voliage at the ends
of the "i-th" generator in the initial
steady-state;
injected active and reactive powers;
load active and reactive power at node
"i";
phase difference between voltage
phasors Vj and V;;
magnitude of the admittance X» =

Gjj,Bjj - conductance and susceptance of the
clement "i-j";

Hij - complementary phase of the
impedance Z—l/Yj : :

HI. FORMULATION O F THE METHOD

A. Mathematical model of quasi-stationary load-flows in
islands operation of power system parts

The system under consideration has a total of N
nodes, where the first NG nodes arc generator nodes.
Here we would like to point out a unique characteristic of
the developed method in that the initial node numeration,
which holds for the fully integrated system, remains
unchanged during the security analyses performed when
the system is broken down into MI islands resulting from
a cascade propagation of a single or multiple disturbance.
The number of islands, MI, therefore, is not fixed (as
opposed to the number of nodes N) and it changes with
the level of disintegration of the power system and the
process of system restoration during the post-dynamic
period, during which there is a gradual and controlled
synchronization of the previously formed islands.

For the post-dynamic quasi-stationary state of the
power system, which is decomposed into MI islands,
resulting from the primary voltage and frequency control,
the following power balance equations hold:

XG (I)

AT/fD (2)

AX (3)

\L (4)Q = Qh (!',./„ ) - a =
m e Ml

with the following constraints for the generation nodes:

'd tala i - 'CD - "(»max; ' ^ '

S0fin»x, ' 6 NG W
which, contrary to the usual approaches, are not constant,
but are rather corresponding functions of the states under
consideration [6].

The system of equations (1) represents the active
power balance for generator nodes, which include the
effects of primary frequency control. The system of
equations (2) represents the reactive power balance, for
generator nodes with static voltage-reactive power
characteristics, i.e. this system includes the effect of
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primary voltage control. Finally, the conditions of power
(active and reactive) balance for load nodes is given in the
system of equations (3) and (4).

The balance equations (U-(4). with the
constraints (5) and (6) arc also valid for the states
occurring after the corresponding dispatch actions (e.g.
the compensation of the power dcbalancc by engaging the
available generator powers results in the corresponding
correction of elements PGoi in equation (1), or effects of
frequency load shedding results in corresponding
correction of PLi and QLj in equations (3) and (4)). Also,
equations (l)-(4) arc valid for states resulting from the
action of automatic emergency control and protection
devices which is registered through specially developed
procedures (e.g. the indication of frequency load shedding
and the operation of frequency generator protection is
performed on the basis of a simple low - order
mathematical model [7], which gives a sufficiently
accurate value of the frequency in all the islands, during
the initial phase of its dynamic change).

B. Model solution techniques

Before presenting the specific model solution
techniques, it should be noted that there are two main
approaches. First the one in which the equations (l)-(4)
are formed for each of the islands, i.e. the individual,
isolated treatment of the islands during the monitoring of
the disintegration process and during power system
restoration. The second approach, in which the equations
(l)-(4) are applied to the power system as a whole during
all these processes, with a fixed node numeration
corresponding to the initial state of the system, but with a
change in the values of quantities MI, MR and Nm. This
second approach, naturally, also takes into consideration
all the topological changes which resulted in the
appearance of the islands.

The authors of this paper have chosen the second
approach, which simultaneously determines the state in all
the islands. The main practical reason for this approach is
a consequence of the requirement of continual analysis of
disintegration and the ensuing rcintcgration of the power
system under consideration.

C. Developed fast decoupled method

The development of the fast decoupled procedure
started from the application of the Ncwton-Raphson
method [8] on the balance equations (l)-(4). Next,
inspired by [1], in forming the Jacobian matrix, we
intioduccd justified assumptions and simplifications

resulting from the "physical" nature of the problem
considered and the function (in a numerical sense) of this
coefficient matrix.

The first simplification, taken from the solutions
of the classical load-flow model used in practice, is to
neglect, during an iteration, the influence of voltage
change on the active power and the influence of the phase
angle change on the reactive power. Also, during an
iteration, the influence of frequency change on the
reactive power is neglected.

The next approximation results from the
quantitative relationship of certain parameters in high
voltage networks and the corresponding state variables,
which justify the following assumption:

Next, the shunt elements in the susceptance Bj;

arc neglected, i.e. the following relation holds:

(8)

Finally, the influence of the load characteristics
on the corresponding diagonal elements of submatriccs in
the Jacobian matrix arc neglected.

Introducing the above assumptions and
simplifications, which serve to simplify the solution
procedure (only the Jacobian matrix elements arc
simplified and modified) and by forming vectors AP/V,
APJV and AQ/V analogously to [1], we obtained two
following decoupled linearized systems of equations,
which arc solved successively in accordance with the
iteration indices k and I.

AP/V

APr/V If F

AS

A(A/)

k+1

(9)

(10)

The system of equations (9) determines the N-MI
dimension vector of unknown angles 8, and the MI
dimensioned vector of deviations of the quasi-stationary
frequencies Af, i.e. the number of unknown frequency
values corresponds to the number of islands appearing in
the power system under consideration.

The unknown vector of voltage magnitudes V, of
dimension NVRD+NL (voltage magnitudes in all load
nodes and all generator nodes which have a static voltage
- reactive power characteristic) is obtained by solving the
system of equations (10).
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The Nx(N-MI) rectangular coefficient submatrix
IT, has the following elements:

;e(A'\A//?) (11)

(12)

The coefficient submatrix F', also a rectangular
matrix of dimension NxMI, which associates the
mismatches of active powers to the corresponding
frequency values (i.e. each node is associated with the
value of the frequency of the island in which that node is
located) has the following elements:

l-A-,.,/1-;,
0

j e MI

j e MI (13)

ie(NGnNj)

ie(NLnNj)

^ 0 is N j e Ml
The NVRD + NL square submatrix L', which

relates the unknown voltage magnitudes to the reactive
power mismatches, has the following elements:

L' =

K =
i e NL

(14)

(15)

By analyzing the expressions (11), (12), (13), (14)
and (15), it can be seen that the elements of the newly
formed coefficient submatriccs H', F' and L' have a
constant value for an unchanged power system network
topology. This fact significantly simplifies the procedure
of the successive solution of the linearized system of
equations (9) and (10), without disturbing its good
convergence characteristics. The coefficient submatices
arc redefined and factorized only when there is a
topological change of the power system under
consideration.

IV. EXAMPLES OF PRACTICAL APPLICATION OF
THE METHOD

The first practical experiences in the application
of the method proposed, were gained on an example of
synchronous parallel operation of the EPSs of Yugoslavia
(YU), Romania (RO), Former Yugoslav Republic of
Macedonia (FYROM), Greece (GR) and Albania (AL).
(The present state of interconnection UCPTE in the
Balkans space). For 1995 expected winter peak load
condition [9], 400 kV and 220 kV networks of Yugoslavia,
Romania and FYROM were modeled, as well as, the

complete 220 kV network of Albania. The Greek EPS was
represented by a corresponding equivalent at the 400 kV
and 150 kV levels, with the exception of the Northern
part, which was modeled in detail. Thus, the total number
of all nodes was N=298(NG=47).

The data base necessary for the calculation of the
characteristic post-dynamic quasi-stationary states is also
taken from [9].

Fig.l shows the load-flows (MW/Mvar) on
interconncctivc lines for the analyzed initial steady-state,
before the set of disturbances, in which the EPS of
Yugoslavia exports 400 MW to EPS of Romania and 200
MW to EPS of Greece.

YU

YPODG2

71/31 t

AVDJ2

AL

| (»50.000 Hz j

YPRI22

45/-2B i

AFR22

YDEAD1

YKOSA2 YKOSB1

I

4 253'230 L 314

: I
FMSKO'2 FMSKO41

FYROM

FMDUBIli .

44

226 01

4DOH0B

RO

|

GCTME1

Fig.l: Initial steady-state

The initial disturbance is taken to be the outage
of the 800 MVA unit in NPP Cernavoda (RO) (injection
losses of 700 MW and 250 Mvar), which is transient stable
case [9], e.g. the new post-dynamic state will be reached.
The quasi-stationary value of frequency, for this outage
and loads representation with constant powers, after the
action of primary voltage and frequency control will be
49.856 Hz.

However, the dynamic calculations show [9] that
the active power on the 400 kV intcrconnectivc line
Djcrdap (YU) - Portilc dc Ficr (RO), will exceed the set
value of vatmeter protection installed on this line (700
MW, with time delay 2s), practically before the real start
of the primary frequency control process.

As a natural consequence, two islands will appear
(MI=2), practically immediately after the initial
disturbance.

The first islands is EPS of Romania, while the
EPS's of Yugoslavia, FYROM, Greece and Albania form
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the second island. For this case, Table 1 shows the initial
active power debalancc (MW) in islands formed.

In this table, IAP represents the total dcbalancc
(by magnitude and sign) of the active power in the
respective islands (the minus sign signifies a deficiency,
while the plus signifies a surplus of active power). The
total dcbalance, therefore is formed as an algebraic sum of
injection losses in generator (APG) and load (APL) nodes
and the debalancc occurring due the tripping of the
intcrconncctive lines (APT), which resulted in island
operation.

Table 1: Initial active power debalancc (MW) in formed
island

No.

1
2

Island

RO
YU,FYROM,GR,AL

APG

-700

/

A P [ ,
592.6

/

APT

-400

400

ZAP
-507.4

400

The quantity presented in column APL, 592.6
MW, is tho amount of load-shedding in the first island
(RO). It results from the action of automatic under
frequency load-shedding diviccs (first stage, 10% of load
specified) in the Romanian EPS, when the frequency
extremes during the initial period of the dynamic
processes reached a value of 48.6.52 Hz. This value is
below the first stage reaction value of 49.0 Hz (see Fig. 2).
The value of 49.652 Hz is obtained according to the
procedure outlined in [7], which, on the basis of a simple
low-order model, gives a sufficiently accurate value of
frequency, during thejnitial phase_of its dynamic_changc.

50.00

49.50

_ 49.00

«=" 48.50

48.00

47.50

First stage reaction value of load-
shedding

12 16 20 24 28 32 36 40 44 48

t(s)

Fig.2: Dynamic change of frequency in island operation of
Romanian EPS

For these two islands and for the two types of load
characteristics, the developed fast decoupled procedure
(system of equations (9) and (10)) simultaneously
determines the quasi-stationary state after the action of

the islands, and, as illustrated in the following Table 2,
docs this very rapidly and efficiently (after only a few
iterations for the desired accuracy of 0.0001 Hz and 0.01
MW i.e. Mvar). This table also gives the quasi-stationary
frequency values (fm, msMI) in the resulting island.

Table 2: The number of iterations and quasi-stationary
frequency values (Hz)

No

1

2

Island

RO

YU, FYROM,
GR,AL

Load
character.

(a)
(b)
(a)*

(a)
(b)

Number
of

iterations
6
4
7
6
4

fm

(Hz)
49.819
49.843
49.576
50.132
50.138

(a) constant active and reactive power
(b) active power is linear while reactive power is a quadratic

function of the voltage; frequency dependency 0.02 p.u./Hz
* action of undcrfrcqucncy loud-shedding is not taken into

account
The load-flows (MW/Mvar) on intcrconncctivc

lines in the post-dynamic state, for the case when all loads
are modeled as constant powers arc given on fig. 3.

| (=50.132 Hi ~l

YU
YOERD 1 •

YKOSA2 YKOSB1

4 • 2S3I230

YPO0G2 YPRI22

74/-30 1 39/59

AVD J 2 AFR2 2

AL

RO
FMSKO12 FMSKO41

FYROM

FMDUBRl

Fig.3: Post-dynamic quasi-stationary state after the
simultaneous outages of the 700 MW unit in NPP
Cernavoda (RO) and the 400 kV tie-line Djcrdap
(YU)-Portile de Fier (RO)

The ensuing analysis deals with the necessary
dispatch actions on each of the islands.

For instance, in the first island (RO), the total
debalance of 507.4 MW (after load-shedding) would be
compensated by a fast increase of the available power
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output from the HPP Portilc de Fier from 750 to 1050
MW and HPP Lotru from 200 to 400 MW. After that, the
new quasi-stationary state is obtained very rapidly (only in
two iterations), with the frequency value of 49.992 Hz, e.g.
very near the rated value, which is a logical consequence
of the debalancc compensation. However, in this island,
for the case considered, the return of all loads to the
initial level existing before the action of automatic under
frequency load-shedding devices is not possible, because
by an insufficient operating reserve in power plants.

This restoration of total load would be possible
only after the full restoration of the interconnection
considered.

In the second island (YU, FYROM, GR, AL),
the amount of surplus would be compensated by rapidly
reducing the power output from HPP Djerdap (YU) and
HPP B.Basta (YU), and after the action of the existing
automatic load-frequency control, the frequency and total
tic-line power (YU export 200 MW to GR) would regain
the programmed values.

Therefore, after above mentioned necessary
dispatch actions (naturally, many other scenarios are
possible, for the same initial disturbance), which in
practice reduced to only the corresponding correction of
active power outputs from some generating units, the new
quasi-stationary states in corresponding islands (applying
the developed method) are obtained very simply and
rapidly. In the case considered, the new frequency values
would be 49.992 Hz and 50.002 Hz, respectively, i.e. in
these conditions is possible very easily to do the full
restoration of the interconnection considered.

V. CONCLUSION

The paper shows a method for the simultaneous
analysis of post-dynamic quasi-stationary states in an
arbitrary number of islands resulting from power system
disintegration and the ensuing rcintegration of the power
system under consideration, whose practical and
numerical efficiency is demonstrated on an example of an
interconnection of real electric power systems.

The wide area of applicability of the developed
method, which belongs to the category of analytical tools
approach or sophisticated network analysis, can be seen in
its capability to analyze post-dynamic quasi-stationary
states of the power system divided into islands, to analyze
effects of system automatic emergency and protection
devices and a series of dispatch actions and, finally, to
determine a satisfactory scenario for fast power system
restoration in post dynamic states.
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Abstract—This paper presents a new cascaded artificial
neural network (ANN) approach to short-term electric
load forecasting. An algorithm using
unsuperviscd/supcrvised learning architectures in three
stages is proposed to forecast hourly electric load. In the
first stage, a neural network based on our Modified
Kohonen algorithm clusters similar load patterns into
day types. A three layer back-propagation algorithm in
cascade with the clustering algorithm identifies the day
type of the load under consideration. Finally, a neural
network trained by the load patterns of the identified day
type forecasts the hourly load values. In spite of the fact
that temperature information is not used as an input
attribute, promising results have been achieved. In our
tests on actual system data, the average absolute errors of
the hourly forecasts range from 1.17% to 1.92% for
different day types.

I. INTRODUCTION

The close tracking of the system load by the system
generation at all times is a basic requirement in the
operation of power systems. For economically efficient
operation and for effective control, this must be
accomplished over a wide spectrum of time intervals
ranging from seconds to years. In this range of time,
different generation control, scheduling and maintenance

Paper SPT PS 19- 01- 0062 accepted
for presentation at the IEEE/KTH
Stockholm Power Tech Conference,
Stockholm, Sweden, June 18-22,1995

functions are used to ensure that the load can be met
economically with the installed resource mix. The load
information for the hydro scheduling, unit commitment,
hydro-thermal coordination, and the interchange evaluation
functions is obtained from the short-term load forecasting
(STLF) system.

In the last few decades, considerable efforts have been
given to develop effective methods to forecast the hourly
loads. Previous approaches can be generally classified into
two categories in accordance with the techniques they
employ. One approach treats the load pattern as a time series
signal and predicts the future load by using various time
series analysis techniques [1-5]. The second approach
recognizes that the load pattern is heavily dependent on
weather variables, and finds a functional relationship
between the weather variables and the system load. The
future load is then predicted by inserting the predicted
weather information into the predetermined functional
relationship [6-9].

All approaches other than expert systems fail when
present and near future data do not resemble past experience
since they lack the flexibility of adaptation by "learning from
experience." Expert systems approach presumes the
existence of an "expert" who is capable of making accurate
forecast and who will train the system. These approaches do
nol rely on an explicit adaptation of a functional relationship
between past load, weather variables, and forecasted load.
Recently, artificial neural network (ANN) applications in
STLF have increased significantly, motivated by the need to
handle uncertainty and knowledge evaluation by learning.
They have the capability of adapting to changes with
forecasting environments through the concept of self
learning. They use training data sets to generate linking of
input variables to the output for the purpose of load
forecasting [10-13]. What these methods have in common
however, is • the use of supervised neural network
architectures for which inputs are formed by human
operators recognizing load patterns. We propose in this
paper a hybrid neural network approach to STLF. An
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unsupervised neural net clusters the similar patterns in load
signal in cascade with a back-propagation algorithm which
provides the day types to be used for forecasting.

II. PROPOSED METHOD

Proposed STLF architecture comprises of three processing
steps: 1) Feature extraction, 2) Supervised ANN for
identifying the feature of the incoming load signal, 3)
Supervised ANN to perform load forecasting.

Feature extraction is performed on historical hourly load
data to generate load patterns by an unsupervised ANN. Self
organizing clustering can be considered as a mapping
through which an N-dimensional input space is mapped into
an output space of lower dimension without any external
supervision. The original models of this approach developed
by Carpenter and Grossberg, and Kohonen. Carpenter and
Grossberg algorithm can perform well with the perfect input
patterns, however even a small amount of noise can cause
problems. The complexity of the Kohonen's algorithm, on
the other hand, is high limiting the use of this algorithm.
The proposed unsupervised neural network was developed by
our research group as Modified Kohonen algorithm aiming
at compensating these problems, and especially at reducing
the computation time [14].

Our modified Kohonen architecture is a one layer
structure in which the units are highly interconnected. The
learning process is divided into sub-learning phases each of
which is identical except for the amount of learning
performed in them. The main differences between our
approach, which is given algorithmically in Table I, and the
classical Kohonen is in the lateral interactions among the
network units and the determination of winner units. In
Kohonen's algorithm, the winner is determined by searching
all the network units. However, especially after the first
learning phase which is approximately the first 1000
iterations, the feature map roughly shapes up (see Fig. I),
and the sensitive areas (clusters) to a particular input pattern
are formed. Focusing on this property, we optimize the
search in our algorithm by remembering the winner for a
particular input in the next iteration and by processing the
winner neighbors only within a variable radius depending on
the iteration. Furthermore, the classical Kohonen's algorithm
updates all the neighbors for the determined winner with the
same rate as if they were also winners. In our model, the
winner sends excitatory signals that loose their excitation
effect along the path to neighbors. Therefore, the neighbors
are updated with a rate proportional to the strength of the
excitatory signal reaching them. The formulation of the
propagation of excitatory signals (lateral feedback) is in the
form of the mexican hat function approximated by cosines

with orders from (n+1) to 2, where n is the diameter of the
network in terms of network units.

TABLE I
MODIFIED KOHONEN ALGORITHM

Step 1: Set weights

w:: l=min pattern attribute values

[co'»a=[o...of

Repeat learning phase, step 2 through step 7,
(ro + l) times.

Step 2: Determine
f(L) = r o - L where

r(L) = radius of neighborhood at L"1 learning phase.

Do step 3 through step 7 p times.
Step 3: Calculate the gain term at iteration I:

Step 4: Present new input.
Select the p ^ pattern X at random,

Step 5: Compute d(Xp ,NEc ) ,

Step 6: Select output node d (Xp ,NEc ) ,
Imin f

Step 7: Update weights

wi(I) + a(I)(xp-wi)Cosz A if i eNEc (L)
2ro

i f i « N E C p ( L ) .

where
N = input node numbers,
M = output node numbers,
P = number of patterns,
C = winner vector,
r0 = initial neighborhood radius,
n = dimension of output,
L = learning phase,

• NEcp(L) = set of output nodes whose distances from the Cp'h
output node is less than or equal to L network units,

h = larger integer value smaller than the i1" and Cp'h output
node in terms of network units,

z=r+l ,
d()= Euclidean distance.

To demonstrate the superiority in efficiency of the
learning and ordering processes of our algorithm over the
classical Kohonen algorithm, we select the same computer
simulation experiment given by Kohonen (Kohonen 1982).
A random sequence selected from 1600 samples are
uniformly distributed within a rectangular area. The number
of output units is 64 (8x8). Fig. 2 illustrates the distribution
of weight vectors after each learning phase.
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Fig. 1. Distributions of the weight vectors at different
iteration in Kohoncn's algorithm [14] adapted from

(Kohonen, 1982, p.62).

Learning Pnase: O Learning Phase: 1 Learning Phase:

Learning rhase: 3 Learning Phase: 4 Learning Phase: 5

M l '
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X L
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\
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—\

1-oarninq rhase: C Lcarninq Phase- 7 Learning Phase: B

Fig. 2. Output distributions of the weight vectors with
Modified Kohoncn algorithm.

Comparison between the convergence rates of the two
different algoritluns can be made from Fig. 1 and Fig. 2.
Nine learning phases with nine iterations each totaling up 81
iterations of Modified Kohonen. reaches a better output
distribution than 10000 iterations of Kohonen's algorithm.

We have used a three layer back-propagation algorithm in
the second and third (supervised) stages of our proposed
method. Back-propagation is a supervised learning scheme
by which a layered feed forward network with continuously
valued neurons is trained to become a pattern classifier. The
network learns by having local error signals propagated
backwards during training. The network is trained by
presenting it with input/output pattern pairs. The weights are
changed so that the network will eventually produce the
matching output pattern when given the corresponding input
pattern of that pair. Training the network to associate can be
thought of as a minimization problem where the total error is
minimized. The independent variables used are the weights.
The error on an output neuron for a particular pattern is
defined as the difference between the target output and the
actual output. The total error on a pattern is the sum of the
errors on all the output neurons for the pattern. The total
error for all patterns is the sum of the errors on each pattern.
In our application, we train the supervised neural network
classifier by load patterns (clusters) extracted in phase 1. The
reasons of our choice of back-propagation algorithm are its
capability of optimization for minimum error and its formal
consistency and reliability determined by convergence
analysis of applications.

The classification of the incoming load data into the
prototypical day type clusters, which arc extracted in phase 1
and trained into the supervised ANN, is done in two levels of
resolution, defining phase 2. Towards this objective, the
actual incoming load data is accumulated for 6 hours to be
used as a template header of the input. The initialization of
the classification is done by completing the 6 hours actual
data to a coarse template of 24 hours data, using prior
knowledge of the same day type (template footer). This
constitutes the input pattern for the supervised ANN which
identifies the relevant cluster number. In the finer resolution,
classification is performed within the identified cluster by
template matching among the prototypica! load patterns of
this cluster. The output of phase 2 is the best fit load pattern
to the incoming 6 hour load, that is further used as reference
for the day under consideration for load forecasting.

Phase 3 of the proposed algorithm is also based on a three
layer back-propagation algorithm. In this case, the
supervised ANN is trained with the hourly load values of the
prototypical load patterns within the cluster under
consideration for each hour. The output being the best fit
curve identified in phase 2, training incorporates the
dissimilarity information between the best fit curve and the
other curves of the same cluster. The forecasting is therefore
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tuned by these dissimilarities. A sample of our results given
in the Test and Results section reflects the effect of a high
dissimilarity of waveforms within a cluster to the fine tuning
of the forecasting. A local feedback is introduced at this step
to reidentify another best fit curve within the given cluster
whenever dissimilarity exceeds a certain threshold. Such a
case is illustrated in the Test and Results section.

III. TEST AND RESULTS

To test the performance of the proposed algorithm for
STLF we have used the hourly load data of Turkish
Electricity Authority for the year 1993, which has the peak
load power of 10500 MW.

In our study, we initially focused on the performance of
the feature extractor based on Modified Kohonen approach.
The yearly data have been clustered into 32 clusters. It was
interesting to note that the fundamental clustering occurred
in five groups as Sundays, Saturdays, Mondays, weekdays
and holidays. However, it was more interesting to note that
each group occurred in several clusters whose distribution
have closely correlated with the seasonal temperature
variations. This way we have accomplished the inclusion of
the temperature effect in clustering. We could not observe
the same performance in clustering using a generalized
learning vector quantization (GLVQ) algorithm.

Tests performed on 6 months, 3 months, and a month
period data have shown the similar performance of the
clustering algorithm. As a typical example, we have chosen
a three months period, namely August, September, and
October, which is considered to be critical in terms of
temperature variations. The results of the clustering is
illustrated in Table II. A sample graph of load patterns
identified as Cluster 0 is given in Fig. 3.

As can be seen from Table II, in cluster 1, the 31 s t of
August, being a Tuesday, have grouped with the Mondays of
August. This is reasonable if one notices that, 30ln of August
is a national holiday, which is identified as cluster 3 with a
single pattern, and 31 s t of August has the characteristic of
following a vacation day as Mondays following a Sunday
vacation. Another degeneracy is observed in the 28^ of
October, cluster 12, which is a preceding day of another
national holiday, 29 tn of October, and characterized as a half
day working day. Cluster 13 identifies the 30l11 of October
which follows the national holiday. Cluster 9 is worth
mentioning where the weather conditions of the last Monday
of September, which has grouped with the Mondays of
October, surprisingly resembles the weather conditions of
October.

TABLE II
CLUSTERING RESULTS FOR MONTHS
AUGUST, SEPTEMBER, AND OCTOBER

Cluster
No..

0

1
2

3
4

5
6
7

8

9
10
11

12
13
14

15
16

Days belong to the related cluster

Agl(S), Ag8 (S), Agl5(S), Ag22(S), Ag29(S)
Ag2(M), Ag9(M), Agl6(M), Ag23(M), Ag31 (W)
Ag3(W), Ag4(W), Ag5(W), Ag6(W), AglO(W),
Agll(W), Agl2(W), Agl3(W), Agl7(W), Agl8(W),
Agl9(W), Ag20(W), Ag24(W), Ag25(W), Ag26(W),
Ag27(W)

Ag30(M,H)
Ag7(Sa), Agl4(Sa), Ag21(Sa), Ag28(Sa), S4(Sa),
Sll(Sa),S18(Si),S25(Sa)

S5(S),S12(S),S19(S),S26(S)
S6(M), S13(M), S20(M)
S21(W), S22(W), S23(W), S24(W)
S1(W), S2(W), S3(W), S7(W), S8(W), S9(W), S10(W),

S14(W), S15(W), S16( W), S17(W)
S27(M), O4(M), 011(M), O18(M), O25(M)
S28(W), S29(W), S30(W)
O1(W), O5(W), O6(W), O7(W), O8(W), O12(W),
O13(W), O14(W), O15(W), O19(W), O20(W),
O21(W), O22(W), O26(W), O27(\V)
O28(W)
O30(Sa)
O2(Sa), O9(Sa), O16(Sa), O23(Sa)

O3(S), 010(S), 017(S), O24(S)

O29(W,H),O31(S)

Ag: August, S: September, O: October
M: Monday
W: Weekdays (Tuesday, Wednesday, Thursday, Friday)
Sa: Saturday
S: Sunday
H: Holiday

I I I I I I I I I I I I I I I I I I I I I I I
15 17 19 21 23

Hour

Fig. 3. A sample graph of load patters identified as
Cluster 0.
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The overall performance of the proposed STLF algorithm
is tested with different data sets in different intervals of the
year 1993. In particular, seasonal and monthly intervals are
considered. A specific example is given for the months July
and August. That is, three layer back-propagation algorithm
is trained for the hourly load patterns of July, and forecasting
results are obtained for August. To evaluate the forecasting
performance of the proposed algorithm, the following
percentage error measure is used:

(actual load-forecasted loadl
error = xlOO.

actual load

Clustering results of July, which are four in number, are
shown in Table III. Forecasting results for different day types
have been considered. Table IV shows the actual load values,
forecasted load values and the error (%) for a working day,
August 9. Fig. 4 illustrates the actual, forecasted and best-fit
(reference) curves for the same day. Note that the daily
average error is obtained as 1.17% over 18 hours with
standard deviation of 0.011. Table V lists the similar results
for another working day of different cluster, August 20.
Average error in this case is 1.49% and standard deviation is
0.014. Other day type forecasting gave the similar results.
For Saturday 14, the daily average error is 1.92% with a
standard deviation of 0.018. For Sunday August 8, the
results are 1.84% and 0.020, respectively. It is worth noting
however that for the day August 11, the average error was
2.48% initially. At the 9th hour, the representative curve has
been changed to a better fit automatically since the absolute
hourly errors between the actual and forecasted load values
have increased beyond the threshold. The average error
dropped to 1.60% with the new representative curve. The
average error (%) and associated standard deviations are
listed for different day types from each cluster in Table VI.

TABLE III

CLUSTERING RESULTS FOR JULY 1993

Load

(MW)

10500

10000 •

9500

9000

8500

8000 •

7500 •

7000

6500

6000 •

/ *̂  '

/

/

/

/

Act C m

----- Rep. Cur

Est. Cur

II 13 15 17 19 21 23

Hour

Fig. 4. Actual, representative and estimated load patters for
August 9 l h , 1993.

Cluster

No..
aj's belong to the related cluster

4(S),1I(S), 18(S),25(S)

3(Sa), 10(Sa), 17(Sa), 24{Sa), 31(Sa)

5(M), 12(M), 19(M),26(M).

2(W), 6(W), 7(W), 8(W), 9(W),

, 16(W), 20(W), 21(W), 22(W), 23(W), 27(W),

28(\V),29(W),30(W).

TABLE IV

LOAD FORECAST RESULTS FOR AUGUST 9TH, 1993

Hour

7
8

9

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

Forecasted

6674.1
7877.0

8692.4

9697.4

9869.7

9881.7

9639.1

9805.8

9872.5

9850.2

9836.3

9721.5

9451.0

9163.9

9799.3

10105.7

9863.2

9103.7

Actual loads

6449
7189

8664

9695

9994

10100

9690

9918

10028

9979

9911

9653

9294

9227

10013

10269

9859

9087

% error

0.0349
0.0156

0.0033

0.0002

0.0124

0.0216

0.0052

0.0113

0.0155

0.0129

0.0075

0.0071

0.0169

0.0068

0.0213

0.0159

0.0004

0.0018

TABLE V

LOAD FORECAST RESULTS FOR AUGUST 20™, 1993

Hour

7
8

9

10

11

12

13

14

15

16

17

18

19

20

21
22

23

24

Forecasted

7280.5
7559.8

9154.8

9967.1

10164.0

10085.0

9680.6

9917.5

10035.0

9956.7

9923.9

9630.2

9401.3

9315.6

9903.1

10264.0

9915.1

9017.9

Actual loads

7280
7838

9089

10020

10234

10292

9713

9733

10211

10004

10002

9817

9343

9614

10495

10348

9811

9095

% error

0.0001
0.0354

0.0072

0.0053

0.0068

0.0201

0.0033

0.0189

0.0172

0.0047

O.O08O

0.0210

0.0062

0.0310

0.0563

0.0081

0.0106

0.0085
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TABLE VI

THE AVhRAGE ERRORS AND STANDARD DEVIATIONS
FOR SOME TEST RESULTS

Cluster

0
2

1

3

August

8

9

14

20

Average Error
1.84

1.17

1.92

1.49

Standard

0.020

0.011

0.018

0.014

IV. CONCLUSIONS

A new ANN-based short-term load forecasting has been
developed and tested with real electrical utility historical
data. The algorithm has been developed based on Modified
Kohonen/mulli-layered back-propagation algorithms which
classify input patterns into clusters and provide supervised
learning within each formed cluster.

The results show that the unsuperviscaVsupervised
learning concept is suitable to provide the feature load
pattern. Highly selective clustering algorithm which
identifies temperature effects on the load patterns improves
the overall performance of the forecasting algorithm. In
general, the neural network requires training data well
spread in the feature space in order to provide accurate
results.

Use of continuous load patterns for a week or for a month
period for clustering purpose with an unsupervised ANN
which is readily available for feature extraction is expected
to yield even better results. In that case, a rule-based
algorithm can establish the sequence between the clusters.
Subsequently, the accumulation of the actual load data for
several hours to identify the day type of the day under
consideration will be performed only once initially. The
hourly load forecasting can then be done continuously.
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Abstract

This paper proposes the load survey system to determine
the load characteristics of various customer classes in an utility
company. The questionnaires arc adopted to find tiv power
consumption of key electric appliances. 500 meters are
installed to collect the actual power consumption of customers.
The sampling theory has been applied to find the proper sample
size so that the customer load characteristics will be derived
with sufficient confidence level. The power consumption model
of cacli customer class is derived by stsistic analysis which
including multiple linear regression analysis and time series
analysis. The temperature effect to die power consumption of
each customer class is also investigated by differentiating the
proposed power consumption model with respect to the ambient
temperature.

Introduction

Load research programs have been applied by utilities to
identify the load characteristics for each type of customers over
the years. According to the 1978 PURPA Act, the larger
utilities are required to perform the load research study and
provides the related load information to the public utility
commission. Besides, with the load growth, it becomes very
important to identify the customer load pattern and predict the
future: electricity demand so that integrated system expansion
planning by considering the load management alternatives can
be performed to meet the system peak demand in a very
effective manner. With more and more pressure of deregulation
and independent power producers, the determination of
customer load characteristics may provide utility companies
better marketing strategy and make full use of the power
system apparatus to upgrade the system operation efficiency.
For the load management, the effectiveness of each alternative
strategy has to be evaluated by load research to identify the
power consumption of each customer class. In

Paper SPT PS 19- 02- 0128 accepted
for presentation at the IEEE/KTH
Stockholm Power Tech Conference,
Stockholm, Sweden, June 18-22,1995

general, the determination of customer load characteristics
becomes very critical for utility companies for the objectives as
follows.

Proper design of marketing strategy and rate tariff.
• Accurate load forecasting for better system expansion

planning to achieve good service quality.
Taipower is a state owned electric utility and supplies the

total power demand in Taiwan. The average annual growth
rate of peak demand and average load in recent years arc
9.76% and 8.56% respectively due to the economic
development in Taiwan. A large scale electricity service
curtailment has often been applied to reduce system peak
load during summer season. Therefore, it becomes a critical
issue for Taipower to investigate the customer load
characteristics by load survey system so that more effective
load management strategy can be determined and
implemented to reduce the system peak demand.

Process of customer load characteristic research

Both the questionnaire analysis and field power
measurement are applied to determine the customer load
characteristics. Based on the load pattern derived for the test
customer, the aggregation technique is then applied to find the
composite load pattern for each customer class. To investigate
the effect of temperature change to the customer power
consumption, the sensitivity analysis of temperature to die
power consumption of each customer class is also performed to
determine the contribution of customer cooling load to the
system peak demand during the summer season. The whole
study process is illustrated as shown by" Fig. 1.

Sample desiiin

Because the customer mi'iiber in each group is voluminous,
it is often too expensive to collect and analyze die load data for
the entire population. It is necessary to apply the sampling
theory to select the proper size of customers for the installation
of power recorders according to the standard deviation of
customer power consumption within the specific class. The
stratified random sampling is conducted by dividing the whole
population into ten major layers according to rate structure.
Each major layer is further divided into several sub-layers
according to the power consumption. By this method, the load
patterns solved can represent the load behavior of each
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customer clnss nccuraloly in a desirable confidential level and
the cost to conduct lond study can he reduced.

The process of the stratified random sampling is illustrated
as shown by Fig. 2.

Define study population
and confidence interval

Stratification

Questionnaire
design

Test sample design
and meter installation

Identify electric
appliances and
usage pattern

Power consumption
data collection

Load pattern derivation
of each test customer

I Statistic aggregation to
i solve the load characteristics
I of each customer class

Temperature sensitivity analysis
of customer power consumption

Fig. 1 Study process of customer load characteristics

Define target population

Define Frame

\/

Determine accuracy level

\ /

Stratification

\/

Estimate mean & variance

Dtcrminc sample size

\/

Sample distribution

Fig. 2 The process of stratified random sampling

The sample size of 95% confidence interval for meter
installation is determined for this customer giving as QE(1):

2(CK)
nO = 1-96 T

dr

' if no/N < 5 %, then

-0)

n -

1 +"0/

where
CV: the coefficient of variance

dr; relative precision
n: sample size
N : the number of population

The sample size of each stratification is decided by Eq(3)

i = "( -(3)

where

w; ; the power consumption weight of each

stratification

ai • the variance of each stratification

nj • the sample size of each stratification

Design and analysis of questionnaire

To find the key electric appliances and their usage time
period to determine the power consumption behavior of each
customer class, questionnaires for the residential, composite
commercial, composite non commercial, low voltage
industrial 11.4/22.8KV), high voltage industrial(69KV) and
extra high voltage industrial( 161KV) customers are designed.
Fig. J shows the typical usage pattern of air conditioners and

the number of residential customers. More power consumption
toy air conditioners during night time when people stay home
and fewer air conditioners are operated during daytime when
people leave home for work. Fig.4 shows the typical air
conditioner usage pattern of the composite commercial
customers. Most.of the air conditioner loading occurs during
daytime period when system peak occurs, they contribute rather
high percentage of system peak loading during the summer
season.
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Fig. 3 Typical usage pattern of air conditioners in residential
area
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The variance of demand estimation, which represents the
fluctuation of confidence interval, is solved as Eq.(5):

0 2 4 6 8 10 12 14 16 18 20 22

Fig. 4 Typical usage pattern of air conditioners for the
composite commercial customers

Data collection and analysis of customer power
consumption

There arc 500 PSl QUAD4 meters are used for the
measurement and recording of the customer real and reactive
power consumption within every 15 minutes over one year
period. The typical daily load pattern of cadi customer is
determined by the data collected from sample survey. The
composite power consumption models of each customer class
is derived by aggregating the load patterns .

Statistical techniques have been used for the sample survey
to derive the load pattern of each test customer and the patterns
are then integrated to represent the load behavior of total
population in each specific class. Customer demand by hour,
day is the primary variable of interest to study energy usage.
The mean-per-unit technique calculates an estimated demand
within every 15 minutes per customer for each season. The
demand estimate is then expanded to the target population by
multiplying the factor determined by the number of customers
in the population. For example, the power demand per 15
minutes, y is estimated byCq.(4):

—— —'

/
/

11
/

— IT

IE

\
\

)

\>

4 -
—--

—(4)

where N is the population size.
In the analysis process, the bad data or outliers arc

identified and excluded from the analysis to stabilize the
variation of load patterns derived. Fig.5 shows the typical load
pattern of an electronics manufacturer, hi the summer, the load
profile exhibits the air conditioning load from 8 AM to 5 PM.
For the non-summer season, the load level is much less than
that of summer season due to less air conditioning load. In this
figure, the average standard deviation is 35 K.W, which
accounts for 5 % of the average power consumption. Tin's
implies that the variation of power demand within the customer
class is very small and good load patterns are assured.

KWH
800
700
600
500
400
300
200
100
0

0 2 4 6 8 10 12 14 16 18 20 22 24

HOUR

Fig. 5 The typical daily load pattern of an electronics
manufacturer

By aggregating the load patterns of 30 electronics
manufacturers for load research, the composite load pattern,
which is used to represent the load behavior of the electronics
manufacturer class is solved as shown in Fig.6.

KWH
8000
7000

6000

5000

4000

3000 [""I |H—I-
2000

1000

0
0 2 4 6 8 10 12 14 16 18 20 22 24

HOUR
Fig .6 The daily load pattern of electronics manufacturer class

Time series analysis and regression analysis

According to the load research in Taipowcr system, the air
conditioning (A/C) load contributes more than 35% of system

1
1

\ 1/
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\

D

\ p
-

—s

5 7 2



peak demand »"d it is increased by more llian 10% annually. It

is important to analyze the A/C load in each customer class.

Both time series analysis and regression tmulssis are used to

derive the power consumption model. By the statistic

regression aii.il>sis, the hourly temperature sensitivity of power

consumption is then solved. Fig.7 shows the process of

customer power consumption as function of ambient

temperature. Therefore the power consumption model

represented as Ei}.(6). Fig .8 shows the process of the time

series analysis. The power consumption model represented as

Eq(7). By the result of time series analysis, we can forecast

further values of the series and model the structure of the series.

P = tt0 +a\T +a2T
2 (6)

A'r = ) . V / - 1 " <S>\ . V i - 2 et" 0\e,-\

Input data sets
(power consumplioiMemperaliirc)

Perform correlation anahhis
of power consumption and temperature

END)

Investigate the distribution of |
power consumption with temperature!

i r Select power consumption model

by least square regression method

Fig.7 Derivation of power consumption model by regression

Case study

Fig.9 shows the regression process to derive the power

consumption model and corresponding 95% confidence

interval nt 3 p.m. for the electronics manufacturers. The raw

data sets are also shown in the figure. The outliers are

identified and deleted during the statistic analysis to enhance

the accuracy of the model derived. According to the range of

95% confidence interval, it is assured that the model proposed

can represent the power consumption as a function of

temperature in an effective manner. From this figure, the power

consumption is increased o,uadratically with the ambient

temperature, which means that the temperature change has very

significant effect to the power consumption for this customer

class. Fig. 10 shows the ACF diagram of residual of food

manufacturer, fig. 11 shows the PACF diagram of residual of

food manufacturer, and the model of ARIMA is ARIMA (2,1,2).

Fig. 12 shows the short prediction of one day power

consumption of the food manufacturer, the average difference

of prediction value with actual value is inmost 5%.

Ooodnessoffil

End

Fig.8 The process of time scries analysis

KWH
34000-1

32000 -

30000 -

28000 -

26000

95% C l .

-95% C.I.

Prop>F: 0.0001

s-i * / 2
, - ' s P=-38.1 »T +2362.25-1 »T-29419.3

1 I I
25.5 26 26.6 27 27.5 28 28.5 29 29.5

TEMPERATURE(° C )

Fig.9 Power consumption model and corresponding 95%
confidence interval ( electronics manufacturers at 3 p.m.)
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Fig 9 Power consumption model and corresponding 95%

confidence interval ( electronics manufacturers at 3 p.m.)
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dependent on the ambient temperature mainly because of the
rather high percentage of air conditioning load.

F<irtial fcrtarrrelationsof rcsidal
iflgQrrclatim - 1 9 8 7 6 5 4 3 2 1 0 1 2 3 4 5 6 7 8 9 1

1
2
3
4
5
6
7
8
9

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27

a
29
X
31
32
33
31

0.002G5
-O.0O772
0.CO158
0.010(5

-fl.OOZffl
-0.03370
-0.03572

0.01813
O.OC021

-O.00177
0.01061

0.02270
0.01191

0.00Q58
-0.05183
-O.08783
-0.050U

0.02575
0.06188
0.03137
0.03103
0.02172

-O.00O50
-0.01581
-0.02553
-O.0C5H
-0.01121
-O.02G07
0.03251

-O.016C6
-O.033»

-0.01906
-O.0G3G2

-o.oitxn

1

i

1
1
f

I I
i i

*l 1

* i
l* l
I* 1
|t I
1* I

i . *

I *

1 *
I **

I

I

*." imrks ho stenbid crrcrs
Fig. 10 Tlic diagram of residual ACF of food manufacturer Fig. 11 The diagram of residual PACF of food manufacturer

By differentiating the power consumption model with
respect to the ainbient temperature, the temperature
sensitivily( TS) o( power consumption for each customer class
is solved as Eq.(8):

ase -(8)

ase

Tliere are study case is presented here. Fig. 13 shows the
temperature sensitivity of power consumption for food machine
manufacturers . A lot of air conditioning load is used during the
summer season for Hits type of customers. It is found that the
temperature sensitivity is rather significant all for the working
hours, which are 7 a.m. to 10 p.m.. The largest one occurs at 7
a.m. due to the lull duty cycle of the A/C units when the factory
starts operation. The average increase of power consumption is
0.6% for 1% temperature change when the temperature is
above 28JC, which means Uiat the power consumption is highly

kWH
500

O

prediction v;

1 1 1 1 t 1 t 1 i t 1 1 1

lue

1 3 5 7 9 11 13 15 17 19 21 23 24

HOUR

Fig. 12 The diagram of short prediction of food manufacturer
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Fig . 13 Temperature sensitivity of power consumption ( food
machine manufacturers)

Conclusions

We describe the process of load research performed in
Taipower system . The application of sample theory has been
applied to determine the number of customers for
questionnaire and field test. According to the analysis of
questionnaire collected, the key electric appliances and their
usjge time period of each customer section are identified. 500
intelligent meters have been installed at the customer sites to
record the real and reactive power demand within every 15
minutes interval over year. The typical load patterns of each
study customer are then solved by the statistic analysis. The
load patterns are then aggregated to derive the composite load
pattcni to represent the load behavior of each customer class.
The temperature sensitivity analysis has also been perfonned to
find die contribution of system peak by air conditioning load for
each customer class. Also, it is noted that the effectiveness of
the existing load research program has to be judged by its
adaptiveness to shifting corporate objectives such as load
forecasting, least cost planning, load management, etc. Further
load research investment will be justified to collect more
customer power consumption data by this manner to
understand how and when the eteclricity is consumed by the
customers more accurately to support utility operation more
effectively.
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Abstruct-This paper reports a practical implementation
of Artificial Neural Network (ANN) for mid-term load
forecasting of weather dependent distribution systems.
The back-propagation neural networks with a view to
achieving accurate load forecasting for distribution
feeders during the winter peak with abnormal weather
conditions is investigated. The main objective of this
paper is to provide a sense of security to the electric
utilities. For this purpose, a sensitivity analysis for
temperature ranges versus load deviations is
investigated. With the help of this study, the utility
distribution groups will be able to plan their feeder
systems to sustain excessive loads during extreme
weather conditions. Different temperature ranges arc
taken as sensitivity analysis objects and fed into the
neural net for training, testing and further forecasting.
In the forecasting stage, two different forecasting were
carried out called inner- and out-of-samplc load
forecasts. These two forecasts arc the indicators of
further loads affected by various temperature ranges
including some abnormal weather conditions. The
obtained results show that most of the out-of-samplc load
forecasts with extreme temperature have about 5%
error. Almost all of the inner sample load forecasts have
about 3% error.

Keywords: Artificial Neural Network, Distribution Feeder.
Mid-term Load Forecasting, Sensitivity Analysis

1. INTRODUCTION

1.1 Background
Load forecasting helps utilities to effectively schedule

their day-to-day operation, energy management, fuel
supplies, maintenance operations, planning operations and
so forth.
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Currently, there are three common classifications for load
forecasting; short-term, mid-term, and long-term. They arc
mostly deal with total system load forecasting. In addition
to the total system load forecasting, one of the most
important problem for the power utilities is to know whether
individual distribution feeders can survive under the
extreme weather conditions (winter peaks for cold countries
and/or summer peaks for hot countries).

Several methods have been proposed for short-term,
mid-term, and long-term load forecasting. Regression [3],
Box-Jenkins time series [4], state space models [5].e.\pert
system [6]. A close look at these methods would indicate that
they require a large number of complex mathematical
relationships between the loads and weather condition
parameters. Most of these models are not adaptive for a
sudden change of a correlated factor. For instance, a big
temperature drop in winter or temperature rise in summer
which may cause extensive brown outs and overloads to the
equipment's. Unfortunately these methods are too rigid for
feeder level forecasting. Alternatively, works have been
done on application of artificial neural networks for short-
term [1,2,7,8,11] and long-term load forecasting (15].

However none of the researchers worked on applying
neural networks for feeder load prediction. The main reason
for the absence of research in this problem might be the lack
of data, for instance wind-speed and temperature measuring
devices in the relevant test area because to set up weather
monitoring equipment for a large scale investigation would
be very expensive for the expected benefit.

Based on the facts mentioned above, it is our objective to
apply various neural network structures with a view to
achieving accurate load predictions for distribution systems
which their data are available and provide a secure feeling of
forecasting to the forecaster(s) for mid-term periods. The
networks will be assessed in terms of accuracy versus
weather condition variables as training window length,
extremes of weather and ease of use.

2. DESIGN OF NEURAL NETS FOR
LOAD FORECASTING

In this section, a list of the basic steps for designing an
artificial neural network for weather dependent distribution
station/feeder load prediction is presented. Basically, load
forecasting is predicting future loads based on historical load
and weather data. We should choose a set of input factors
(temperature, wind-speed, etc.) which we think will be
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useful in predicting future loads. Here, we demonstrate how
nrtificinl neural networks can be designed and how
distribution station/feeder load predictions which arc highly
dependent on weather can be solved perhaps more directly,
with less effort devoted to formulating the model and less
time spent determining relevant input factors, with an
artificial network.

Using an artificial neural network, we can look at the
historical data as a set of pattern associations. The input
patterns are the values of all of the chosen input factors for a
particular time period. The output patterns arc the outputs
recorded for that time period. Once the neural network is
trained on the pattern associations of input and output
factors for the historical data, it will "recall" output patterns
when presented with input patterns. In this way, the trained
neural network can predict future loads based on new sets of
input factors.

2.1 Output factors
The output factors in this project were decided to be the

electric heat feeder load. Our basic goal was to predict the
feeder loads between 6:00 am and 6:00 PM. Therefore. 13
neurons were assigned for the outputs. One per one hourly
load (6:00, 7:00 18:00).

2.2 Input factors
The mosl important and hardest part is determination of

input factors. Basically, to have a good load prediction we
should collect as many input factors as possible which might
be related to loads.

Artificial neural networks excel at sifting through a mass
of data and deciding just what data is relevant and to what
degree. Now. we want to determine the many possibly
relevant input factors and include them in the neural
network. Those that arc not relevant will simply have low
connection strengths with the output neurons (loads) in the
network.

After discussion with expert staffs, the consensus was that
a final relation between load and weather, for the winter
months, should be a function of percentage of heat, wind and
temperature. In addition to the expert's experiences and
opinions. Based on our previous experience on short-term
load forecasting using artificial neural networks, we have
found that other factors, have great effects on distribution
loads loo. Therefore, we decided to combine all of the
possibilities and sec which input factors will be the final
candidate inputs. The detailed explanation of these input
factors arc written in the next sections.

2.3 Weather factors
One of the unique things about this part of the world is the

extremes of temperature. Even in average years the
temperature drops to -40C in the winter and rises to +35C in
the summer. The electric heating load is therefore
significant at one part of the year, and the air-conditioning
load is significant at another part of the year. It is then

hypothesized that the weather components: temperature,
and wind speed, will govern the amount of change in peak
load from one week to the next. (These were chosen for their
apparent relationship to changes in the daily loads and for
the availability of reliable predictions of these weather
components.)

Meteorological conditions arc responsible for significant
variations in the load pattern. This is true because most
utilities have large components of weather-sensitive load,
such as those due to space heating, air conditioning, and
agricultural irrigation.

In many systems, temperature is the most important
weather variable in terms of its effects on the load. For any
given day, the deviation of the temperature variable from a
normal value may cause such significant load changes as to
require major modifications in the unit commitment pattern.
Moreover, past temperatures also affect the load profile. For
example, a string of high-temperature days may result in
such heat buildup throughout the system as to create a new
system peak. For a system with no uniform geography and
climate, several ten.pcrature variables or several areas may
need to be considered to account for variations in the load.
Humidity is a factor which may affect the system load in a
manner similar to temperature, particularly in hot areas.
Thunderstorms also have a strong effect on the load due to
the change in temperature which they include. Other factors
which impact on load behavior arc wind speed,
precipitation, and sky cover/light intensity.

It should be noted that in this study we only deal with
temperature and wind speed as weather conditions and not
humidity or sky cover. This is because there has been no
delectable correlation between sky cover, humidity, and
load. However this may not be the case at the feeder level.
For now. humidity or sky cover arc not included at the feeder
level becavsc their data at these six particular feeders arc not
known.

2.4 Time factors
In addition to weather condition parameters some

principal time factors- months of year, days of month, and
days of week play an important role in influencing load
patterns. Therefore, these three factors will be added to the
network for further training and testing. Hours of the day
was also examined for input factor candidacy but the
simulation results showed that its effects on the load is not
significant, so it was removed from the network. Another
reason for removing the hours of the day was because of
order of data.

Saturdays, Sundays, and national holidays cause
discontinuities in the automatic operation of a load
predictor. Even school holidays can cause certain changes to
the load profile. In our preliminary investigation and
simulation, we brought these factors into account.

However, later we cut them from our data for two reasons.
First, the utility is mainly concerned about the prediction of
weekdays load under extreme weather condition. Second.
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the load levels of weekends and holidays arc different from
weekdays and that may produce some noise to the network
and it's making the network less proper for weekday
prediction.

Month ( i h

Day-of-month ( 1 r-

Day-of-month ( 1 V

Holiday

Hour C6\

Temperature ( 6 r-

Wind speed C 6 \
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Fig. 1. Initial ANN uioilcl Tor predicting liuurly load (6:00 (u 11:00).

3. DATA STRUCTURE AND PRE-PROCESSING

Six months of data (feeder current data) over the winter of
1990/91 (November 1990 - April 1991) collected for six
predominantly electric heat feeders. To collect this data,
digital recording ammeters (DRAs) were installed on
selected high percentage farm electric heal feeders. It should
be noted that only one of the three phases was metered
because a limited number of DRA meters were available.
The weather data (temperature and wind speed) was
recorded hourly, however the load data was recorded every
15 minutes. Therefore, we convert the load data from 15
minutes to hourly data. A new neuron "Holiday" has been
added with the value of either 1 or 0 (holiday: 1, not holiday:

Our data are continuous-valued and binary; continuous-
valued for temperature, wind-speed, and load; binary for
month of the year, days of month, hour, and holiday
(artificial neural networks can understand only binary (0/1)
or floating number (0.0 to 1.0)). A common mistake is using
continuous-valued inputs to represent unique concepts, for
example, month of the year. However, the neural network
will presume such data to be continuous-valued and as
having "more or less" or "better or worse" qualities. Since
the month January' is not more or better than December,
binary inputs are used. In pre-processing temperature,
wind-speed, and load are normalized into real values
between 0.0 and 1.0. This is necessary since every1 neuron in
the hidden and output layers of the back-propagation
employs a sigmoid function which has the range from 0.0 to

1.0. The normalization is done using the
equation.

4. SIMULATION RESULTS

following

•1.1 Initial model
Three-layer back-propagation networks with 6 neurons as

the output, 70 neurons as the input (including bias), and 50
hidden neurons are selected in the experiment (Fig. 1). The
network is fully connected. Six different loads for 6 feeders
are used. The 70 input vectors and 6 target vectors were used
as the training set. The prediction using artificial neural
network has been run on actual load and weather data.

In initial models our main objective is to see whether our
neural network mode can predict loads with the existing
inputs, structure, and parameters or not. We only predict the
AM loads (6:00 to 11:00) since the AM peak appears at 8:00
or 9:00 O'clock, (n-5) days of a feeder data is used for
training and then n-4. n-3. n-2, n-1, and n-th days were
selected for testing.

•4.2 2nd model
To predict both the AM and PM loads, another artificial

neural network in Fig. 2 with 13 outputs and 91 inputs is
used. The prediction results for AM and PM loads over two
different feeders is shown in Fig. 3. To evaluate the results,
an absolute average percentage error (AAPE) is used. The
absolute average percentage error. All of the results had
equal or less than 5 % error.

Projected load

Bias

Month

Days of
month

Days of
week

Fig. 2.2nd ANN model for predicting hourly loud (6:00 to 18:00).
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Fig. 3.1'redictin» a feeder load (Fcb.12.1991).

•/.i 3rd model

In search of best model there is no way except trying
several configurations and select the optimal one among
them. The optimal network is the one which should has the
lowest prediction error and reasonable training time. In the
third model (Fig. 4), however, the "hours of day" and the
"days of month" were removed from the network to see their
effects on the predicted loads. We also examined a network
with two hidden layers in which 10 neurons were set in the
first and 5 neurons were set in the second hidden layer.
Based on the simulation results, a network with single
hidden lajcr, 10 hidden neurons showed reasonable results
compare with others.

5. SENSITIVITY ANALYSIS

Mid-term or long-term forecasts arc not always accurate,
and the utilities arc always worn- about these issues. Our
objective in this section is lo produce a load index which
assure the level of their weather dependent loads. In order to
do this, the study of sensitivity analysis for load deviations
and temperature effects, and how well the designed neural
network predicts load under extreme weather conditions is
considered.

Bias

Month

Days of
week

Projected load

Fig. 4.3rd ANN model with 2 hidden layers.

Fig. S. 4th ANN model (no holidays, Saturdays, and Sundays).

This will assure operator or forecaster that their forecasts
of mid- or long-term periods will not be worse than these
values. On the other words, they will get a feeling about their
mid-term loads. Therefore, the network will be trained with
different ranges of temperatures, OC to -20C, and then tested
with the extreme temperature.-21C and below, etc (Table 1).
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Some of the results of load prediction for days having
extreme temperatures are given in Figs. 7 and 8.

5.1 4th model (no holidays, Saturdays, and Sundays)
It should noted that in this model, holidays. Saturdays and
Sundays are removed from the training sets (Fig. 5). The
remain days for training arc shown in the third column on
the Table 2.

Table 1: Various temperature ranges Tor training and prediction.

Temperature range for
training

+ 10Cto-10C
+ 10Cto-25C
+05C to -20C

OC to -20C
-05C to -29C
-15Cto-30C

Temperature range for
forecasting
below-11C
below -26C
below-21C
below-21C
below -30C
below-31C

Table 2: Number of training! days
(Temperatures ntngc fortrainin»: OC to -20C).

Distribution
Station/Feeder

DC 12-3
DF 12-1
LF22

MH8-7
ME 12-1
STA-1

No. of Training
days

(original data)
64
134
54
129
134

m

No. of Training days
(with temperature

range)
27
92
34
88
92
66

5.2 5th model (4th models-previous day mean temperature)
The mean temperature of the previous day was selected as

another input factor. Experiments have shown that this
factor has impact over the entire level of predicted load (Fig.
6). Some oul-of-samplc load predictions have been done for
those days with temperatures inside the range (Fig. 7). Load
predictions for days having extreme temperatures also have
been done (Fig. 8). The results of load forecasting over
different distribution stations with different voltage levels
has shown not worse than 8% error.

6. CONCLUDING REMARKS

The goal of this study was to develop and apply a load
prediction methodology' for distribution feeders in order to
estimate the ultimate peak load. These predictions were
basM on the loads of previous years and weather readings.
An artificial neural network which was been derived is
capable of dealing with all situations pertaining to weather
conditions This is very useful information for utility
distribution engineering groups. In this study only winter
extremes were examined bv the network, however, extreme

weather conditions in summer also can be take into account.
The Neural network method seems advantageous because no
prior knowledge of how load relates to weather in needed.
The neural network "trains itself when given input and
output patterns, and finds the best solution model possible.
Once the neural network training is complete, any weather
and feeder load data set may be used to predict the feeder's
peak. This model proves to be consistent in its predictions
with the selected case data, and is planned to be applied to
general case feeders. With the help of this study the utility
distribution groups will be able to plan their feeder systems
to sustain excessive loads during extreme weather
conditions.

Bias

Month
Projected load

Fig. 6. 5th ANN model f4tli model + previous day mean temperature^.

In this study we have carefully examined artificial neural
network structures for the proposed weather dependent
station/feeder load prediction project. Experience in this
study showed that only a supervised 3-layer feedforward and
a non-fully connected network using Conjugate Gradient
learning rule matched our purposes. The designed ANN
model is suffice for all voltage levels.

The sensitivity of load to various ranges of temperature
for training and prediction have been investigated. The
obtained results show that most of the out-of-sample load
prediction with extreme temperature had only 5% error or
less and some days had up to 8% error at the peak hour.
Almost all of the inner sample load predictions had 3% and
less prediction error. However, those out-of-sample load
predictions with temperatures within the range had less than
5% error. This study demonstrates that even with one month
we arc able to able to obtain a reasonable result. Because 50
hidden neurons were assigned to capture the load patterns
with all candidate input factors and now we need less than
50.(about 5% error).
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Abstract— A software model of a digital relay is added
to an off-line emtp (EMTDC) and is then subjected to the
same waveforms as the actual relay. Its performance is
measured against the performance of the actual relay and
the accuracy of the model is assessed.

KEYWORDS. Digital relays, EMTDC, RTDS, real time
simulation, relay model.

I. INTRODUCTION

In the past it has been difficult to construct an accurate
software model for analogue relays, particularly for elec-
tromechanical relays. The primary reason has been lack of
design data on which to base the model and the difficulties
involved in fitting a digital model to a r.on-linear analogue
device. Another problem has been the non-availability of
test facilities which allow the actual relay and the soft-
ware model to be fed with exactly the same transient test
waveforms. Since many relays are now transient tested us-
ing waveforms generated by an emtp the latter constraint
has become less severe. Provided the "playback" appara-
tus does not introduce any distortion then both the relay
and the software model see identical waveforms. A set of
" benchmark" waveforms can be set up to supply both the
actual relay and the model via a playback device, and per-
formance comparisons can be carried out. However, when
a relay offers a feature for which no benchmark waveforms
exist one must first of all perform off-line simulations to set
up the new waveforms. In such circumstances it is more
convenient if the whole process is being carried out on a
real time simulator which allows the new waveform to be
available immediately. In the case of the RTDS™ [1] and
the emtp (EMTDC) [2] being used in this study the fact

Paper SPT PS 19- 04- 0267 accepted
for presentation at the IEEE/KTH
Stockholm Power Tech Conference,
Stockholm, Sweden, June 18-22,1995

that they both use the same graphical user interface
(GUI) PSCAD™ ensures that there is no difference in
the system data on which the simulation run is based. The
data is entered through the DRAFT feature of PSCAD and
is then compiled to either run on the RTDS or EMTDC.

This paper describes tests carried out on a prototype
digital relay [3] and a software model of the relay running
on EMTDC. The results will show that, even when the
digital algorithms are completely known to the engineer,
there are still elements of uncertainty in the model which
require attention. The level of accuracy achieved with the
present off-line model, while not perfect, is entirely sat-
isfactory for all but the most marginal of cases. In such
cases there is no alternative but to run the waveforms at
the relay itself [1].

II. TEST SETUP AND PROCEDURES

The Power Systems Group at the University of Manitoba
has a 2 rack RTDS. The RTDS is connected to the Labo-
ratory computer network and can be accessed and set up
from any of the workstations on the network. EMTDC re-
sides on one of the network servers and a workstation user
can therefore use the PSCAD facility on EMTDC to set up
the system to be run on both the RTDS and EMTDC. The
one-line diagram for the test system used for this study is
shown in Figure 1. The relay (R) is at the busbar halfway
along the 230kV system looking towards the source con-
taining the transformer. The transmission lines are each
100km in length and are modelled as distributed param-
eter lines but not frequency dependent. For the purposes
of testing the relay model accuracy the faults have been
applied at 50% of the protected line length from the relay
location.

A. The Relay and the relay model

The digital relay runs on a DSP card plugged into an in-
dustrial grade PC [3]. It is presently programmed to run all
of the major algorithms in both of the presently installed
solid-state relays on the 500kV line from Dorsey to Forbes.
The relay code is written in C + + and cross-compiled into
machine code. Some elements of the code have been
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Figure 1 - One line diagram of test system
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optimised by hand to run faster. At the moment the
tests were conducted, the relay was programmed by load-
ing the C code but it will shortly be possible to configure
the relay through a GUI running under Windows on the
PC. This feature is mimicked on the relay model which is
configured in the PSCAD GUI by "pasting" in Icons rep-
resenting the various functions which have been coded for
the relay. The subroutines for the relay model functions
have been written in Fortran to be attached to EMTDC.
Figure 2 shows some of the relay element Icons for the three
current channels. Each channel is low pass filtered (anti-
aliasing) prior to sampling at 32 samples per 60Hz cycle.
The sampling is controlled by the sampling clock and the
frequency tracking routine which alters the clock frequency
to maintain synchronism between the sampling rate v.^
the system frequency. This is followed by digital high pass
filtering to minimise subharmonics and offset components.
Thereafter the signals are subjected to an FFT, sequence
filters etc. and the results are used in various relay mea-
suring functions such asimpedance elements where Z = j
type calculations are performed. The calculated values for
Z are then checked to verify whether they lie inside preset
impedance contours (zones) and trip signals are issued if
appropriate. A more complete description of the relay is
given in reference [3]. Figure 3 shows part of a file recorded
by a relay on the Manitoba Hydro system. The three line
currents, the ground element impedances and some of the
logic outputs are shown. It indicates that the relay has
a 2 zone impedance measurement for the ground element.
There are two ground element trajectories visible and the
third trajectory visible in the 3rd quadrant is a directional
impedance trajectory [4]. The logic signals are the direc-
tional element, the zone 1 for Zcn and the phase "c" trip.

The digital algorithms in the relay and its model differ
only in the language used for the program. The analogue
elements (low pass filter, auxiliary pt's and ct's) are more
difficult to model exactly in a digital form. The other as-
pect of the model which is uncertain is the time taken to
run a complete set of calculations. Without running a soft-
ware emulation of the DSP card the calculation time has
to be fed into the model based on reasonable assumptions
about the calculating speed. From measurements on the
actual relay the time to run a complete calculation varies
between 2 and 3 sampling instants for the fairly complex
relay functions running on this relay.

Because no high power amplifiers were available for the
tests, the test waveforms to the relay were taken directly
from the D/A outputs on the RTDS into the A/D inputs
of the relay channels. This means that the auxiliary trans-
formers in the relay input are being bypassed and they were
therefore not included in the relay model. The most sen-
sitive way to compare the two relay performances (actual
and model) was found to be by looking at the impedance
trajectories of the Z calculating elements. Operating times
for the same element in each relay were virtually identical
differing only occasionally by one sunpling instant (jjnd

of a cycle). Within half a cycle of fault initiation the Z
trajectories were also very close but differences were found
in the first half cycle and the reasons for these differences
have been identified.
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Figure 3 - Recordings from a relay on the 135kV line from
Gillam to Churchill in Manitoba

III. RESULTS.

The first fault used in the tests was a phase "a" to ground
fault. The relay model is tested on EMTDC and the relay
is tested on the RTDS. The relay records all the input
signals and its calculated Z's and downloads them to a file
on the PC where they can be viewed in a display program.
The same data is recorded in a file on the relay model and
the results from the two sets of files can be displayed on
the same graphs for comparison purposes.

The faulted phase Z trajectories were very close but
those of the unfaulted phases showed slight differences as
can be seen from the phase "c" trajectories shown in Fig-
ure 4. In order to trace the reason for this difference the
voltage and current waveforms generated by EMTDC and
the RTDS were examined at the digital level. The RTDS
waveforms are available in digital form from the RTDS
backplane and can be fed to a file for display purposes. The
comparison indicated that there was very little difference
in these waveforms and certainly not enough to account for
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Figure 4 - Phase "c" ground element Z trajectories for the
model and the relay for a phase "a" fault.

the differences shown in Figure 4. The waveforms recorded
by the relay were then compared to the RTDS waveforms.
The low and high pass filters in the relay alter the transient
content and cause a phase shift in the fundamental. The
waveforms can therefore only be compared for magnitude
and the comparison showed that the voltage magnitudes
were equal but that the current magnitudes were out by
about 3%. The scaling factors in the relay current channels
were altered to give the correct current magnitude. These
corrections resulted in the Z trajectories shown in Figure
4 starting from the same prefault load point and finishing
at the same fault point but there were still minor transient
differences in *he early part of the trajectories. It was then
observed that the relay was running the frequency track-
ing feature but this feature was not active in the model.
It was disabled in the relay and this resulted in a further
improvement in the comparison of the Z trajectories in the
first half-cycle of fault waveforms.

The remainder of the comparisons were carried out for
a 3-phase fault at the same location in Figure 1. Figure
5 shows the phase "a" ground element result. The trajec-
tories start and finish at the same point but for the first
five sample points after the fault there are observable dif-
ferences. By the time the trajectories reach the trip zone
they are identical and the trip times are like wise identical.
Note that the off-line model has been set to calculate the
Z values at every sample in order to define the Z "enve-
lope", whereas the relay is only calculating Z values every
second or third sampling instant. All the relay calculated
points should lie on the envelope created by the model
calculations.

At this point it should be realised that there is one vari-
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Figure 5 - Phase "a" ground element Z trajectories for
3-phase fault

able over which the investigators have no control. The
relay sampling time reference is not synchronised to the
timing of the fault arrival in any way and the instants at
which the relay takes its sample may be up to g-jth of a
cycle away from the instant at which the model takes its
sample. Indeed the same problem exists for two succes-
sive actual relay recordings on the same fault case. There
are differences in the early part of the trajectories due to
the fact that the sample values in the input buffer are not
identical due to having been taken at slightly different in-
stants. The trajectory diagrams shown here represent the
closest we were able to get to identical trajectories due to
this timing problem. In order to get these results several
repeats of the same fault runs were carried out.

Further examination of the phase "a" current waveform
as produced by the RTDS and EMTDC revealed a slight
difference in the level of offset which can be seen in the first
hah0 cycle of fault current in Figure 6. It amounts to about
100A in a total peak current of 4500A or about 2.59T and
on its own may be enough to account for the differences in
the Z trajectories of Figure 6. However a second source of
minor inaccuracy was identified in the low pass filter (anti-
aliasing) characteristic. The manufacturer's data sheet de-
scribes the filter as a "5th order Butterworth" and this is
the characteristic used in the model. The data given for
the amplitude response of the filter was superimposed on
the corresponding characteristic for the ideal filter used in
the model and the result is shown in Figure 7. The cut-off
frequency for both the model and the actual filter is at the
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Figure 6 - Comparison of EMTDC and RTDS waveforms

15th harmonic of 60Hz and it can be seen that there is
about 0.5db difference in the amplitude responses near the
cut-off frequency. This will lead to a slight difference in
the transient response of the two filters. Both this and the
effects shown in Figure 6 are sufficient to account for the
differences in the Z trajectories visible in Figure 5. In or-
der to verify that there are no differences arising from the
relay algorithms themselves the waveform data recorded
by the relay was fed into the model relay at the output
stage of the hp filter in Figure 2. The model Z trajectory
was identical to that of the relay indicating that the digital
part of the relay had been modelled exactly.

IV. CONCLUSIONS

A software model of a digital relay has been tested on an
off-line emtp (EMTDC) and its performance has been com-
pared to the performance of the actual relay fed with the
same fault waveforms from an RTDS. No differences have
been found in the timing of trip signals and only minor
differences can be seen in the Z trajectories calculated by
the two relays in the fust few samples after fault incep-
tion. These differences were traced to a slight difference in
the offset component of fault currents in the off-line emtp
calculation and the RTDS calculation and a minor differ-
ence in the amplitude characteristic of the low pass filter in
the model and the actual relay. The waveform differences
could have been eliminated by using a "playback" digital
simulator based on the off-line emtp waveforms but the
convenience and speed with which RTDS runs can be ac-
complished from the same PSCAD data as is used for the
off-line result was a significant factor in deciding to use the

RTDS. By feeding the data recorded by the relay at the
appropriate part of the software model it was verified that
there were no differences in the relay algorithm part of the
model.

It remains to model the auxiliary pt's and ct's in the
input stage of the relay and alter the model low pass filter
characteristic to correspond exactly to that of the relay in
order to complete the relay model. The model without the
auxiliary transformers is very accurate and can be used
in off line studies where the signals fed to the auxiliary
transformer inputs do not drive them into the non-linear
state.
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ABSTRACT
This paper presents a

comparative study of static parameter
estimation algorithms as they apply
to short-term load forecasting. A
newly developed algorithm by the
first author, is introduced to the
short-term power system load
forecasting problem. This algorithm
is based on the static minimum least
absolute value error criterion, and
is compared with other available
techniques used previously to solve
the same problem. These are the
least squares error algorithm, an
error sensitive least squares error
algorithm developed by the authors,
and the well known least absolute
value based linear programming
algorithm. Three different short-
term load forecasting models, namely
model A, model B and model C are
developed and tested off-line.
Results for the three models are
reported in the body of the paper and
form the basis of the conclusions
drawn at the end of the paper.

Keywords Load forecasting, short-
term, least absolute value error
minimisation, optimal control.

1. INTRODUCTION
Short-term load forecasting can

be classified into two general
categories, namely on and off-line
forecasting. This categorisation as
the names suggest, stems from the
areas of application of the load
predictors. Over the past thirty
years or so, significant efforts have
been directed to forecasting the next
day hourly load. Many excellent
references and texts have reported
and reviewed various short-term load
forecasting schemes that have been
proposed or are in use today. The
work reported in ref.1, discusses the
state of the art in short-term load
forecasting and reviews the important
rule of short-term load forecasting

Paper SPT PS 19- 05- 0605 accepted
for presentation at the IEEE/KTH
Stockholm Power Tech Conference,
Stockholm, Sweden, June 18-22,1995

in the on-line scheduling and
security functions of an energy
management system. Ref.2 compares the
performance of five forecasting
models, namely a multiple linear
regression, a stochastic time series,
a general exponential smoothing, a
state space and a knowledge based
expert systems forecasting scheme.
Here the authors have applied these
models to the problem of predicting
the next day twenty--four hourly load
for a day in the peak of a winter and
a summer season. The least squares
error minimisation criterion was used
in the estimation of the parameters
of these models.

Ref .3 presents an algorithm for
short-term load forecasting, namely a
rule-based algorithm. These rules are
generated from statistical
relationships between the load,
weather and time and from interviews
with experts with long term
experience in the field and with
system operation. Ref.4 on the other
hand, presents the statistical
functions approach for identifying an
accurate short-term load forecasting
model. A hierarchical classification
algorithm is applied to hourly
temperature readings to divide the
historical data base into seasonal
subsets. These subsets are used to
statistically identify and fit a
response function for each season. A
composite load model is developed in
ref.7 for one to twenty-four hours
ahead prediction of hourly electric
loads. The model used in this
reference was composed of three
components; the nominal model, the
type load and the residual load.
Kalman filtering algorithm is the
technique used together with the
exponentially weighted recursive
least squares method for the model
parameters. Ref.8 presents an
automated load forecasting assistant
(ALFA) which is an expert system for
forecasting short-term electricity
demand. The proposed algorithm uses
an extensive ten years historical
data base of hourly observations of
twelve weather variables and load.
ALFA also accounts for the time and
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day of the forecast, accomodates
holidays and special events, and
adjusts for load growth.

The aim of this paper is to
present a comparative study static
parameter estimation algorithms in
short-term load forecasting. A newly
developed algorithm based on the
least absolute value (LAV) criterion
is applied and compared with other
available techniques in present day
use. Three different load models are
developed and tested in this study,
namely model A, model B and model C,
in an off-line mode.

2. Off-line load Forcasting
models.
In this section, three off-line

load models are identified for use
with the static parameter estimation
techniques being compared. These
models will be referred to as models
A, B and C respectively, and are
identified on the basis of simplicity
and the authors' familiarity with
their underlying modelling technique.

2.1: Model A
This is a multiple linear

regression model that expresses the
load at any discrete instant t, as a
function of a base load and a weather
dependent component and will be used
for both winter and summer load
forecast simulations. Since the
relationship between load and weather
differ significantly over these two
seasons, a different load formulation
will be required in each case. This
will result in two load models,
namely a winter and a summer model.
These models are based on '-.he
assumption that a common daily base
load cycle is experienced by days
occuring during the week, i.e. days
monday to friday, and that a constant
but different base load cycle is
experienced by weekend days, namely
Saturday and Sunday. As such, to
continously predict the load over a
complete week, two models are
required, i.e. one for predicting
weed day loads and one for predicting
weekend loads.

The windchill and wind cooling
factors also displayed similar
relationships in winter, as did the
temperature humidity factor in
summer. The wind cooling factor
however, was selected in favour of
the windchill factor, as it generally
resulted in smaller prediction errors
during forecast trials. Based on
these analyses, initial winter and
summer models were formulated and
tested in off-line simulations, and

after extensive reformulation and re-
testing using the methods of trial
and error, the following two load
model formulations were selected.

2.1.1 winter model
Mathematically, the load at any

discrete instant t, where t varies
from one to twenty-four, can be
expressed as

y(t) = ao(t)+a,(t)T+a2(t)T
2(t)

+a3(t)T
3(t)+a4(t)T

(t-l)+aj(t)T(t-2)
+a6(t)T(t-3)+a7(t)W(t)
+ag(t)W(t-l)+a9(t)W(t-2)

(1)
where y(t)= load at time t

T(t)= temperature
deviation at time t

W(t)= wind cooling factor
at time t

ao(t)= base load at
time t, and

a,(t), a2(t),..., a9(t) are the
regression coefficients to be
estimated at time t.

The temperature deviation at
the instant t, is calculated as the
difference between the dry bulb
temperature at the time t, and the
average dry bulb temperature of the
previous twenty (four weeks) weekday
temperature measurements,
corresponding to the same discrete
instant, i.e.

T{t) = Td(t)-Ta(t) (2)

where Td(t)= dry bulb temperature at
time t in °C, and

Ta(t)= [Td(t-24)+Td(t-48)
+ + Td(t-480)]/20

(3)
is the average dry bulb tem-perature
at time t.

It should be noted here, that
(2) and (3) refer to a data base
comprising only of weekday
temperature recordings.

The wind cooling factor is
calculated from

W(t) = t!8-Td(t)] I 1/2

(4)

where V(t) = wind speed in km/h at
time t.

2.1.2 Summer Model
The summer equivalent of the

load model given by (1) can be
written as
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ao(t)+a,(t)T(t)+a2<t)T
2

(t)+a3(t)T
3(t)+a4(t)T

(t-l)+as(t)T(t-2)+a6
(t)T(t-3)+a7(t)H(t) +
a8(t)H(t-l)+a9(t)H(t-2)

(5)
where y(t)= load at time t

T(t) = temperature
deviation at time t

ao(t)= base load at time t
a, (t), a2(t),.. . ,a9(t) are

the regression coefficients to be
estimated at time t, and the
temperature deviation is calculated
as for the winter model.

In this model however, the wind
cooling factor is replaced by the
temperature humidity factor H(t),
which is given by

H(t)= 0.55 TD(t)+0.2 Tp(t)+5.05

where Tp (t)
(6)

dew point temperature
at time't, in °C.

It should be noted, that if the
dry bulb temperature is less than
twenty-five degrees centigrade, the
temperature humidity factor is made
equal to zero. This stems from the
realisation that the effects of
humidity are negligible, when the
temperature is below room level.

Given therefore, that the load
models of (1) and (5) can be
rewritten as

y(t) = fT(t)B(t) (7)

where f(t) is a fitting function
given by
f(t)= Col[l, T(t),T2(t),T3{t),

T(t-l),T(t-2),T(t-3),
H(t), H(t-l),H(t-2) (9)

in summer, and where P(t) is a
coefficient vector given by
P(t) = Col[ao(t),a,(t),

a9(t) , alo(t)] (10)

Overdetermined system of equations
corresponding to the estimate at the
instant t, will read
y(t-24)
y(t-48)

y(t-960)

f(t-24)
f(t-48)

f(t-960)

(ll)

and can b e solved using an
appropriate estimation technique. The
estimated coefficient vector can now
be substituted into (1) or (5) to
give the load prediction for the time
t.

2.2 Model B
This is a harmonic decomposi-

tion model that expresses the load at

any time t, as a function of a
constant base load and a Fourier
harmonic series. This modelling
approach is normally used in
conjunction with the general
exponential smoothing technique.
Examination of previous load data has
revealed the presence of a weekly
load cycle that is characterised by
distinct daily periodicities. In this
model however, the weekly cycle is
accounted for, by the use of a daily
load model, whose coefficients are
estimated seven times weekly. Also
since this is a load shape model that
does not take weather into
consideration, a single load model
will suffice for both winter and
summer simulations.

The load at any time t
therefore, can be written as

m
y(t) = ao+ £ [ajSin(ut)

i=l
+bicos(ut)] (12)

where y(t) = load at time t
m = 9
u = 2TT/24
a0 = constant base load

for each day of the
week, and

a p b p . . . ,a9,b9 are the coef-
ficients corresponding to the
harmonics in the load composi-
tion.

Given again that (12) can be
written as

y(t) = fT(t)P
where now
f(t)=Col[l,sin{ut),cos(ut)

sin(9ot) ,cos ( Out) ]

and
P=Col (a0, a,, , a8, a9)

(13)

(14)

(15)

The overdetermined system of
equations can now be written as

y(t-168)

y(t-192)

y(t-696)

fT(t-168)
i i

fT(t-'l92)

fT(t-696)

(16)

and P estimated and substituted into
(12) to give the forecast for the
next twenty-four hours.

2.3. Model C
This is a hybrid load model

that expresses the load as the sum of
a time-varying base load and a
weather dependent component. This
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model was developed with the aim of
eliminating the disadvantages of the
previos two models by combining their
modelling approaches.

It is evident therefore, that
by combining these two load models, a
computationaly efficient and weather
sensitive model will result. This new
model will also eliminate the use of
seperate weekday and weekend models,
as is the case with model A. Also by
limiting the weather input to
temperature only, a single load model
could be used for both winter and
summer load forecast simulations. Its
main disadvantage however, is that it
assumes that the relationship between
load and weather is constant for all
time of day.

Mathematically therefore, we
can express the load at any discrete
instant as

m
y(t)=ao+E (ut)

i=l
+C,T (t) +C2T

2 (t) +C3T
3 (t)

+C4T(t-l)+C5T(t-2)+C6(t-3)
(17)

where T(t) is the temperature
deviation at time t, and is given by

T(t) = Td(t) - Tc(t) (18)

where Tc(t) is the average dry bulb
temperature for the discrete instant
t, calculated from the previous
twenty-eight daily temperature
measurements corresponding to the
said discrete instant, i.e.
Tc(t) = [Td(t-24)+ +Td(t-696)]

(19)
Alternately (17) can be

rewritten in the form of (13), as
y(t) = fT (t)P where

f(t)=Col[l,cos(ut),..,sin(ut) ,
T(t),.,T(t-3)]

and
P = Col[a0,a,, . . ,b9,c,, .., . .,C6]

(21)

and the vector of coefficients p can
be estimated as for model B, i.e.
from the system of equations given by

y(t-i68)'

y(t-192)
y(t-336)

I 1

t i

y(t-696)

fT(t-168)

fT(t-192)
fT(t-336)

t t

fT(t-696).

(22)

the predicted values of temperature
deviation into (17)

3. Simulation and Results
In this section, the results of

off load forecast simulations are
presented. These forecasts have been
simulated using previous load and
weather data recorded for the city of
Edmonton, Alberta, Canada. Hourly
load data for the year 1989, was
provided by the Edmonton Power
Company, while weather data recorded
at the Edmonton municipal airport,
was provided by the Atmospheric
Environment Service of Alberta. Three
offline load models developed in
section 2, have been used to prodict
the next day hourly load profile for
selected periods of both winter and
summer of 1989.

For each load model, forecasts
are made using each of the three
static parameter estimation methods,
i.e. the least squares, the new LAV
and the LAV based linear programming
technique; and in each case these
estimation methods are applied to
both contaminated and uncontaminated
data bases. In the following
subsections, the results obtained via
each load model, are presented.

For purposes of simplicity of
presentation, the following
abbreviations will be used hereafter
in this section:
h = hour of day
z = actual recorded load
ZLS = Load forecast made from

least squares estimates
SLS2 = Load forecast made from

The next day forecast can then
be made, by substituting for p and

a modified least squares
estimate, the output of
an error sensitive LS
algorithm developed by
the authors, for the pur
-poses of increased
robustness in estima
-tion.

zLy = Load forecasted using
the new LAV algorithm,
and

ZLP = Linear programming
estimated load

3.1 Model A
The forecast simulations

presented here however, are generally
indicative of the responses to be
expected during these seasons, and as
such will allow for a generalised
comparison of the responses of the
given parameter estimation methods as
they apply to this load model.
Predictions are made for the winter
and summer day choosen, for both
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uncontaminated and contaminated data
sources.

The results of winter
simulations are presented graphically
in figures 1, 2 which give the
predicted loads when the four
estimation algorithms were used
to estimate the parameters of the
model from uncontaminated data
sources.

3.2 Model B
The modified LAV procedure will

be used hereafter with both models B
and C, in place of the original
algorithm.

The responses obtained for
uncontaminated data are presented
graphically in figures 3 and 4.
Figures 3 and 4 compare the predicted
load produced by the four static
estimation algorithms with the actual
load, when the measurement set is
free of bad data (gross errors),

3.3 Model C
This model was used to predict the
twenty-four hour load for the days in
question. The results of simulations
are shown in figures 5 and 6.

4. Discussion
Forecasting using the load

model A, was restricted to a single
day in either season, primarily
because of the excessive volume of
computations that are associated with
a single twenty-four hour load
prediction. It should be noted
however, that since a single day's
forecast requires twenty-four
separate estimates for each
estimation method, the results
presented will allow for a fairly
generalised comparison of these
techniques.

Examination of the results
presented for the uncontaminated data
cases, reveals that the predictions
made via the four estimates are
essentially the same, except for a
single hour's prediction where the
linear programming estimate resulted
in an exaggeration of the winter mid-
afternoon peak load.

With twenty percent gross
measurement error contamination of
data, it has been shown that linear
programming and new LAV algorithms
produce better estimates than the
conventional least squares.

The harmonic decomposition
model labelled as model B, was used
to forecast the next day load hourly

load profile for two week periods of
both winter and summer load. These
results were obtained from
uncontaminated data sources and were
simulated for the purposes of
generalised comparison.

Examination of the daily
profiles indicates that in general,
the forecast obtained via the
different parameter estimation
methods are essentially the same,
with the exception of the linear
programming technique case where
significantly larger errors were
recorded than for the other methods.

These errors are especially
larger in winter and can be
attributed to the fact that the load
model used here is weather
insensitive, and as such, this
algorithm treated the measurement
observations corresponding to
relative extreme weather conditions
as, bad data points. Further since
such extreme weather conditions are
less frequent in summer, the errors
obtained there are correspondingly
smaller.

It has been shown that for
twenty-five percent gross error the
new LAV technique is the least
affected by the bad data contamina-
tion.

The results of the two weeks
each of winter and summer
simulations, once again indicate that
with uncontaminated data sources, the
predictions made via the different
estimation techniques are basically
similar. In this load model however,
the linear programming technique did
not result in larger winter
prediction errors, which only serves
to validate the explanation offered
previously.

It has been shown that with the
contaminated data sources, we once
again note the unchanged performance
of the two least absolute value
forecasts from the uncontaminated
predictions. the reduced least
squares method also performed within
tolerable limits, but its predictions
are somewhat more erratic than the
least absolute value predictions.

5. Conclusions
The results of off-line

forecast simulations for each of the
three off-line load models are
presented. These results were
simulated using the static parameter
estimation methods.
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From the results obtained in
general, it is evident that least
absolute value estimates is to be
preferred in cases where the data
source is likely to be contaminated
with errors. For uncontaminated data
sources however, the performance of
the conventional least squares method
is the best choice, since these
estimates require the minimum of
computing effort and the use of least
absolute value techniques will offer
no gain in accuracy.

A comparison of the techniques
used in these off-line simulations
reveals that the new LAV technique
will result in predictive accuracies
matching that of the linear
programming technique in all cases.
As such, in cases where a least
absolute estimation method is
required, one will be well advised to
use this technique as it is
computationally much more efficient
than its linear programming
counterpart and will generally result
in equivalent or better predictive
accuracies.
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Abstract—This paper contains synthetic presen-
tation of the layered artificial neural network from
the point of view of application to the short-term
and as well to long-term prediction of the power
system load. Apart from the multilayer perception
being most frequently applied to short-term predic-
tion which is here also used to long-term forecast-
ing, also nonconvetional approaches has been pro-
posed as: Kohonen neural network as nutnassnein-
tive memory and Hecht-Nielson neural network with
examples of applications.

I. INTRODUCTION

Estimating the future values of the electric power de-
mand (load) process plays an important role in decision
making for management, planing, operating and devel-
oping this system. This estimates are yielded by fore-
casts within the. wide range of lead times from minutes
through hours and days—for the short-term prediction,
down to the many years—for the long-term prediction.
Importance of these forecasts results from the fact that
their accuracy depends both on the costs and reliability
of the electric energy generation likewise its delivery to
the consumers. It is related to specific, character of the
electric power system, which needs to adjust a generated

Paper SPT PS 19- 06- 0651 accepted
for presentation at the IEEE/KTH
Stockholm Power Tech Conference,
Stockholm, Sweden, June 18-22,1995

power to its varying demand both currently and in the
nearer and later future.

Modeling of the demand process for its short-term
prediction is based on possibly full regard its involved
time variability of strong nonstationary having the fea-
ture of periodicity, stochastic disturbance and irreg-
ularity, originated from climatic factors. The meth-
ods of modelling existing hitherto (conventional) can be
roughly divided into analitic models without regard to
climatic factors and such with regard to these factors
[1-4]. For modelling of the yearly energy process one
can use up e.g. the regression models based on charac-
teristics (component) function [5].

In the last years it appears considerable interesting in
the artificial neural networks (ANN) in connection with
its application for a short-term prediction of the elec-
tric power (load) demand X\. This result from special
feature of ANN, which become models-predictors of the
load process in implicite form through learning in the
training procedure. In this procedure a relationship be-
tween current, and future values of load and influencing
climatic variables are stored and encoded in a associa-
tive memory of ANN [6-9].

II. ARTIFICIAL NEURAL NETWORK (ANN) —
CLASIFICATION AND PROPERTIES

Generally, ANN is a network whose nods are pro-
cessing elements called artificial neurons, or neuron cells
which are interconnected by links, called weighted con-
nection (synaptic weights) and which cooperate to per-
form parallel distributed processing for solving given
problem. Therefore these networks are characterized by
network structure (architecture) with associated rule of
signal propagation, by the type of neurons and also by
general manners and particular methods (algorithms) of
learning, also by procedures of training and the principle
of operation.
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1) Architecture of ANN is mainly determinated by
the manner of interconnections between the neurons.
Considering the architecture and mentioned applica-
tion to the power demand prediction, from among var-
ious neural networks (NNs) one can separate two large
classes: the feedforward networks and feedback networks
also called reccurent ones. If the former are static sys-
tems in time (nondynamic), then the latter are dynamic
systems with discrete time. However the latter can be
used to forecasting of loads, we enclosed here to the
unidirectional ANNs, particulary to their subclasse—
(multi)layered networks.

2) Based processing elements for these ANNs, i.e.
artificial neurons without dynamics properties can
be divided into linear and and nonlinear ones and
respectively—layered ANNs created of them. Nonlinear
neurons have a nonlinear output characteristic, called
activation function, which is either a dirTerentiable func-
tion of soft-limiting type, or discrete (binary) function
of hard-limiting type. In the first case—of interest, for
as—this function is also called sigmoidal-function, which
is unipolar one, if it varies between 0 and 1, or bipolar,
if its values varies from —1 to 1. The nonlinear layered
ANNs divides into continuous and discrete (binary), re-
spectively.

3) Learning of the ANNs. As mentioned properties of
ANNs (so their division) depend also on manners (types)
and methods (rules) of its learning as training proce-
dures. There are two essential manner of NNs learn-
ing, particularly-layered ANNs: learning with supervi-
sion (supervised) and learning without supervision (r/n-
supcrviscd) or nelflearning. This general manners ex-
press itself in special methods (rules or algorithms) of
learning-depending on kind of neural network. Typical
method of supervised learning is DELTA rule also called
Widrow-Hoffrule (or the LMS argorithm) which is used
in linear ANNs (one-neuron ADAL1NE and one-layered
MADAL1NE) and their generalization in the form of a
error back propagation (having some enlargements) in
nonlinear continuous layered ANNs, which will lie called
in the sequel multilayered perception (MLP). An impor-
tant for this paper variant of this learning is here learn-
ing with forcing and connected with them the CJ rossberg
out-star method, used in (second layer) ANN of Hecht-
Nielsen. Typical method of unsupervised learning is the
Hebb rule and its "difference" variants, particulary the
Grossberg in-star method. This method together with a
competitive strategy for choice of "winner" neuron (out-
star) is utilized as so-called competitive learning in the
linear network of Hecht-Nielsen (in the first, layear) [10,
11].

4) Training of layered neural network. Adjusting of
the layered ANN to a given problem, which is here
modelling of the load process (electric power and en-

ergy) and its prediction so as to become its predictor,
is perform through learning of ANN according to man-
ner and method of learning—mentioned above—in the
procedure of the training, which runs iteratively and
at the some time cyclically, changing incrementaly the
synaptic weights to attain its optimal values. It means
computation of the small changes and updating values
of these weights is succesive iteration steps p within the
range of every cycle c= 1,2 Such cycle is specified
be a so-called learning sequence, which in the case of the
unsupervised learning (inclusiv of the competitive one)
is

( * « ; p = l , . . . , J > ) e > c = l , 2 f . . . (i)

where X™ = [A'[p) x j p ) X^)' is a pattern or
sample input vector (at the input of ANN) and P is a
cycle length; in the case of the supervised learning or its
variant—learning with forcing:

iWKtfiriy,p=i P ) C , c = i , 2 , . . . (2)
Here to every input vector accompanies an output
pattern (sampled) one S^ = [d[p\ .. .,d[p\ .. ..d1^]*,
which can be also called as desirable one (a teacher).
Both mentioned vectors, well sequences (1) and (2) be-
longs to so-called extended sampled history of the load
process //' ' as its representation.

The training procedure of mentioned ANNs (so linear
as nonlinear ones) essentially proceeds ino two phases
for every iterative step p and cycle c: 1° Forward pass
phase consists mainly in presentation of successive input
vector A'1'1) in ANN, i.e. this vector is applied to the
input, of ANN and next, is mapped by this network into
its output vector a^ : A'*'1' •—» a^r\ and at the same
time into outputs of all the neurons.

In all the manner and methods of learning this input
vector is used in the next phase of the training with the
exception of learning with forcing (applied in the Hecht-
Nielsen network), where correct resolving is forcing by
a vector of desired outputs S''\ independently of actual
output. alp\ In the supervised manner it is compared
an actual output with a desired (pattern) one and a
measure of adjusting ANN forced by d^ is a mean-
squared global (cycle) error function

where Er is a partial (current) error function and

c{p) = 4 P ) - 4 7 0 . * = 1 K (4)
is a current error or learning signal of the jfc-th output of
multilayer perception (MLP). Minimization of the error
function (3) which is a mean-squared error, by means
of the steepest-descent gradient method leads to error
back-propagation algorithm, where output signals are
used by means of (4) to incremental changing and up-
dating all the synaptic weights (sect. 3). 2° Back pass
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phase consists in computing increments A and—in the
case of a standard procedure—performing modification
(updating) of the synaptic weights of all or only selected
neurons depending on applied manner and method (al-
gorithm) of learning, on kind of the ANN and also on
kind of very training procedure; in the case of the cu-
mulative procedure this apdating is performed only after
ending every cycle [6-9].

5) Enlarged sampled history of the load process. In
connection with considered here prediction problem of
the load process, components of the input sample vec-
tors X^, i.e. input signals x)p' are sample values (in-
put data) from the recent enlarged process history Hp,
which structure depends essentially on kind of the pre-
diction (short- or long-term) and t>pe of the applied
ANN. Similarly components of the output pattern vec-
tors d(p) are sample values of loads imitating a future,
e.i. forecasted load values with various lead limes:

As it is for multilayer perception (MLP) and short-
term prediction, the input signals states, e.g. values of
the "actual" power demand x''},, which is to be pre-
dicted and maybe previous loads, its appropriate aver-
ages, and influencing weather variables etc., sampled at
moments t' of history, depending on the type of predic-
tion. In the case of a long-term prediction, the load r\ is
e.g. yearly energy, while remaining components arr- val-
ues (data) of suitable econometric variables, sampled in
succeeding years of the mentioned history. Correspond-
ing desired patern outputs states an imitation of future
yearly energy.

In the case of the Kohonen neural network, used here
nontypically as an associative memory for the short-
term prediction of the power demand, the vectors A't;l)/

are composed of two parts, from which the first A'(|l)'
is a vector of 24 components, being succeeding hourly
values of demand within a day, and second one A'''1' is
analogically initial part of the next day JVS a iinil.nl ion of
the forecast with lead time rj,- from one to many hours;
this pair of days (of the same type) are taken in the con-
secutive weeks of Hv. In the case of the Hecht-Nielsen
neural network as a A'('') serves only A'''1'' and as a forc-
ing vector rf(p)—a vector X'(p) defined analogically as for
the MLP.

on=netn

6) Prediction stage and associative properties of
ANNs. In the training stage the patterns are remem-
berd and encoded in an accociative memory of ANN as
prototypes. When training is based on (2), then associ-
ations (relations) of input/output are remembered and
the memory is called heteroassociative; when however is
based on (1) then the input patterns are remembered
and the memory is autoassociative one. In the predic-
tion stage, in response to the input vector, which is usu-
ally either disturbed or incomplete, ANN reconstruct its
recalling the nearest prototype [11],

III. LAYERED NEURAL NETWORK AND LOAD
PREDICTION

A. Linear and nonlinear layered neural network

1) Linear and nonlinear basic neuron. Linear neurons
(Fig. 1) transforms (linearly and uni-directionally) input
signals «,„ into output signal a,,

an = netn = J2wmnnm (5)

creating linear combination (a weighted sum) of am with
synaptic weights «;,„„ of connections between output of
every r?i-th neuron and considered n-th neuron. This
weights will be treated for convenience as a weight col-
umn vector w.n = [w\n,.. .,wmn,.. .,WMn]* of neuron
or shortly: weight vector of inputs in n-lh neuron.

The model of a basic nonlinear neuron (Fig. 2) is
a connection in series of the linear neuron, completed
with additional bias (treshold) component (m = 0):
"'OH"OI «n = 1 and a nonlinear part (operation) ex-
pressed by sigmoidal unipolar function

f(n = /(netM) = ( l + e - o n ' t - ) - 1 (6)
where net.,, is here a cumulative input (excitation) of
nonlinear neuron.

2) Layered neural network. Nods in this network, e.i.
basic artificial neurons are separated into groups called
layers, at the same time the layer has a property, that—
in accordance with feedforward principle—the neurons
within the very same layer are not interconnected. We
distinguish input and output layers and maybe one or
more intermediate (hidden) ones. Nods of the input
layer—in contrary to remaining ones—are simple neu-
rons sending input vector X as an input of every neuron

Unetn)

Fig. 1. Basic linear neuron

LINEAR NEURON ; NONLINEAR PART

Fig. 2. Basic nonlinear neuron
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of next layer. Similarly is for the further layers, where
preceding layer plays a rolle of the input layer. If the
network is linear, then the second layer is an output
(and last) layer.

3) Linear (layered) neural network. Such network
is uni-layered: its operational layer is an output layer.
Linear neurons (5) in this layer acts independently on
an input vector X, transforming it into output signals
aj, which form an output vector: a = IV*A', where W is
a matrix of the network synaptic weights; j-th column
w.j in this matrix is just so the weight vector of inputs
in j-th neuron (n = j ) . Similarly i-th row u/,-. of this
matrix is a weight vector of outputs from i-th neuron of
the input layer. Properties of the linear ANNs follows
from the transforming properties of a linear neuron (5),
written in the form of the inner product

ay = (w.hX) = K I \X\cospj, j = 1 J (7)
where ipj is an angle between the input vector A' ami a
j-th weight vector of a neuron in a output layer, which
express a degree of a similarity or nearness between these
vectors assuming that the weight vector is appropriately
normalized w.j\ as a length of vectors it is assumed here
the Euclidean norm. The neuron with a subscript. ;
(j = z), for which angle tpt is the smallest one and
respectively the response (output signal) has the largest
value

«i = rnaxtij = max(w;-, A') (8)

is referred to as a "winner" for i.he vector A' [fi, 10, 11].

B. Multilayer perceplron (MLP) as a predictor
Layered neural network with the based nonlinear neu-

rons defined by (5) and (6) will be called multilayer per-
ceptron (MLP) (Fig. 4).

1) Standard procedure of training is based on a stan-
dard method (algorithm) of learning according to error
back-propagation, that enables evaluation of the incre-
ment A of all the synaptic weights wmn in the direction
from output to input of the MLP, which is oposite to
the feedforward direction for signals in this MLP. These
increments (in the every iteration step p within the cycle
c) are expressed as follows:

W (9)

where a learning signal, being here that of error
AP) 4L I BE \ M m
b" ~ l«n«tjp (10)

is calculated sequentially for every neuron of the follow-
ing layers:

1. output layer: n = k, (m = j )

6[p) = a'ke{F\k=l,...,I< (11)

2. second hidden layer: n = j ' , (m = j)

åP = a'j.j:wjk6<*\j' = l,...,J' (12)

3. first hidden layer: »i = j , (m = i)

(13)

where «J, = /'(net,,) = ««;, (1 - «n ), and next

4. (a) calculation of the increments (changes) A of
the synaptic weights (9)

(b) updating, e.i. calculating of new values ac-
cording to (7):

">mn — Minn -f

which will be obligatory in the next (p+l)-th
iteration (presentation)

2) Nonslandard procedure of trainig and learning en-
ables to improve considerably the speed and convergance
of the above training of MLP by using here the conju-
gate gradient, method to back-propagation in conjunc-
tion with cumulating (batch) training procedure [7-9].

C. I\ oli on en neural network as predictor (Fig. 3)

Previously mentioned properties of a similarity (asso-
ciation) of the linear ANNs usually serves to classifica-
tion (clustering) of the input (sample) vectors in classes
or cathegory of similarity; this property is a special case
of heteroassociation. It is used here the unsupervised

I-V. . . I l - l 3

Fig. 3. Linear layered ANN as Kohoiien NN Fig. 4. Nonlinear layered ANN as MLP
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learning with a competitive strategy, which is called
also, as mentioned previously, the competitive learning
or principle: "winner takes all" [8,10,11].

In the training under this principle, for the successive
presentation of a pattern vector X^ from a sequence
(1) is found a "winning" neuron, e.i. its subscript j = z
using (8). Next only this neuron is learned, e.i. one cal-
culates increments of its weights w.z and updates them
in accordance with the "in star" method of Grossberg:

Aw.,(t) = A(0 (*M -». , (*)) (18)
and wt.(t + 1) = w.2(l) + Aw.z(t), where t are itera-
tive steps numbered from begin of the first cycle, and a
"star" is here obviously the "winning" neuron; learning
rate X(t) is assumed to be initially of 0,1 and next is de-
creased with t. When the training procedure is ended,
then in the stage of prediction as an input vector is vised
only a part X' of whole sample vector X assuming equal
zero remaining one X and it is found the winning neu-
ron. Forecasts with appropriate (hourly) time leads are
obtained from appropriate synaptic. weights connecting
missing (equal zero) inputs with this neuron. That noii-
typical manner of using the Kohonen neural network to
short-term prediction can be characterised as autoasso-
ciative one; a missing part of the input pattern has been
retrived by a autoassociative memory of the neural net-
work.

D. Hcchl-Nielsen neural network as predictor

This network can be treated as a essential extension
of the Kohonen neural network, obtained by adding to
it the second linear layer, so-called Grossborg layer (CiL)
as an output one (Fig. 5). So obtained ANN althou is
composed of two linear layers, it is not linear one; since
pass of the output of the Kohonen layer (KL) to the
Grossberg one is a nonlinear operation N (Fig. 5), which
transforms output signal of winning neuron: j = : into
1, and remaining output signals equates to 0 [10,11],

Training of the first layer (KL) runs identically as in
the Kohonen NN above discussed with difference, that
input pattern vectors A'(p) from the learning sequence
(2) are here replaced by theirs part. X^p)> and that. must.

be regarded in algorithm (15). Training of the second
layer (GL), that runs simultaneously, is based on the
supervised learning with forcing by means of the "out
star" Grossberg algorithm

where the output pattern vector d^ = X^ (second
parts of a vector A'(p)) acts as a "forcing teacher", and
is quite analogic to the "in star" algorithm (15). In the
stage of prediction as an input is actual sample vector
X' £ Hp, and as output we obtain a forecast vector
X, composed of predictions with successive hourly time
leads.

iV. TEST RESULTS AND CONCLUSIONS

In order to show capability of ANN approach to short-
and long-term load modelling we will present four cases
of application of above discussed layered ANNs to load
prediction in Polish power system.

A. MLP—daily power demand forecast

This case concerns application of the MLP neural net-
work with two hidden layers (every has 30 neurons) to
the daily forecast of power demand at fixed hour: 7 p.m.
(evening peak load) for the five weekdays of each week
in interval of Jan. 25-March 8, 1988. To above load
value jr, are joined corresponding weather variables
as: temperature, cloud cover and wind velocity for four
characteristics hour of "current" and preceding day, and
also its daily averages, which form input data vectors
A'(r) 6 W for training the MLP. Output pattern vector
f/((l) reduces to scalar being the value of load at 7 p.m. of
the next day. Testing was performed for five consecutive
and partialy overlaping three weeks blocks (windows) of
described data: each such block consists of the first two
training-weeks and next of third testing-week for a pre-
diction stage to test the MLP model accuracy. Obtained
result are given in Table I, as instanteneous and mean
absolute percent errors (MAE).

D. MLP—long-term had forecast

In this case is presented result od application of the
MLP also to long-term prediction of load process (yarly
energy) with one year ahead for data from multi-year
interval: from 1980 to 1993. Input sample vector is
composed here of the early energy xi and five attainable
econometric variables. Testing has been performed in

Fig. 5. Heclit-Nielsen NN

TABLE I.

Block
1
2
3
4
5

Mon
—2.27
-0.43
-0.98
0.11
0.39

DAILY POWER DEMAND FORECAST

Tue
-0.91
3.66
0.23
1.48
1.44

Wed
1.87
2.10
0.46
0.71
0.72

Thu
-1.02
4.32
1.22

-3.44
0.63

Fri
-0.26
-0.74
-1.26
-3.72
0.29

MAE
1.27
2.25
0.83
1.89
0.69
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For year
Error

1985
3.985

TABLE II. YEARLY LOAD

1986
2.331

1987
4.038

(ENERGY)

1988
0.756

FORECAST:

1989
0.512

"INSTANTENEUOS"

1990
7.510

ERRORS

1991
2.402

1992
2.626

1993
0.203

TABLE III. HOURLY LOAD FORECAST: MAE FOR CONSECUTIVE DAYS

Test week
Dav

MAE

1
1

1.34
2

1.92

2
3

0.91
4

1.51

3
5

1.02
6

1.10

4
7

1.16
8

1.20

MAE
average

1.345

TABLE IV. HOURLY LOAD FORECAST: MAE FOR CONSECUTIVE DAYS

Test week
Day

MAE

1
1

0.98
2

1.55

2
3

0.63
4

1.09

3
5

1.23
6

1.01

4
7

0.62
8

0.98

MAE
average

1.011

like manner as in previous case, e.i. in succesive five year
blocks shifted mutualy year be year. For every block we
have one forecast and its "instantaneous" percent error
(Table II).

C. Kohonen NN—Hourly load (power demand)
forecast

This case shows an attempt of nontipirnl using the
Kohonen NN for hourly load (power demand) prediction
in the range of time leads from 1 to 12 hours (K = 12),
performed at 12 p.m. in two weekdays. Training of this
network has been performed with using data from first,
quarter of 1988; the first two month was used for training
and remaining month (8 days) for testing (prediction
stage). Input sample vector in training stage (.Y) and
in testing stage (A'') have been previously defined.

D. Hecht-Nielsen NN: hourly load forecast
This last case is an example of original application

of ANN to the same prediction as in the previous case;
results are presented in Table IV.

Presented above cases shows, that the load mod-
els based on the layered ANNs (linear and nonlinear)
can be effective tool for short- and also long-term load
prediction. ANN with nonstaudard algorithm back-
propagation has been implemented so to short-term
power demand as well nontypiciilly—to long-term yearly
energy forecasting. Especially interesting is uoncon-
ventional implementation of the Hecht-Nielsen NN to
hourly load (power demand) prediction which is an alter-
native to the Kohonen NN used for the same prediction
as an autoassociative memory (this network is essentialy
used as classifier and was previously applied to classifi-
cation of input (sample) patterns for the MLP [6-9].
Comparision of the above results shows, that, obtained
prediction acuracy and training procedure are better for
the Hecht-Nielsen NN than for the Kohonen NN.
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Abstract-1'hc main frequency is an important parameter of an
electrical power system. The frequency can change over a small
range due to generation - load mismatches. Some power system
protection and control applications require accurate and fast
estimates of the frequency. Most digital algorithms for
measuring frequency have acceptable accuracy if voltage
waveforms are not distorted. However, due to non-linear
devices the voltage waveforms can include higher harmonics.
The paper presents a new method based on digital filtering and
l'rony's model. Computers simulation results confirm, that the
method is more accurate than others.

I. INTRODUCTION

The basic frequency is an important operating parameter
of an electrical power system, which is required to operate at
a constant frequency. Under steady-state conditions the total
power generated is balanced by the system load and losses.
Due to sudden appearance of generation - load mismatches
the frequency can deviate from its nominal value. Some
power system protection and control equipments require
accurate and fast estimates of the frequency. A variety of
methods have been proposed in recent years [l-4.8-10|" for
measuring power system frequency and frequency deviation.
Most digital methods have acceptable accuracy if the voltage
waveforms are not distorted. However, due to non-linear
devices the voltage waveforms can include higher
harmonics.

The paper presents a new method based on digital filtering
and Prony's model. First a voltage waveform is filtered using
algorithms based on the Fourier technique. Coefficients of
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the filters arc calculated assuming the constant frequency
(50 If:). Due to deviation of the power system frequency the
filtering is not enough exact. To improve the filtration effect
we apply the Hamming and Blackmail window funclions. To
calculate the frequency we process the output signal of the
filter algorithm using the Prony's method [5.7]. The
proposed method has been extensively investigated on
computer. Computer simulation results confirm the
performance of the method.

II. MKTHOI) BASKI)
ON THE FOl RIKR TEUIMQIK

Among the method for frequency measurement presented
in literature in recent years the well known is the proposition
basing on the definition of the instantaneous frequency as
angular velocity of the rotating voltage phasor 12,8]. The
phasor can be calculated using Fourier technique. To
compare the accuracy of the developed method to other
methods, the method based on the DFT technique has been
tested on computer.

The phasor of the fundamental waveform of a voltage can
be calculated from the .V sampled values |6].
If the sampling window equals one cycle of the basic
waveform the phasor at the time tp = pT is given by:

7 >iz< --jtoTn
(1)

n=0

where

T - sampling interval,
o) - fundamental frequency,
fp+n - sampled values of voltage.

By on-line calculation, Gp is updated at every sampled

value. On the plane of complex numbers, we get a rotating
phasor. For each position of the phasor we can calculate its
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argument. The instantaneous frequency can be calculated
from the two consecutive phasors. as follows:

(Ö =

arg\GP+,}-arg[Gp]

T
(2)

for /« = J,2,...,.\f, where L is the number of sinusoids.

We assume that a filtered voltage waveform can be
approximated by one sinusoid:

where

argK]-»-1 Im

Re[Gf
(3)

III. FILTERING

In the developed approach a voltage waveform is first
filtered using algorithms based on the Fourier technique. For
further processing we need only the time function of the
fundamental component of voltage equals the real part of the
phasor [6]. The filter algorithm is described as:

ym = A cas(iti(o T + y) (8)

In complex exponential form, this may be written as

y,,, =*--?'+/>'--;"' (9)

where

-
7

(10)

(11)

. V - 7

•I.
n=0

The estimation problem is the values of b and zj to
determine so that the error

(4) (12)

However, when the frequency changes the rectangular
window inherent in the DFT has some disadvantages. To
improve the filter properties we propose to apply a
smoothing window. The investigation has been carried out
for two most common window functions: Hamming window
and Blackman window [11|. The Hamming window is
described bv:

will be minimised.

The key idea of the Prony method is to transform this non-
linear problem into a linear fitting problem by minimising
the error E defined as:

Sl-l

wH = 0,54-0.46 cos

and the Biackman window bv:

JTW

N-l
(5) where

r-m ~

(13)

(14)
k=0

wB =0.42 -0.5 c o s - ^ L + 0.08 cos
B

+ 0.08 co
N-l .V - /

IV. PRONY METHOD

(6)

At the output of the filter algorithm we obtain samples of
the fundamental component of a voltage. Due to deviation of
the frequency the filtering is not exact. For the calculation of
ihe frequency we propose the Prony method [5],[7],

The method is based on the assumption that a signal, given
as a series of samples g/,g2 8\{ c a n ^ approximated by
finite sum of sinusoids of specific frequencies, amplitudes
and phases. The approximation is given by:

(7)

The parameters ak are initially unknown, and arc related to

the frequency of the sinusoid. The frequency is defined as
the coefficients of the polynomial:

(15)

Because zt and r* are roots of F(z), using (9) we obtain

(16)
k=0

From (12) and (14) it follows that
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(17)
k=0

The desired roots zj of the polynomial F(z) have unit

modulus. If zt is a root, then zj1 is also. So the coefficients

«;• are symmetric about a!% i.e. a0 =a2. It is convenient to

choose a0 so that aj = 1. For the estimation of the

frequency of ihe basic component, zm may be expressed as

*m = aOSm-l +<1lgm+('2Sm+l

and for OQ = n->,Oj = 1

(18)

(19)

The minimisation of E with respect to the unknown OQ will

be achieved if

tKt~'DE

As solution of the (20) we obtain

M-l

(20)

M-l

\o in -1

The polynomial F(z) (15) can be expressed as

" 0

The roots of the polynomial arc

(21)

(22)

(23)

Since Ihe Tools aie defined as (9)

-1.2 = e±J<0T = cos(<oT)±jsin((öT)

the angular frequency m is given by

(24)

- -!
2] (

A/-/
(25)

V. COMPUTER SIMULATION RESULTS

The developed method has been investigated on computer
and compared to the method based on the Fourier technique.
The program generates a voltage which is sampled at
preselected rate. These samples were processed according to
the (1) to calculate the phnsor. and according to the (4) to
calculate the time function of the main waveforms. The
frequency were calculated either using the (2) or using the
Prony method, described by the (25). The data window for
prcfillering was 0.02s or one period of the 501 Iz voltage. The
voltage waveform were distorted by higher harmonics.
The values of the estimated frequency depend on the position
of the sampling window towards the voltage waveform. By
on-line calculation, the frequency is updated at every
sampled value. When the time goes on the estimated
frequency' changes. Fig.l shows results of frequency
estimation for heavy distorted voltage waveform g(t)=cos(
coO^O.lcosfScoO'O.Icosfcot). Fig.l A shows results when
applying the rectangular window, Fig.IB - the Hamming
window and Fig. 1C - the Blackman window. For comparison
the results when applying the Fourier technique have also
been shown. The best accuracy has been achieved using the
Blackman smoothing window. Fig.2 shows results for the
voltage waveform with realistic distortion in high voltage
networks g(t)=cos(cot)±0.02cos(5cot)>r0.01cos(7(i)t). The
computer investigation disclosed a high accuracy of the
developed method. For realistic voltage distortion and
frequency deviation the error was less than 1 mHz. The
dynamic behaviour of the method has also been investigated
the results showed in Fig.3 confirm a good tracking
capability of the method. The voltage waveforms was in this
case distorted by white noise and harmonics.

VI. CONCLUSIONS

The paper describes a new algorithm for accurate real-time
determination of the main frequency of a power system in
the presence of higher harmonics. Most digital methods for
measuring frequency have acceptable accuracy if the
waveforms are not distorted. In the developed method the
distorted voltage waveform is first filtered using an one-cycle
Fourier algorithm with the Blackman smoothing window.
The output signal of the filter algorithm is then processed by
the Prony method. The method was tested on computer,
assuming the frequency deviation up to 2Hz (4%). The
investigations results disclosed its high accuracy.
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Fig. 1. Estimated frequency of a voltage: g(t)=cos(cot)+0.2cos(5a>t)-rO.Icos(7ci)t); simulated frequency' f=48Hz, sampling frequency fs=1000Hz, filter order
N=2O, smoothing window of a prefiltering algorithm: A-rectangular, B-Hamming, C-B!ackman, M - number of samples of the Prony method.
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Fig. 2. Estimated frequency of n voltage: g(t)=cos((0ll+0.02cos(5(otl + 0.01cos(~iijl); simulated frequency/=-/P. .Wr. sampling frequency f - lOOOllz. filter order
A-A'=V0; B- N=20; number of samples of the Prony method A/=-0; Blackman smoothing window.
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Fig. 3. True and estimated frequency of a voltage: gfil=cos((ol)~O.OScos(Sa)l) <-0.05cosC(0l)\ noise: 0.01; sampling frequency^-10001/:: filter order .V= 20;
number of samples of the Prony method A /= 20: Blackman smoothing window.
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Abstract
Assessment of voltage qualitity is based on the measurement of

different classified disturbance phenomena. A comprehensive and
systematic method is still missing. Countermeasures to improve
voltage quality must take into acount both utility and customer
focus.

1. Introduction

The measurement, analysis and assessment of voltage quality
(VQ) in electric energy systems (EES) are becoming more and
more important and necessary. The amount of rectifier-con-
trolled motors, discharge lamps and television equipment are
increasing in industrial and public power systems, thus
increasing the disturbance emission. The reduction of signal
levels in equipment of information technology and tele-
communication requires an increase of immunity against
disturbance phenomena. Disturbances in supply systems are
generated in case of operation of any equipment with nonlinear
U/I-characteristic or in case of non-stationary operation, thus
injuring VQ. Disturbance phenomena arc classified according to
IEC 1000-2-1:

. harmonics

. intcrharmonics

. voltage fluctuations

. voltage variations

. voltage dips

. voltage unsymmetry

. flicker

The disturbance phenomena mentioned above are local
quantities, frequency variation is a global quantity. VQ must be
defined locally at the point of common connection (PCC) of
consumers and are influenced by different effects such as load
mixture, high or low system load, power system damping and
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voltage level. Due to these influences, VQ of EES cannot be
assessed only by short-term, i.e. on-line measurements, but must
be supplemented with statistics based on long-term measu-
rements.

Standardisation in the field of VQ is currently under process
as indicated in table 1.

Table 1 VDE-classification, EU-norms and
international standards

Disturbances in supply systems caused by household
appliances and similar electrical equipment

VDE 0838 - Part 1
Part 2
Part 3

EN 60555-1
EN 61000-3-2
lEC77A(Sec)71

Electromagnetic compatibility, environment

VDE 0839-Part 2
Part 4
Part 81
Part 82
Part 88
Part 160

EN 61000-2-2
EN 61000-2-4
EN 50081
EN 50082
IEC 77A(Scc)88
EN 50160

Electromagcntic compatibility for industrial-process
measurement and control equipment

VDE 0843 - Part 1
Part 2
Part 3
Part 4
Part 5

Part 6

IEC 801-1
EN 60801-2
IEC 801-3
IEC 65(CO)39
IEC65A/77B(Scc)136/IOl
IEC65A/77B Sec) 145/110

Measurement apparatus for judgement of EMC

VDE 0846 - Part 0
Part 2

EN 60868-0
EN 60868

Compatibility levels shall indicate the time
behaviour, when and if levels are exceeded
Guide for complete assessment of VQ is necessary
Definition of high level evaluation software
Guide for assessment of PCC of large consumers is
missing
Definition of man-machine interface (MMI) of
measurement systems.
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2. Measurement system specifications

Systems for measurement and assessment of VQ must com-
ply with the relevant norms especially EN 60868-0, EN 60868
and EN 61000-4-7. The connection of the measuring system to
the PCC must be selected taking into account the accuracy with
respect to phase (±1,5') and magnitude (<±l t t ) of the measu-
ring interface. For measuring applications in LV-systems (Un s
1 kV) this criteria will be met for frequencies up to some kHz
using voltage probe and current clamp. For HV-systems (Uo s
20 kV) measuring can also be carried out with sufficient
accuracy using capacitive dividers and shunts. In general the
inductive transformers and capacitive dividers in HV-systems
(Un i 30 kV) are suitable only for a small frequency range.

Measurement quantities shall be selected in such a way as to
allow a systematic and complete assessment of VQ, i.e. in three-
phase systems, three line currents and three voltages line-to-
ground shall be measured. For measurement of flicker in HV-
systems the three line-to-linc voltages shall be measured. With
respect to accuracy of the measuring systems in frequency or
time domain the requirements of damping and frequency
selectivity or sampling rate, continuity of sampling windows,
sampling frequency and synchronisation shall comply with the
relevant items of EN 61000-4-7.

Data acquisition is closely related to the requirements of data
evaluation and compression of the analysis and assessment
system, which may be an integral part of the measuring system.
Different means of data acquisition shall be incorporated, such
as single-shot, long-term, triggered measuring, results shall be
represented at least in absolut figures, bar-charts with selectable
range in linear, logaritmic and polar diagrams.

The assessment of VQ of EES cannot be assessed only by
short-term measurements and simple representation of analysed
data but must be supplemented with high level evaluation soft-
ware including statistical analysis based on long-term measu-
rements.

MMI must be designed in a comfortable way as to allow easy
measurement by those persons, which arc not familiar with the
measuring and assessment system. Window-technique and
graphical presentation of dala as well as HELP-funciions, on-line
hints on the status of the system and understandable error messa-
ges (self-explaining interface) are indispensable for the
measuring and assessment system.

3. Case studies

3.1 Harmonics: Converter for heating applications

The PCC of a medium-frequency converter (Sr = 4.84 MVA;
12-pulse; twin power oven) for a steel melting oven connected
to a 10-kV-public supply system (S"k = 246 MVA) was analysed
[1]. Control strategy of the oven allows melting of 101 of steel
in one melting pot in 40 minutes, while the other pot is used for

cast-moulding. Measurement and analysis of the current
harmonics at rated power during the first week after
commissioning indicated higher values than those given by the
manufacturer, as indicated in Fig. la), b) and c).

S 7 11 13 17 19 23 25

Fig. 1. 95%-cumulative frequency of major current
harmonics for different operating conditions (total
measurement up to 2 kHz)

a) harmonics at rated power as per
manufacturer's data

b) measured harmonics at rated power
(4.84 MVA; 4.1 MW)

c) measured harmonics at full loading of
melting pot

d) measured harmonics at 80% rated
power

e) measured harmonics after converter
adjustment
limitation to 73% of rated power

A detailed analysis of the disturbances [2] caused by the
converter taking into account

. harmonic phase factor (ratio of geometric to arithmetic
sum),

. participation of system level factors in different voltage
levels,

. connection factor (ratio of rated to total connected
power at PCC) and

. compatibility levels (EEC 77A(Sec)88:1994)
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indicated, that the operation of the converter will cause
impermissible high voltage harmonics at PCC. As suitable
countermeasure, the limitation of electrical power to 80% of
rated power by modification of the control strategy (resulting in
slightly longer melting process) was suggested. The measu-
rement indicated that the harmonics were significantly reduced
(.Fig. Id)), but the assessed disturbances were still above per-
missible limits.

A further reduction of the maximal permissible power to
73% of rated power was introduced into the control strategy. As
additional modifications of the converter control were carried out
by the manufacturer, the melting time need not to be extended.
Figure le) indicates the significant reduction of the characteristic
harmonics. The analysed disturbances after this final modifica-
tion allowed for the operation of the converter without further
countcrmeasures.
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Fig. 2. Usage of permissible levels of voltage harmonics at
PCC. Conditions as per fig 1 c); measured during
five working days

Figures 2 and 3 indicate characteristic parameters, i.e.
maximum, minimum, average and 95% cumulative frequency of
harmonics measured after final system modifications at PCC for
different measuring periods. All parameters are related to the
compatibility levels according to E C 77A(SEC)88:1994.
Comparing the two figures the severe influence of the
assessment period can be clearly seen. The level of the fifth
harmonic is low during working days as compared with weekend
days, whereas the levels of the characteristic harmonics have the
opposite relation. Furthermore a slight resonance (f^ = 1050
Hz) in the 10-kV-system is indicated.

Fig. 3. Usage of permissible levels of voltage harmonics
at PCC. Conditions as per fig 1 e); measured during
weekend days

3.2 Flicker in low-voltage networks

Flicker is classified with parameters describing weighted
voltage fluctuations (flicker of light) taking account of lamp-eyc-
brain response; classification into instantaneous p,, short-term Pu

and long-term Ph flicker [3].
A frequent situation leading to problems regarding flicker

and voltage fluctuations lies in the load changes of commercial
enterprises in regions where tariff and commercial clients are fed
from a low voltage network.

There is often a modification in the installed load at the
commercial enterprises that is not indicated in each case to the
responsible energy supplier. In these cases the acceptance is not
examined.

If a consumer causing nicker is put into operation without
being examined, other clients that arc fed from the same local
power transformer will complain sooner or later.

The following example of an examination in the low-voltage
network shown to what extend a measuring approach of the
flicker level with a simultaneous measurement of the active and
reactive power gives information about the voltage quality and
permits statements concerning the motives.

In the example given here a flicker measurement was carried
out in a local network station that is feeding a network region
where the clients complained increasingly often. The local
network station feeds private and commercial clients with a
nominal apparent power of 400 kVA.
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The measurement of the bus voltage and of the currents in
the outgoing feeder cable to an electronic/engineering works led
to the following measurement results:

The mere flicker measurement is important under the aspect
of voltage quality. In the diagramms used the result is only
indicated for one of the three conductors of the three-phase sy-
stem due to reasons of clarity.

Figure 4 shows the course of the Pa-values over the period
of several days. Between 6.00 am and 3 pm the disturbance limit
for the Pa-value is clearly exceeded. At other times the flicker le-
vels arc in a normal range of values.

1 J

1-^

a H

_J

I
| i

1
ji

i !

Fig. 4. Pa-values over the period of several days

Figure 5 shows the course of the active power of the chosen
outgoing cable of the consumer. The profile of the load curve
corresponds to the profile of the flicker load. From this fact, the
flicker source can clearly be classified.

frequency distribution (cfd) of the flicker levels for the total
measurement period (Fig. 6. a), the periods without considerable
energy comsumption of the works (Fig. 6. c) and during the pe-
riods when the works is consuming energy (Fig. 6. b) that the
allowed flicker levels are considerably exceeded. An identifica-
tion of the disturbance source is possible, even when the loads
are mixed well, by the cuopling of the flicker valuation to the
energy flow in connection with a long-term measurement.

Fig. 6. Cumulative frequency distribution of the
flicker levels

a) Pu-flickcr level over the total measurement period
b) Py-flicker level when the work is consuming

energy
c) Py-flickcr level without considerable energy

consumption

The additional record of the present flicker levels gives
information about rate and volume of the load modifications that
can possibly be used to determine remedial measures. This is the
case, for example, when the reduction of the flicker pollution
reaches an acceptable value through a modification in the pro-
duction course of works.

V

LuJ
Ji

Fig. 5. Active power over a period of several days

It can be seen from the comparison of the cumulative

4. Countermeasurcs

Since there are many influencing factors as far as the voltage
quality is concerned the countcrmeasures are equally divers.
Generally speaking they depend on the location where the
voltage quality is affecled. Furthermore there are the utility point
of view towards the customer and the of view of the customer
towards the utility. There is no single answer what is the best
countermeasure.

From the utility point of view there are the following
possibilities:

increasing the short circuit power by topological changes
or the choice of a higher voltage level for the PCC
installation of central passive or active filters compensating
the averaging effects of higher harmonics
installation of several dispersed passive or active filters
compensating the individual effects of consumer groups
located at different PCC [4]
innovative methods such as the installation of a small
superconducting magnetic energy storage device (SMES).
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From the customer point of view there are many different
possibilities; it must be noted that the responsibility for proper
operation lies with the individual customer:

passive or active filters compensating the harmonics
caused by the individual customer.
optimizing the operating strategies of the individual
customer irrespective of the operating strategies of the
neighbouring loads.
installation of a customer specific reactive compensation
selection of specific equipment causing less harmonics
while in operation.

Beside the installation of suitable countermeasures one has
to observe that their effects on the remaining customers will be
of considerable interest. Ideally the countermcasure will only
affect the one customer responsible for the harmonics. But this
will not be possible in general. More likely is an effect on many
customers. In this respect a specific countcrmeasure may be
effective for one customer but detrimental for another group of
customers. Hence the optimal choice of suitable counter-
measures depends on extensive system engineering studies
whereby the complct power system and load behaviour has to be
taken into consideration. Advanced modelling and simulation
tools must be used in order to obtain reliable and useful results.
Besides the effects of the individual customer the topology and
the loading conditions of the distribution network may be of
decisive influence [5]. In this respect a central utility focused
countcrmeasure seems to be preferably. On the other hand
dispersed countcrmcasurcs may be operated by the individual
customer. Table 2 summarizes this situation in a comprehensive
manner.

Table 2 Countcrmcasurcs

Integral effects of many customers

Effects on individual customer

Customer focus

Utility focus

Countcrmcasurcs

short circuit power

higher voltage level

passive filters

active filters

micro SMES

optimized operating strategies

customer specific reactive
compensation

central reactive compensation

selection of specific operating
equipment

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

5. Conclusions and outlook

The available hard- and software tools are powerful enough
to obtain a complete assessment of the voltage quality in a
specific PCC. The norms presently available should not yet be
considered to be final because new and more sensitive load
equipment may require new methods for assessment of the VQ.
The main problem still not yet resolved is the adequacy of the
available data. Hence all the methods, norms and results
presented today should be considered to be transitional. A
complete and reliable data base describing the power systgem
behaviouris an important prerequisite for specifying suitable and
effective countermeasures.

Even if the norms have to be changed in the future the
presently available digital measuring methods allow a high
degree of flexibility. Any new levels or measurement techniques
maybe readily adopted because the assessment methods are all
digital and hence easy to change.

VQ assessment always has the utility focus and the customer
focus. In view of future development the notion of quality
provides an excellent forum for utilities and customers to meet
and jointly to find suitable and adequate solutions. This mayx be
a basis for defining a new tariff structure reflecting the required
VQ.

Advanced hardware technology makes it to be feasible that
VQ assessment becomes an integral part of an advanced
substation control systems whereby the cost effective operation
of central compensating devices will become possible.
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SIMULATION OF POWER SYSTEM DISTURBANCES FOR TESTING OF DIGITAL
SYSTEMS

Christine A. Russell & Kathleen E. Russell
LA Dept. Water & Power

Assistant Electrical Engineers

Abstract

Power quality plays an important
role in the performance of digital
equipment. Harmonics, rings, and faulted
power lines can cause electronic devices to
malfunction and may even damage them.
This leads to customer dissatisfaction
necessitating thorough product testing.
Power testing systems need to be capable
of conducting special tests, such as
simulating harmonic conditions at a
particular customer's location, as well as
conducting the si. ndard tests performed
during product development. A new test
system was designed that simulates both
common power disturbances and
harmonics to ensure that power quality
will not adversely affect any new products
being developed.

I. Introduction

The quality of power at any given
location is dependent on many things. The
use of computers, switching power supplies,
and manv other devices can introduce

Paper SPT PS 20- 03- 0231 accepted
for presentation at the IEEE/KTH
Stockholm Power Tech Conference,
Stockholm, Sweden. June 18-22,1995
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harmonics into a power system. Connecting
single-phase loads on three phase power
sources also reduces power quality since the
three-phase system is no longer perfectly
balanced. Lightning creates surges on power
lines which can damage electronic devices.
Power outages occur periodically for many
reasons and may also render equipment
inoperable [1]. If the disturbance is severe
enough, equipment can be destroyed. Since
such power disturbances are common, there
is a need to build digital devices that are
capable of withstanding them. New products
must be tested to ensure that they aren't
susceptible to the problems caused by poor
power quality and frequent power
disturbances.

Digital equipment is always tested
before it is shipped to a customer, but the
quality of power in the test lab is completely
different than that found at the customer's
location. Products can pass tests in the lab
and then fail to operate properly once they
are delivered to customers. This is the
reason for creating a test system that can
simulate "real world" conditions in a test lab
that uses its own stand-alone power source
which is isolated from the rest of the world.
This test system is capable of simulating not
only power outages and faults, but
oscillations and harmonics as well.

II. Equipment

In order to keep costs to a minimum,
existing lab equipment was used to create
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this new test system. This equipment
includes a stand-alone three-phase power
source manufactured by Pacific Power, three
Wavetek waveform generators, one Pacific
Power transient/signal generator, and a
computer. A menu-driven QuickBasic
program was written so that lab personnel
could easily select which test to perform and
enter any parameters necessary for that test.
The computer then sends commands to the
signal generator and waveform generators
through the General Purpose Interface Bus
(GPIB) to conduct the test requested by the
user. This system is completely automated
in order to reduce testing time and be user
friendly.

Fig. 1. Equipment Schematic
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Fig. 2. GPIB and Trigger Cables

The transient/signal generator is used
to generate a five volt sine wave. This signal
is then sent through the linear power
amplifiers contained within the stand-alone
power source in order to increase the voltage
to the desired level. Wavetek waveform
generators are used to create rings and
harmonics. The Waveteks are connected

together, one for each phase, with a one
hundred twenty degree phase shift between
them. The output of each waveform
generator is connected to the auxiliary input
of the transient/signal generator so that rings
or harmonics will be added to each phase of
the voltage. The combined waveform, sine
wave plus power disturbance, is then
amplified by the power source. A cable is
connected between the waveform generators
and the signal generator in order to control
when rings or harmonics are introduced into
the power system

III. Power Line Disturbances

Simulating faults in a power system
is accomplished through the use of the
transient/signal generator. This generator
can be programmed to dip the voltage on
any phase for any amount of time. Single
line-to-ground, double line-to-ground, line-
to-line, and three phase faults can all be
simulated easily. A Dranetz waveform
analyzer was used to monitor the voltage of
each phase during a fault simulation to
verily that the test system was working
properly. The Waveteks are not needed for
this type of power test so they are set to zero
volts.

IV. Rings

The first step to simulating a ring is
to create a replica of the waveform. A ring is
an exponentially decaying oscillation that
can be caused by the switching of power
correction capacitors [2]. Rings typically
have an amplitude equal to one times the
peak voltage and decay within a half-cycle.
Rings usually have a high frequency such as
four hundred or eight hundred Hertz. For
this test system, the ring waveform was
created by multiplying a sine wave by a
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factor of eA-\ and varying the value' of V
until the

Voltage Waveform ru

Ring Super-
imposed on
Voltage
Wave^

Ring
Waveform

Fi». 3. Voltage and Ring Waveforms.

waveform looked like a ring and matched
the parameters listed above. A file was then
created by recording the amplitude of the
ring waveform at each phase angle in one
degree increments until the amplitude
remained constant at zero volts. This file,
stored on a floppy disk, is then sent to the
waveform generators where it is added to
one phase of the voltage when the Wavetcks
are triggered.

Rings do not occur on every cycle of
the voltage so they can't be triggered on
every zero-crossing of the voltage. The only
other method that was available using the
transient/signal generator was to trigger the
ring at the beginning of a transient. To
trigger the ring, a transient is created that
will dip the voltage by zero volts. This is
enough to trigger the Waveteks to add the
ring waveform to the voltage created by the
transient/signal generator without adding
extra transients. The computer program
allows the user to decide how many rings to
generate, the time between rings, the
polarity of the rings, and the phase angle at
which the rings will occur. An existing ring
file can be used or a new one can be created.

This gives test personnel the flexibility to
conduct standard tests or create new tests as
necessary.

In this test system a ring can be
placed on only one phase of the voltage at a
time. The ring file is sent to the waveform
generator connected to the particular phase
to be tested. The Sync cables connecting the
Waveteks together must be disconnected for
this particular test to avoid sending multiple
rings on more than one phase.

V. Harmonics

The difficult part of simulating
harmonics is that different harmonics are
found at each customer's location. The
challenge is to create a test system with the
ability to duplicate harmonic conditions
exactly given power quality information
from any location. In order to accomplish
this, the lab's power source has to be the
same configuration as the load. If the digital
equipment is configured as a delta, then the
power source in the test lab must be a delta.
If the equipment is a wye, then the power
source has to be configured as a wye. This is
the only way to ensure that the harmonic
conditions generated in the lab are the same
as those observed at the customer's site. A
delta/wye switch was installed to change the
configuration of the lab's power source as
necessary [3J.

o "o'.'b" o o_ p."o".

Fig. 4. Wiring for Ring Simulation
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Three waveform generators are used
to create the harmonic voltages. They are
connected in parallel and one of them is
used to control the frequency. The
transient/signal generator is set to zero volts
to ovoid doubling the voltage when the two
signals are added. The Sync cables of the
Waveteks must be connected to ensure that
there is a one hundred twenty degree phase
shift between each phase. When the power
source is set to the proper configuration
(wye or delta), the harmonic voltage placed
on one phase of the power source will be the
same as the harmonic voltage seen on one
phase of the digital equipment being tested.

A harmonics file must be created and
sent to each of the waveform generators. If a
Fourier analysis was performed at the
customer's location, then the percentages
and phase shifts of each harmonic present
are known. These values can be entered
directly into the computer program for any
harmonic from the first to the fiftieth. The
voltage waveform is created as a sum of sine
waves of different frequencies taking into
account phase shifts. These sine waves are
added together to create one cycle of the
voltage which is saved on floppy disk as a
Wavetck file. This file is then sent to each of
the waveform generators and triggered
continuously in order to create the voltage
waveform seen at the customer's location. A
different harmonics file may be sent to each
waveform generator. In other words,
different harmonics may be placed on each
phase. An analysis performed with the
Dranetz waveform analyzer proved that this
method of simulation is 99.9% accurate.

If Fourier analysis information is
unavailable, the voltage waveform at the
customer's site may be captured on a
digitizing storage oscilloscope and saved on
floppy disk. This file can be downloaded

into the computer program, converted to a
Wavetek file, and sent to each of the
waveform generators. According to an
analysis performed using a Dranetz
waveform analyzer, this method of
simulating harmonics is about 98-99%
accurate when compared to the original
voltage information.

If a digitizing storage oscilloscope is
not available either, then a photograph of the
voltage at the customer's location may be
used. One cycle of this voltage can be traced
from the photograph using a digitizing
tablet. A straight line approximation is used
to generate the waveform in between the
points selected using the digitizing tablet.
The coordinates obtained from the tablet are
then converted to a Wavetek file and sent to
the waveform generators. This method of
simulating harmonics is 90-95% accurate
depending on how carefully the voltage
waveform is traced.

VI. Conclusion

The ability to simulate power system
disturbances and harmonics is essential to
designing digital equipment that will operate
properly even under adverse conditions.
This type of testing provides an opportunity
to discover the effects of poor power quality
on electronic devices while they are being
built Information gathered during testing can
be incorporated directly into the design of
new products. This is much less expensive
then fixing devices after they have been
shipped to customers. The testing system
described above for simulating power
system disturbances and harmonics was
created between January 1991 and August
1992.
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Stefan Svensson
Swedish National Testing and Research Institute/Chalmers University of Technology

SP
P.O. Box 815

S-501 15 BORÅS
SWEDEN

Abstract - The term power measurement is normally
reserved for active, reactive and apparent power measurement.
There are however a lot of other measurements made on the
power systems. In the non-sinusoidal situation they all will
exhibit additional uncertainties and sometimes large systematic
errors. This paper tries to summarise all measurement made
on the power systems, their purpose and the additional
uncertainties that can be expected due to harmonics.

I. INTRODUCTION

The presence of harmonics in power system has by
tradition been dealt with by derating exposed components
such as transformers and capacitors. In measurements of the
power systems the problems caused by harmonics have been
incorporated in increased uncertainty figures, or worse, have
just been ignored. However, the increasing levels of
harmonics and the economic value of an optimised power
system as well as the possibility of a larger stability margin
makes a more thorough study of the influence of harmonics
on measurements well worth while. This paper will
summarise what is known about the influence of harmonics
on measurements made in power systems, and the magnitude
of the additional errors that can be expected due to
harmonics.

The additional errors due to the influence of harmonics on
the measurements can be divided into three groups. The first
group is the common errors caused by non-linearities in
amplitudes and reduced frequency response. The second
group is systematic errors caused by instruments using
measurement principles that do not comply with the extended

Paper SPT PS 20- 04- 0359 accepted
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definitions of non-sinusoidal situations. The third group of
errors is due to different competing definitions of some
quantities giving different results in non-sinusoidal
situations. Additionally, if the measured quantities arc used
in further calculations these errors will affect the results of
the calculation in a way that are determined by the
calculation algorithm.

Which quantity is measured and what uncertainty level is
needed depends on the purpose of the measurement.

II. PURPOSES OF MEASUREMENTS

A. Billing

In Sweden domestic power consumers arc billed for active
energy and maximum apparent power demand. The
maximum apparent power demand is not measured but
derived from the size of the fuses and is therefore more
precisely a maximum possible current billing

Larger power consumers arc often billed for active energy
and reactive energy and sometimes for active power demand.
The reactive energy metering is used to bill for the reduced
power transportation capability caused by a current that is
larger than needed for the consumed active power and/or the
cost of power factor correction.

In some countries the billing for reactive energy is
substituted with billing for apparent power, and active power
demand with apparent power demand.

B. Control system

On the Swedish national grid transducers for voltage,
current and active and reactive power are used in addition to
the active and reactive energy metering. The values acquired
from the transducers can be compared with the energy meters
and adjusted to decrease measurement uncertainty. They are
used as inputs for the control system and can also be used for
load flow analysis. On regional levels there are similar
systems.
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C. Problem solving

Most problems associated with power quality are due to
transients or high levels of harmonics. Many different all-
round instruments such as volt meters, oscilloscopes and watt
meters are used in these situations. Recently specialised
instruments, power analyzers, that combine the functions of
all these instruments are increasingly being used to determine
the power quality. The measured quantities are mainly
voltage, current and power spectra, but active and reactive
power and total harmonic distortion, THD, can also be of
interest in a problem-solving situation.

D. A dive Filtering

Efforts have been made to solve problems with harmonics
on the power system with active filtering or combinations of
active and passive filtering. Special measuring methods,
measuring quantities such as instantaneous reactive power,
have been developed for this purpose.

E. Relay Protection

Although not often regarded as measuring instruments,
protective relay circuits contain current and voltage
measurement modules, that can be affected by the non-
sinusoidal waveform mainly caused by current harmonics.

III. MEASUREMENT ERRORS DUE TO
HARMONICS

As seen from the survey of measurements made in
different parts of the power system, the term "power
measurements" should also include voltage and current
measurements. To quantify the level of harmonics Total
Harmonic Distortion (THD) is often used. This quantity is a
good example of how different definitions can cause
confusion and possible errors. The THD for a non-sinusoidal
signal is defined cither as the total rms value of the
harmonics compared to the value of the fundamental or
compared to the total rms value. As an example, THD for
voltage will be defined

THD = or THD = (1)

Below approximately 10% THD the difference of the two
definitions is negligible. In this paper the harmonics are
compared to the fundamental as some of the calculations will
be easier with this definition. For practical reasons, the
number of harmonics is limited when THD is calculated, this
limit is most often in the range n=30 to n=50. To separate

voltage THD and current THD the abbreviations THDu and
THDi are sometimes used in this paper.

Although a lot of case studies have been made in situations
where problems due to harmonics have occurred, there are no
general rules of what can be expected in terms of current and
voltage THD for different power consumers. Individual
smaller one-phase loads including computers and energy-
saving lamps can cause current THD of about 100%. A
current-stiff three-phase 6-pulse converter without filters will
cause a maximum current THD of about 20-25%. Most
electronic equipment and fluorescent lighting will cause
current THD in-between these values. However, current
harmonics with different phase angles will partially cancel
each other even at the level of individual power consumers.
Thus, even if the whole load consisted of small high-THD
loads the THD of the total current would be substantially"
lower than 100%. Further, at high-load conditions climate-
regulating equipment with low current THD levels arc a
substantial part of the load, causing a lower THD for the total
current.

The voltage THD is mainly determined of the combination
of the source impedance and the current THD level. For
larger loads the voltage THD will be a factor 5 - 1 5 lower
than the current THD.

In this paper 60% current THD and 6% voltage THD arc
considered as maximum values. Reasonably high values can
be 20-30 % current THD and 3-5% voltage THD. According
to a large survey made by the Swedish utilities, but not yet
published, a current THD of 10-15% for offices and 5-10%
for industries at the point of common coupling can be
considered as high. The voltage THD will then be
approximately 2%.

A. I bltage and current

Normally, voltage and current meters indicate Root-Mcan-
Squarc (rms) values. The additional errors of true rms meters
will mainly be due to higher bandwidth and linearity
requirements for the non-sinusoidal situations. However, true
rms meters are usually designed for non-sinusoidal
measurements and will, for reasonable THD values and crest
factors, have insignificant additional errors due to harmonics.
Voltage and current meters are, however, often "average
responding" and then indicating rms values using the form
factor 1.1107, valid for sinusoidal waveform only. There also
are some simple transducers that respond to the peak value.

Instruments responsive to the peak value and average
responding meters will have an additional error that does not
primarily depend of the distortion but on the waveform. As
an example of this a fundamental voltage of 1 pu with an
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added third harmonic of 0.3 pu, is measured by an average
responding meter. If the phase angle (a3) of the third
harmonic is changed the waveform changes which results in
different errors compared to the true rms value:
• a3 = 0 causes an error of -5.1 %
• a3 =+7t causes an error of+16,0%
• a3=+n/2 causes an error of +0,6%

The maximum theoretically negative error of average
responding meters will be -11,07%, for a square-wave, while
the positive error can be infinitely large.

Average responding voltage measuring instruments will
however, in most power system measurement situations,
where the waveform resembles a top-flattened sinusoidal
signal, have a maximum additional error within ±1%, if the
THDu is below 8%.

Current measurement errors will be larger than voltage
measurement errors because the current usually contains
much higher levels of harmonics, and the waveform can be
more unfavourable. For reasonable waveshapes the maximum
error will be less than -7/+20%. Average (and peak)
responding meters should be avoided whenever harmonics
arc present and an accurate measurement is needed.

B. Active power

The active power definition at the presence of harmonics
is:

P =i|u(t)i(lXlt=
1 T

= 1', + Pn (2)

This definition causes no problems as clccrical active
power is directly comparable with mechanical and thermal
power and no ambiguities will therefore occur. Additional
errors of active power meters will mainly be due to
limitations of (he frequency response, especially for older
analogue meters. As the level of harmonics of the current
drawn by domestic power consumers is relatively low the
active harmonic power components, Pn, arc negligible.
Therefore the additional errors also will be negligible Power
consumers as office buildings and industries can generate
more substantial harmonic power components. For very high
values of voltage THD (6%) and current THD (60%) the
maximum power contained in the harmonics is less than 4%
of the total active power. Therefore the maximum error, if no
power harmonics were measured, would also be less than 4%.
As most of the power is contained in the lower harmonics
the additional error caused by harmonics typically is less than
1%.

At higher voltage levels the magnitude of the harmonics is
lower because harmonics with different phase angles will
partially cancel each other. The additional active power error
caused by harmonics will then be well below 1%.

Thus, in most situations the active power meters capability
to measure according to the active power definition in the
presence of harmonics is sufficient. However, some have
questioned if it is advisable to measure according to the
definition [1 ]. The cunent harmonics caused by non-linear
loads do not contribute to the transferred power as there are
no corresponding harmonic voltage sources in the power
system. On the contrary, the current harmonics will cause
voltage drops in the source impedance, which results in
power losses. When spectral analysis is applied one will
discover that this power is transferred as a fundamental
frequency power to the non-linear loads and then exported
from the loads as harmonic power. Thus, most of the power
contained in the harmonics is exported from loads that
produces high amounts of current harmonics. Power
consumers with these types of loads will therefore pay less
with an energy meter capable to measure according to the
definition than if he had an energy meter only capable of
measuring the fundamental frequency power. On the other
hand, power consumers with linear loads such as asynchron
motors will be exposed to the voltage distortion caused by
nearby non-linear loads. Some of these harmonics arc of
negative-sequence type, causing a braking torque in his
motors. He will then pay for unwanted harmonic power. Both
of these situations arc contrary to the interest of the power
suppliers. To the author's knowledge, however, no energy
meter is yet designed which measure only fundamental
frequency power.

C Reactive power

There is no generally accepted reactive power definition
when harmonics arc present. However, there arc a number of
suggestions made how to define this quantity. The two most
well-known arc the Budcnau [2 ] reactive power definition:

QB = I (3)

and the reactive power definition according to Fry7.e[3]:

(4)

In the presence of harmonics the two definitions will give
different results, the difference is named distortion power
(DB) and calculated by

(5)
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With no harmonics present both these, and most other
proposed definitions, will be identical to the sinusoidal
reactive power definition:

Q = Ulsin* 16)

The major reason for the confusion about the reactive
power definition is the fact that the mathematically defined
quantity reactive power can, in sinusoidal situations, be
assigned some very useful physical properties. When
extended to the non-sinusoidal situation no definition can
maintain all these properties[4] [5] [6] . It has also been
shown that the Budenau definition, although widely
recognised, is of little use in practical situations.

If different reactive power definitions arc used the
deviation between measurements can become very large.
Consider the rather common situation on low voltage levels
with mainly electronic loads, where <t>\ is close to zero but
the current THD is high. For example: a nonlinear load with
60% current THD on a linear power system causing 6%
voltage THD. To simplify calculations and make the problem
evident we assume that the phase angles arc <£, = 0, On = n.
If calculations are made in per unit, fundamental voltage U|
= fundamental current li = 1 pu, the rms voltage will be

(7)

and, similarly, the mis current will be

(8)

and then the apparent power will be

S = U ^ I ^ = Vi +O.O62 • <J\ + 06 : = 1-17 (9)

As the fundamental phase angle is zero and all other
angles are TI, the active power will be

where R, is the total source impedance as <X>\ is assumed to
be 0. If R, is not frequency dependent it can be calculated
from the THDs as

THDu
(11)

and then the active power can be calculated:

p = l - -
THD,u

/THD,
= l-THDb.-THD, =1-0.04 = 0.96 (12)

The reactive power according to Budenau will be

QD = U,I|Sin0 * IUnInsin, (13)

and the reactive power according to Fryze will be

QF = VQD + D B = D B = Vs2 - P2 * 1/l.l72-0.962 * 0.67.

(14)

This means a difference in reactive power of > 50% of the
total apparent power due to different definitions! At higher
voltage levels the magnitudes of harmonics arc lower, and the
difference will be less, but it will still be considerable.

To avoid the whole question of harmonics and rcacti%'c
power the idea has therefore been put forward to reserve the
term reactive power for the fundamental frequency
component Qi [7 ] which results in the definition:

= U,Ilsincl>l (15)

(10)

This definition has some advantages, especially in power
flow analysis.

Many solid state meters and power analyzers use the
definition according to Fryzc. Most single phase analogue
meters measure something that does not comply with any of
these definitions. Most reactive power meters are based on
active power meters with a filter added that causes a phase
angle displacement of nJ2 for the fundamental frequency.
There are, however, no filters capable of maintaining both
the amplitude and the phase angle shift for varying
frequencies. The phase angle shift can be obtained by a time
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delay, which is easily utilised in a solid state meter. The
amplitude will then be constant but the phase shift for a
harmonic of order n will be n*rc/2 and the meter will measure

(16)

where Qn are the Budenau reactive harmonic components
Qn=UnInsinOn and Pn are the active harmonic power
components. If the filter is made to obtain a constant phase
angle shift the amplitude will be frequency dependent and the
meter will, most often, measure reactive power as

(17)

Three-phase reactive power meters often use the phase-to-
phasc voltage of two phases together with the current of the
third phase to get the desired phase angle displacement of
•nil. This results in a phase angle shift for harmonics similar
to the phase shift for the time delay filter above. For a
symmetrical load the measured quantity will then be

not measuring according to any definition in the non-
sinusoidal situation.

For other purposes such as power factor correction other
definitions may be a better choice. It is the author's opinion
that all these purposes can not be well served by any single
reactive power definition, now or in the future.

D. Apparent power

For the single-phase case the apparent power is defined by:

•'i-V^-I™ (19)

Therefore the problems of voltage and current
measurements also apply for apparent power measurements.
For an unbalanced three-phase system there are some
different definitions proposed [8]. The most commonly
utilised definition in meters, to the author's knowledge, is
also the most straightforward:

S =Si+S:+S3 (20)

(18)

The maximum deviations of these sums from QD arc in the
same range a? ihc maximum deviation of the harmonic active
power, therefore it will seldom be above a few percent. The
deviation from Qt- is on the other hand considerable, as
shown in (7) to (14), and deviations higher than 10% must
be considered.

The confusion over the definition of reactive power, and
the large differences in measurements based on different
definitions, makes it impossible to disregard the definition
problem if any measurement accuracy is to be achieved. One
possibility to solve this problem is to consider what
information is really wanted from the measurements and then
choose the measuring method accordingly. A load flow
analysis calculates the load flow of the fundamental
frequency power. Therefore the fundamental frequency
reactive power, Qt, or simply the phase angle <t>i should be
the desired quantity. For billing purposes the desired
information is the unnecessary current drawn by the load,
therefore the reactive power QF or the apparent power or
simply the rms current should be a natural choice.

For problem-solving measurements it i; most important to
know exactly what your instrument measures so you do not
get contradictory results or make the wrong decisions. Most
power analyzers measure QF, as a result large differences
could exist when comparing their results with other meters,
because of definition problems or problems caused by meters

Normally there will be no additional errors due to this
summation formula and the presence of harmonics.

/:. Miscellaneous

Some special power quantities originally developed for
active filters have been suggested to be possible to use for
other purposes [9]. They arc, however, not commonly used
outside this area and therefore disregarded in this paper.

Protective relay circuits as impedance- and differential
relays arc affected by harmonics. There arc only few papers
published on theoretical work in this arca|10]. One reason for
this is the wide variety of measurement principles used in this
field. Sometimes the problems depend on the waveform
rather than on the THD level. The matter is further
complicated by the fact that the harmonic power flow often,
although not always, has the opposite direction compared to
the fundamental power. Uncertainties of the same order as
distortion levels should be considered.

In medium and high voltage levels the frequency response
of the voltage and current instrument transformers will
contribute to the additional errors due to harmonics. The
errors of higher harmonics can be substantial but typically the
error in the total rms voltage and the total active power will
be small for reasonable THD levels. One exception of this
rule is the Capacitor Voltage Transformer (CVT). It can
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exhibit resonances causing errors for single harmonics in the
range of 100%.

IV. CONCLUSIONS

For many applications uncertainties in the order of 1 %
will be sufficient. Then, in most situations, it will be
sufficient to evaluate the errors of rms cunent and reactive
power measurements. Most important is then to check that
the instrument is measuring according the expected
definition.

However, if sub-onc-pcrcent accuracy is desired, the
additional errors due to harmonics must be evaluated for all
quantities. This is made by checking the actual harmonic
level as well as the waveforms, and then evaluating the
instrument's ability to measure under this conditions. This
evaluation can be made with considerable better accuracy
than 1% with calibration systems adopted for non-sinusoidal
situations [ 11 ] (12).
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Abstract-Signal energy analysis of transient stability volt-
age waveforms has been shown to permit the estimation of
transient stability transfer limits with high accuracy in the
case of 3—phase faults with no loss of line. Though these
results are of considerable interest, signal energy limit
determination would be of greater practical use if it were
applicable to the types of contingencies commonly used in
dynamic security limit determination. The present paper
therefore t.ctends this analysis to normal contingencies
and formally shows how transient stability transfer limits
can be estimated from two stable simulations of a contin-
gency, performed at different values of power generation or
transfer. An appropriate error analysis also shows that it
is possible to circumscribe the accuracy of the estimate.
These results hold notwithstanding the presence of many
active or nonlinear elements (i.e. generators, synchronous
condensers, SVCs, static excitation systems, etc.) in net-
works.

I. INTRODUCTION

An important objective of present research in
dynamic security analysis is to mechanize and optimize the
high —level, often iterative, expert processes performed in
the off-line system and operations planning environments
[1,2,3,4]. From a strategic perspective, the purpose of such
processes is to translate high-level power system criteria
into appropriate designs (i.e. in system planning [5]) or
operating guidelines (i.e. in operations planning [6]).
Software frameworks [7] incorporating semantic and
software generality have been found extremely useful in
mechanizing transient and long-term stability transfer
limit determination processes in the operations planning

Paper SPT PS 21- 01- 0042 accepted
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Stockholm Power Tech Conference,
Stockholm, Sweden, June 18-22,1995

environment. One particular framework, named ELISA,
was found to give extremely effective performance using
existing commercial simulation software and a simple
binary search [8]. However, in order to gravitate to the
on-line environment, more effective search strategies
need to be developed, and this in turn requires deeper
knowledge concerning a network's behaviour as it
approaches the stability limit.

A previous paper [9] has shown that the signal energy
[10] of a power system's transient RMS voltage response
acts as a barometer to define the relative severity of a
3 —phase fault with no loss of line with respect to power
generation or transfer P. The transient RMS voltage
response is defined as all variations of the RMS voltage
about the p r e - and post-contingency rest states of the
system (i.e. usually 1.0 p.u.) as, in this case, these are
identical. For a given contingency, as P is varied and the
network approaches instability, the signal energy increases
smoothly and predictably towards an asymptote which
defines the network's stability limit. This behaviour is
explained in terms of the effect of increasing power on the
damping component of the system's dominant poles,
modeled essentially as a second—order system. A simple
function is derived therefrom which estimates transfer
limits with surprising accuracy from two stable simulations.

Though these results are of considerable interest, sig-
nal energy limit determination would be of greater practi-
cal use if it were applicable to the types of contingencies
used in dynamic security limit determination. Such contin-
gencies are called normal contingencies, and are usually
defined as the loss of any element in a power system either
spontaneously or preceded by a fault [5,12]. The present
paper therefore extends this analysis to normal contingen-
cies and formally shows how transient stability transfer lim-
its can be estimated from two stable simulations of a contin-
gency, performed at different values of power generation
or transfer. An appropriate error analysis also shows that it
is possible to circumscribe the accuracy of the estimate. As
before [9], these results hold notwithstanding the presence
of many active or nonlinear elements (i.e. generators, syn-
chronous condensers, SVCs, static excitation systems, etc.)
in networks.
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II. NORMAL CONTINGENCIES, TRANSFER LIMITS
AND SECURITY LIMITS

III. SIGNAL ENERGY LIMIT DETERMINATION

FOR NORMAL CONTINGENCIES

Two types of contingencies are used in power system
dynamic security analysis [5]: normal contingencies and
extreme contingencies. Normal contingencies are consid-
ered probable scenarios of unexpected events and are usu-
ally defined as the loss of any major power system compo-
nent (i.e. transmission line, transformer, etc.), either spon-
taneously or preceded by a fault: this is frequently known
as t h e N - i criterion [13]. The security limits which circum-
scribe a power system's operation are obtained on the basis
of the system's response to normal contingencies. Extreme
contingencies are defined as multiple incidents or unex-
pected events which occur in cascade: these are simulated
(and their consequences studied) in order to define operat-
ing strategies and specify the technologies which will limit
the negative effect of such events on power systems [12], in
particular, to avoid system-wide shutdowns. Though
extreme contingencies are not used to find security limits,
their study gives depth to a utility's security strategy.

From an operations perspective, security limits are
the first line of defense of a power system in the face of
unexpected events: power systems are designed and oper-
ated in such a way as to be capable of withstanding a normal
contingency at any location, without interruption of service
to any customers. Current industry practice for determin-
ing dynamic security limits in a transient-stability-lim-
ited transmission corridor can essentially be summarized as
follows [6]: operations planners perform off—line network
simulationsof some pre-determined contingency on a val-
idated power system model using commercial transient sta-
bility software. The results are analysed on the basis of
voltage, frequency or power transfer criteria following the
contingency [12], A transient stability transfer limit is
obtained by performing many such simulations (i.e. each
one at different values of power transfer in the corridor)
and retaining the highest one consistent with the criteria.
The location of the contingency is then changed within the
same corridor, and a new transfer limit is found. After a
number of such limits have been found along the corridor,
the lowest one is taken to be the dynamic security limit. In a
voltage-stability-limited system, the same process
applies except that long-term stability simulations are
performed. Of course, other methods can also be used to
establish voltage stability limits [11,14].

Utilities occasionally extend the definition of normal
contingencies to cover system—specific conditions which
might include HVDC transmission or back-to-back
interconnections [12]. However, this is the exception
rather than the rule. As the 3-phase fault/N-i, criterion
usually results in a system design "capable of coping with a
... wider range of adverse events" [13] and is used exten-
sively in dynamic security analysis, this paper will consider a
normal contingency as a 3-phase fault followed by the loss
of an EHV transmission line.

A. Rest State and Transient Response

An important element in obtaining a power system's
transient voltage response is the determination of an
appropriate rest state. In the case of normal contingencies,
the changes brought upon network topology due to the
necessity of clearing a fault will normally impact the post-
contingency steady-state voltage at numerous locations.
The pre-contingency steady-state voltage can therefore
no longer be considered as the "correct" rest state as the
network has necessarily redefined its rest state. From the
perspective of the post-contingency network, the initial
steady state therefore appears as a disturbance-depen-
dent, non-zero initial condition.

A good approximation of the post—contingency
steady-state voltage can be obtained either through an
appropriate post-contingency power-flow analysis [14]
or by means of a lengthy transient stability simulation.
Having obtained this value, the network transient response
r,j(t, P) for a contingency occurring at location i and viewed
from some arbitrary monitoring location; can therefore be
defined as:

njO, P) = vijO, P) - Vij(P) (l)

where v,y(7, P) is the time-dependent RMS voltage in p.u.
at the monitoring location, resulting from a transient stabil-
ity simulation, and Vjj(Pj) is the RMS post-contingency
steady—state voltage in p.u. at the same location.

B. A Signal Energy Model For Normal Contingencies

In [9], a highly effective signal energy model for esti-
mating transfer limits was derived by approximating a
power system's response to a three—phase fault (i.e. with
no loss of line) as a second-order dominant pole system:

P) = (2)
-Pij*)

where/fy-fta», P) is assumed to be the frequency spectrum of
the power system's transient response at a given value of
power transfer P for a fault at location i monitored at loca-
tion/. In the time domain, this is equivalent to modelling
said response as a damped sinusoid:

rtj(t, P) = (Kijloiij) exp(-Oijt) sinfajjt) (3)

where r,j(t, F) is obtained by taking the inverse Fourier
transform of (2). As stated above, p r e - and post-contin-
gency steady state voltages cannot be assumed equal when
treating normal contingencies, and the voltage response
must include an initial condition with some corresponding
decay. Approximating this as exponential decay, (3) is
modified to include a second term, as follows:
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r,j(t, P) =

where

-oujt) sin(u)njt) + A2ij

Ar,j = Kjy/wjy

(4)

(5)

In terms of the previous frequency-domain analysis [9],
this corresponds to adding a third (real) pole to the original
two-pole model. As the signal energy Eij(P) of r,j(t, P) is
given by [10]:

oo

—oo
= ; n,(t, P)2 dt

the substitution of (4) into (6) yields the following:

where
Eij = E]ij + E2jj + E]2,j

(i)jij2Ajjj2

4 alij j 2 +

E2ij =
2 o2ij

(6)

(7)

(8)

(9)

(10)

The first term, £;y-, is the signal energy of the damped
sinusoid term. Apart from a change in notation, this is the
result obtained previously [9,11]. The second term, E2ij, is
the signal energy of the exponentially decaying component.
The last term, E]2ij, is the integral of the product of the two
terms of (4).

It can be observed empirically that the swing of the
transient voltage response increases in amplitude with
increasing pre-contingency power P. It is therefore rea-
sonable to approximate the dominant pole damping com-
ponents <7;,y and O2ij as polynomial functions in P. For sim-
plicity, the following first order approximations are
assumed valid near the transfer limit L,-:

ojij = kjjj (Li — P)

„.., — /.,.. IT . n\

U2ij ~- "•2ti \ *-*i ' /

Substituting (11) and (12) into (8) to (10),

B,;;

Eiij(P) =

E2ij(P) =

El2ij(P) =

(Li - P)[(Li - P)2 + B2ij]

(Li -P)

(12)

(13)

(14)

(15)

]i)2Aj:;2

10]»-

Avj2

2k2iJ

Wy,j2

k2ij)
2

(16)

(17)

(18)

(19)

(20)

C. Limit Determination

In order to use (13) to (15) for estimating transfer lim-
its, six unknowns (i.e. the five B^j coefficients and L,) must
be determined from six stable simulations, and a system of
nonlinear equations must be solved. Such an approach is
clearly uncompetitive with a simple binary search which
gives, on average, a satisfactory result within 4 to 6 stable
and unstable simulations [8,11]. Let us therefore examine
these equations more closely. Near the limit, P - Lj -+ 0,
and

Eiij + E2ij - » ~ (21)
while

Ej2jj -+ constant (22)
hence

Enj + E2ij »E12ij (23)

Consequently, it can be assumed that, near the limit, the
signal energy (7) is approximated by:

+ Er,j
or

JhiL

(24)

(25)
(Li-P) [(P - Li)2 + B2ij]

Considering (25) further, as P - Li -> 0, Etj reduces to:

or,

i. + B3ij ] (26)

(27)

where the B^j coefficients are formally defined as follows:

which is identical to the signal energy relation for a network
reacting to 3—phase faults with no loss of line. As only two
unknowns are present in this relation (i.e. Q,y and the
transfer limit JL,), these can be estimated in the following
way (i.e. for a normal contingency applied at location / and
monitored at location;'):

a) two stable transient stability simulations of the same
contingency are obtained for two different values of
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£,j (p.u.2-s*10-*)

6-cyc/e, 3-phase fault
with loss of line at:
© Chamouchouane
0 LeMoyne
© Némiscau

signal energy points
determined by simulation

-16 - M -12 -10 -a -6 —t -2

TABLE 1

Comparison of Estimated and True' Stability Limits For
6 -cycle 3-phase Faults With Loss of Une Using

Fig. 1. Behaviour of signal energy as a function of the
combined generation of LG 2, 3 and 4 (P). P is
given relative to the limit-search starting case (0
MW) corresponding to 8830 MW. For 6-cycle,
3-phase faults with loss of line.

power transfer/3: these are the vyft, P) waveforms;
b) the post-contingency voltage Vjj(P) for each case is

determined, either by performing a post-contin-
gency load flow or by lengthening the transient stabil-
ity simulation;

c) the transient response r,j(t, P) is obtained for each of
the two values of power transfer using (1);

d) the signal energyEij(P) is computed foreach transient
response r,j(t, P) using (6);

e) the two values of Ejj(P) and P are substituted in (27) to
yield two equations which are solved for the limit £,-.

IV TEST RESULTS

A. Tliree- Phase Faults With Loss of Line

Fig. 1 shows the behaviour of the RMS voltage signal
energy as a function of pre-contingency power P for
6-cycie, 3-phase faults followed by the loss of a Jine at dif-

Fault
Location

LG2
Le Moyne
Némiscau
AJbanel
Abitibi
Chibougamau
Chamouch.
La Vérendrye
Churchill Falls

Points2

(p.u.)

.8602

.8920

.9293

.9293

.9117

.9056

.9293

.8382

.8976

.9792

.9661

.9936

.9807

.9874

.9787

.9942

.9635

.9721

[P)= -£m-
(U-P)

Estimated3

Limit
(MW)

8339
7990
7760
7703
7867
8102
8685

10010
7845

True'
Limit
(MW)

8405
8105
7780
7780
7930
8205
8680
9580
8055

\Error\*

(%)

0.79
1.42
0.26
0.99
0.79
1.26
0.06
4.49
2.61

dEl
AP1

344
273

2210
733
899
497

2438
169
350

' Limit obtained by simulation: within 25 MW
2 Points used to estimate limit (i. e. in p. u. of true limit)
3 Limit estimated using the indicated two points and (27)
4 % error in limit estimate obtained from using (27)

ferent locations on the 1991 Hydro-Quebec power system.
The power system and transient stability simulation soft-
ware are described in the Appendix. In all cases, the signal
energy is calculated from time—dependent p.u. RMS volt-
age waveform» obtained at the Duvernay monitoring loca-
tion (Fig. 2).

Fig. 1 clearly illustrates the signal energy's asymptotic
approach to the transfer limit for each contingency loca-
tion, as in the case of 3—phase faults with no change in
topology [9]. Contrary to [9], these results are not normal-
ized. The curves are generated by computing the constants
in (27) using the two points identified in Table 1 for each
corresponding location, and then plotting the respective
functions. Table 1 also quantifies the error in each limit
estimate: in this respect, it is useful to note that, at Hydro-
Quebec, limits are found within 100 MW, which roughly
corresponds to 1% error in the James Bay transmission sys-
tem.

As can be seen, (27) provides a good fit for the Cha-
mouchouane and Némiscau contingencies. In these cases,
one point is quite close to the limit and the farthest point is
less than 10% away. The curve for the fault at Le Moyne
coincides less with the points obtained by simulation: this is
corroborated by the higher error obtained in the limit esti-
mate. In general, the results of Table 1 show that the pro-
posed signal energy model gives surprisingly good limit
estimates despite its simplicity. However, Table 1 also indi-
cates that there are certain limits to its capacity to give an
accurate limit estimate. For (27) to be more generally use-
ful, it is clearly necessary to quantify the conditions under
which it will yield an acceptable limit value.

B. Region of Validity of Signal Energy Model

The key to determining the region of validity of (27) is
to find some pattern in the error column of Table 1. Let us
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address this first by rewriting (27) as follows:

Li (1 -

(28)

Since the power term in the denominator is now in per unit
with respect to the stability limit,

P' =
(28) can be rewritten as:

(29)

(30)

where a quantity which we shall call per unit signal energy' E'
is defined as follows:

E'(P') =

a - n
(31)

The per unit signal energy £ ' is seen to depend only on
per-unit power P' (i.e. with respect to the transfer limit
L,). Consequently, the results of Table 1 can be analyzed in
terms of a quantity which is independent of contingency and
monitoring locations. If the errors in the limit estimates of
Table 1 are now characterized in terms of the per unit signal
energy slope with respect to per unit power for every set of
points (i.e. AE'IAP'), it is seen that less than 1.3% error
results in limit estimates on the Hydro—Quebec system
provided that:

d£l > 500 (32)
AP'

V. CONCLUSION

The present paper shows how signal energy transfer
limit determination, introduced in a previous paper for a
simple contingency (i.e. a 3-phase fault with no loss of
line), can be extended to normal contingencies through the
appropriate definition of a post-contingency transient
RMS voltage response. In particular, it is shown formally
that the same limit—estimating relation derived for
3—phase faults with no loss of line also holds for normal
contingencies. The sample limit estimates presented in this
paper based on simulations performed on a validated
model of the 1991 Hydro-Quebec power system show that
this model can give high accuracy results. The error analy-
sis of these results indicates that the limit calculation accu-
racy is dependent only on the slope of a quantity called
per—unit signal energy with respect to per—unit power
(where power is expressed in p.u. of the limit): if this slope
exceeds a certain threshold value, the limit is determined
with high accuracy whereas if the slope is less that this
value, at least one additional simulation is required to find
the limitwithin the desired accuracy. A threshold value was

JAMES BAY TRANSMISSION CORRIDOR

' RADISSON

CHURCHILL FALLS

ONTAGNAIS

ARNAUD

WANICOUAGAN

CHiTEAUGUAY'f HERTEL

NYPA
DesCANTONS

NEPOOL

Fig. 2. Hydro-Quebec's 735 kV transmission system.

found based on results obtained from the Hydro-Quebec
system, though this value may be system-dependent.

In practical terms, the objective of this research is to
contribute to accelerating existing transfer limit search
strategies. Using the proposed signal energy model to cal-
culate a transfer limit from two transient stability simula-
tions and per-unit signal energy slope to estimate the
accuracy of any given limit calculation, il would appear pos-
sible to build a limit search strategy which will yield high-
accuracy limit estimates from few simulations. This aspect
is presently under study and results will be presented in a
future paper.
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VII. APPENDIX: THE HYDRO-QUEBEC POWER SYSTEM

Fig. 2 shows the Hydro-Quebec 735 kV transmission
system used to validate the signal energy model presented
in this paper. This network consists of some 55 power sta-
tions representing a generating capacity of approximately
30 000 MW, 95% of which is hydro-based. The system in-
cludes many voltage levels ranging from 13.8 to 735 kV, and
is highly radial as two—thirds of the total generation is lo-
cated more than 800 km from the main load centres.
Because of this, the 735 kV grid consists of more than
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10,000 km of lines.
The transient stability simulations were made on a

validated model of the 1091 Hydro-Quebec system (700
buses, 1000 lines, including active, non-linear voltage-
support elements such as SVCs, synchronous condensers,
static excitation systems, power system stabilfeers, etc.)
used by operations planners for transient stability transfer
limit determination. As is often the case in operations
planning, the full network is rarely available and one must
consider some degraded network configuration. Hence, as
in [9], the degraded network consisted of taking out 2 SVCs
at Némiscau, a line between LG2 and Chénier, and an
additional line section between Micoua and Saguenay
switching stations.

The RP600 and ST600 commercial power flow and
transient/long-term stability software are driven by the
ELISA dynamic security analysis framework [8] to deter-
mine the transfer limits with which the signal energy limit
estimates were compared. All ELISA transfer limits were
found within 25 MW
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APPLICATION OF NEURAL NETWORKS IN TRANSIENT
STABILITY SECURITY ASSESSMENT
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Abstract: In this paper application of pattern recognition,
energy function, catastrophe theory and expert system are
reviewed meanwhile studying of previous Transient
Stability (TS) studies.
With application of perceptron neural network in a sample

power system is tried to calculate a stability Index and its
sensitivity list with respect to active and reactive loads.

In this manner, different experiments on assembly,
learning, number and type of inputs of neural network are
investigated, therefore the best recommendations for
learning and momentum rate, number of layers, nodes and
inputs are being presented.

Keywords: Artificial Neural Network(s), Transient Stability,
Perceptron, Stability Index

I. Introduction

The study of power system is shared into two portions
of Design and Operation. Attending to a secure system
is essential aim of these two parts.

Stability study is one of the important notices for
security determination of operating points. It is parti-
tioned to static and dynamic stability study. Static
stability searches for a secure point which does not
violate limits after one or some disturbances, but does
not show something about the track of approaching to
this point. This study is processed during

Paper SPT PS 21- 02- 0043 accepted
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design and operation. Since it is such as important that
a secure system degrades with the number of distur-
bances in which sequence it will be statically stable. It is
to be noted that the models which are used in DC load
flow studies are applied in this study.

Dynamic stability itself is shared to dynamic and
transient parts. In the first part, a connection track from
the first stable point to the end, in the consequence of
small disturbances is appreciated.

These disturbances are contained as connecting or
disconnecting small loads or a small disturbances in the
AVR settings. In the second part, that track is searched
for large disturbances, like as short circuit, energizing
and deenergizing of high power transmission lines, or
generators.

Because of the model used in TS study are simpler and
its simulation time is shorter than dynamic stability, this
study is such important that for a transient unstable
system need not to study of dynamic stability. Economi-
cal generation is so important for system operating point
that small probable disturbances do not considerably
change it.

TS study results, as probability of large disturbances is
small, can not effectively apply in control centers. When
this probability is increased, i.e., in stormy weather,
thunder or high moisture, results will be effectiveness.
Until now, different methods are used in TS study.
Primary method is numerical computation of differential
equations. After system simulation, these differential
equations are formed in state space equations, and with
initial conditions had calculated in load flow studies of
prefault system, conventional computation is done.
Some of these methods are Euler, modified Euler,
trapezoidal and etc.

Analytic method for this study is possible only for two
generators connected with a transmission line and
simple modeling of generator and line. This method is
celebrated as "Equal Area Criteria". Other methods are
used in TS studies are nominated as direct methods [1].
One of them is Lyapanov stability.

First application of second Lyapanov theorem in TS is
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observed in 1960. In this method, an energy function is
defined for a generator or a class of generators and
maximum of it, if the system can approach a stable
point after the last change, is named critical energy.

Complexity of this method is time consuming calcula-
tion and conservative error, so that calculated critical
clearing time (CCT) is less than real CCT.

After that in 1970, pattern recognition in TS is applied.
In this method a state discriminant function which is
defined [17-19] can be used for on-line application.
Discriminant function outputs adequate class of the
state. More outputs suggest more classes.

In this paper, at first some of other methods those,
have been used in TS are explained. Then there is a
description about artificial neural networks, and afterfore
a numerical example will represent application of it in TS
study.

II. Transient Stability methods

Beside of numerical method, other methods such as
energy function, pattern recognition, catastrophe theory
and expert system are used for TS analysis. These
methods have been proposed in this literature.

A. Energy Function

In about 1960, Lyapanov's direct method has been
attracting much attention of researchers. This criteria is
based on the construction of an energy function for
determining the domain of attraction around a postfault
stable point [1]. After computation of unstable equilib-
rium points (UEP), a point whose energy function is
minimum, means a critical UEP.

Now, if there is a point with energy function (EF) lower
than EF of critical UEP, we can conclude that it is a
stable point. The criterion is a sufficient one. Therefore,
if the operating point is outside the estimated region, it
cannot say anything about the stability or instability of it,
and it is a disadvantage.

B. Pattern Recognition

Pattern recognition method for TS analysis is based on
definition of a pattern vector (x) whose components are
figures of the state of power system and then a classifier
makes a decision for TS[2 - 4].

State calculation is contained of region of stability and
instability. At first features are selected from measuring
parameters, such as active and reactive powers of
loads, generations or transmissions, angles and
amplitudes of bus voltages, mechanical input power of
turbines or like these. This part is named as feature
extractor. Then a classifier is calculated from the past

measured patterns and outputs [6,7]. Linear, minimum
distance, nearest neighbor and bayes are different types
of classifiers. In some researches kinetic energy of
generators at constant time after fault is used as
features.

Ability of this method in considering the complete
models for power system elements and fast response of
it is its powerfulness.

C. Catastrophe Theory

Catastrophe theory is concerned with discontinuities, it
defines the region of continuity of a system by bifurca-
tion analysis [5].

Given a continuous function that represents the power
system dynamic.

Catastrophe theory shows that the number of qualita-
tively different configurations of discontinuities that can
occur depends upon the number of control variables
and not upon the number of state variables [10,11].

It is noted that if we have the space of control variables
such as generation powers and/or load powers, which
after some specified disturbances, system will be stable:
1) Position of operating point inner or outer of this

space represents stability or instability of power
system.
2) Distance of operating point from boundary of this

space represents a continuous stability index.
3) Sensitivity of stability index with respect to control

variables calculates direction and amplitude of
variable difference effects on stability index for
preventive control.

D. Expert System

TS study can be partitioned to these parts:
1. Study Organization
2. Time Simulation
3. Output Analysis
4. Problem cause
5. Specify tests
6. Remedial measures

In the first part scope of the study is defined, compo-
nent models and data are validated and type and
position of fault is identified. Then in the second part a
conventional method is used for system equation. In the
4th part cause of fault like as opening a line or generator
is forecasted. Now in the 5th part from these analyses,
new faults or contingencies can be described. In the 6th
part, it is possible to suggest modification of power
system to improve the dynamic performance. Except the
2nd part, another portions of TS study can be substitute
by expert systems.
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III. Artificial Neural Networks (ANN) [13-15]

Mathematical model of a neuron is indicated in Fig.1. x,
to x,, are inputs, f(-) can be a function such as hard-
limiter, linear with saturation, sigmoid or any otherthings.
An ANN is constructed from connection of neurons.
Inputs of a neuron can be outputs of anthers or itself.
Hoppfield, Hamming, Kohonen and Perceptron are

different types of ANN. Hoppfield network for constraints
in amplitude of its inputs is used in procedure of causal
and analog network[6].

Figure .Neuron Model

Disadvantage of it is that maximum trainable patterns of
it are 15% of nodes.

Hamming network is used for binary data inputs.
Kohonen network has unsupervised learning so desired
outputs of a pattern are not important in training of it.

Kohonen network maps a N dimensional space to a
two dimensional node space.

Inputs and outputs of a perceptron network can be
binary or continuous number. Perceptron is partitioned
to single layer and multi-layer. Single layer perceptron is
learned with or without iterative methods. Fig.2 repre-
sents figure of a one hidden layer feedforward percep-
tron, with one output and two nodes in hidden layer.

^ ' j * ij/t-r

Figure 2. Multi-Layer Perceptron

If the function of nodes in multi-layer perceptron is
linear, it can be substitute with a one layer network.

Kolmogrov's theorem [13] as the most important
theorem about multi-layer perceptron defines 2N + 1
nodes in hidden layer for N input networks, but does not

denotes anything about learning algorithm or nodes'
function.
In this paper, three types of error for learning are
defined :

- ypk?

Type 2)

Type 3)

ES-

£.iT7 \-{yPk-yPK)

(2)

(3)

P : Number of learning patterns
y'pk: k-th desired output of p-th patterns
ypk : k-th network output of p-th pattern

Type one error is related to all patterns, but type two
error is defined for only one learning pattern. Type one
error computation is time consumer than type two of it.
If gradient descent technique is used for learning, weight
differences are calculated from (4):

(4)

wN is weight between i-th and j-th nodes, q is named as
learning rate. If A ŵ  is defined as difference for w,, of p-
th pattern then it is calculated from (5) :

where for output layer:

(5)

(6)

and for hidden layer:

6prf(netp).5l/%/ (?)

6pi for any layer is calculated from 6pk 's of higher
layers. For this criteria, this learning is famous to error
backpropagation. For type one error:

(8)

Threshold of a node function is represented as a weight
of constant input equal to one connected to node.

Because of slow learning after some iteration of
learning, a percent of the last weight change is added to
(4):

(9)
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Aw^n) means weight difference in n-th iteration, a is

named as momentum rate.

About the number of hidden layers, in 1988, Cybenko

described two hidden layers sufficient, but after one year

he proved one hidden layer is sufficient for continious

function fitting. In anotherwhere adding inputs like as

sin(x), cos(x), x2, x3, ... or x itself is said to do act better

and faster training [14]. (x is input vector)

IV. Application of ANN in TS study

ANN has used in some studies before[17-19]. In some

of them CCT as important stability index has been

calculated. In this paper, with some off-line studies,

information for ANN learning has gained, and then a

good structure has been selected. A nine bus power

system(Fig.3) is used as a test system. Loads are

represented with mean(/u ) and standard deviation (o2).

»ABC [1-25 0.9 1.5] (pi), (10)

N

tot1k

NGK " ° ' " °

. Number of generators

CCT for k-th bus

Clearing time for k-th bus

Load C

(13)

T\
.'. 3

0.015 0.01] (11)

Costs of generation are calculated from some second

order polynomials:

Cost AP2-B.P>C (12)

Generator, line and transformer specifications are

represented in tables 1 to 3.

In the first step 100 active power operating points for

loads f rom these \i and a2 with guassian distributions

are calculated, then these points are ordered near

assumed daily curves.

After that with given power factor daily curves , their

reactive powers are calculated. Now with neglect of

transmission loss, power generation of generators,

except that reference bus generator(Geni) is computed

from an economic dispatch.

This optimization was done with MATLABfOPTIM

TOOLBOX) software. Then load flow and TS studies

were done. Voltages of generator buses are constant

and equal to 1.025 per unit. Fault is symmetrical three

phase short circuit on generator bus and removing of it

after a constant t ime without any change in the

configurat ion.

With try and error method CCT's of generator buses are

calculated. Dynamic model of generator is quadrature

reactance behind the constant voltage source. Clearing

time at bus one is 0.36 second, and in bus two is 0.33

second.

Now a new stability index (SI) is defined for TS security

assessment in power system:

Figure 3. Test System

Gen. No. 1

Rated Power 160

Rated Volt.

Type

Speed

Xd

H

cost | A

param-]B

eters |C

Max. Gen.

Min. Gen.

First

Bus

2

3

1

15.0

Steam

3600

0.245

4.6618

0.745

0.503

74.6

175

100

Table

Second

Bus

7

9

4

2 3

147.1 100

15.5 13.8

Steam Steam

3600 3600

0.299 0.22

3.447 6.2313

0.793 0.773

0.489 0.456

76.5 77.3

150 100

70 50

Unit

MVA

KV

rev./min.

p.u.

sec.

100S/(mW)3h

$/(MW)2h

S/MW.h

MW

MW

1. Generator Data

Resis- XM Trans. Rated

tance Ratio Power

(p.u.) (KVA)

0 0.0576 15/230 200

0 0.0625 15.

0 0.0586 13.

.5/230 150

,8/230 1000

Table 2. Transformer Data
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Sending Ending Resis- React- Sucept
Line . Line tance(Q) ance(Q) ance(ö)

7
S
9
6
4
5

8
9
6
4
5
7

4.4965
6.2591
20.631
8.993
5.29
6.928

38.08
53.323
89.93
48.668
44.965
85.169

Table 3. Line Data

0.1408
0.103
0.1493
0.1493
0.1662
0.1002

Because of CCT of bus three is greater than 0.9 sec.
and breakers can certainly remove it before this time it
is not considered in SI calculation,
x = [p2

 p
3

 ps p
8

 pe Qs Qa Qal i s i n P u t vector of ANN and
related SI is its output.

Now with some experiments on error type, momentum
rate, learning rate, number of hidden layers and number
of nodes in hidden layers are selected. These are some
conclusion of them :

1) Output range of 0.1-0.9 is better than 0.3-0.7
2) Learning with error type two oscillates slowly in

order of learning patterns, and error type three
highly oscillate, so type one has been selected.

3) One hidden layer with three nodes is a benefit
structure.

4) Large learning rate and momentum rate will have
oscillation, so they have been selected equal to
0.1.

At the end of training with 85 learning patterns and 15
test patterns we have had 0.1% error for first set and
0.15% error for second patterns, and with starting of the
weights of the last learned ANN, this pattern has been
learned in three minutes. An input vector Y=[x sin(x)
cos(x)] with 24 inputs also has faster learning, but test
error will not be less than test error of ANN with x input
vector. If an ANN(with SI output) represents dynamic of
the power system as well, then with calculation of
sensitivity of output to inputs operator can do a
preventive control for growing SI.

V. Conclusion

A stability index independent of fault position was
introduced, and an ANN fastly calculated it. Inputs of
ANN have collected from SCADA and with sensitivity
calculation of SI with respect to inputs of SI, preventive
control can be applied.

[4]

[5]

[6]

[7]
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Abstract—Complete analysis of steady state se-
curity of a power system is an impossible task,
even for medium-size power systems, due to the
associated computational burden.

This paper develops an approach to the problem
using fuzzy nearest prototype classifiers. The
hase method has an off-line training phase, used
to design fast classifiers for on-line purposes, al-
lowing more than the two traditional security
classes. A new operating point receives a fuzzy
classification such as 0.8/Secure + 0.2/Vcry
Secure, in a hypothetical three classes environ-
ment {Insecure. Secure, Very Secure}.

A global procedure for the contingency analysis-
is presented that produces a battery of fuzzy clas-
sifiers, covering the required number of contin-
gencies, for a specific configuration of the
network. Another issue is the automatic selection
of the most appropriate number of clusters for a
selected contingency. Development on a natural
language labelling is also presented, based on the
use of linguistic modifiers to produce standardized
sentences about the security level of the system.

The paper is completed by an illustration exam-
ple, applied on a realistic model of the Hellenic
Interconnected power system.

I. INTRODUCTION

Complete analysis of steady state security of a power
system would require multiple power flows for all credible
outages of the elements of the system, at frequent intervals
of time, which is an impossible task, even for medium-size
power systems, due to the associated computational burden.

The general approach adopted to overcome this difficulty
is based on the decomposition of the analysis into contin-
gency definition, selection and evaluation [1]. Separate ana-
lysis is then performed for each sub-task individually, em-
ploying different degrees of modeling detail. Nevertheless,

Paper SPT PS 21- 03- 0450 accepted
for presentation at the IEEE/KTH
Stockholm Pov/er Tech Conference,
Stockholm, Sweden, June 18-22,1995

'^Electric Power Systems Laboratory. NTUA
42 Patission str. - I06S2 Athens. GREECE

the drastic decrease in the computational burden achieved
may not be sufficient for on-line purposes, or may require
an excessive level of simplification in the models, namely
in the contingency selection task.

Characterization of emergency operating conditions, i.e.
states of the power system where overload or voltage limits
violations may occur, is usually evaluated using security
indices [ 1 ] such as

where V, is the voltage magnitude at load bus /', Vn, is
the overvoltage or undervoltage limit at load busbar /, w, is
a weighting factor and nl is the number of load busbars.
Weighting exponent m aims at reducing masking effects.

A security index related to overload may also be used. A
possible choice is

"b

where S t is branch k load, Snk is the overload limit, Xk

is a weighting factor and nb is the number of branches.
Classification of a given post-contingency state results

from the comparison of the security indices' values with
utility defined thresholds, leading to a secure/insecure crisp
classification.

Recently, application of Expert System, Pattern
Recognition and Neural Networks methodologies to the se-
curity assessment problem, namely contingency selection,
has been growing [I]-[IO). Generally, these methods have
an off-line training phase, used to design fast classifiers for
on-line security assessment. In a recent paper [ 11 ] a fast fu-
zzy classifier and a natural language labeling scheme were
outlined.

In the present paper, the mentioned fuzzy approach is de-
veloped and enhanced, in order to constitute a complete ope-
rational procedure for on-line steady state security analysis.
In the former work, only one contingency was studied at a
lime, as the aim was mainly to evaluate the interest and
applicability of the new approach. This paper presents a
global procedure for the contingency analysis for a specific
configuration of the network. Once designed, the fuzzy
classifiers permit a rapid on-line assessment of a given load
and generation situation.

Another main issue is the implementation of an automa-
tic decision procedure in the training phase, capable of se-
lecting the most appropriate number of clusters for a selec-
ted contingency. Some development on the natural lan-
guage labelling is also presented, based on the use of lin-

6 3 5



euistit: modifiers to produce standardized sentences about
the security level of the system.

The paper is completed by an extensive illustration
example, applied on a realistic model of the Hellenic
Interconnected power system. Results are commented, and
pcitoimaiwe of the classification scheme is discussed.

II. BASIC FUZZY CLASSIFICATION SCHEME

Development of the fuzzy nearest prototype classifier
used in this approach follows the general scheme of pattern
recognition classification methods. First, a great number of
representative operating points is generated off-line and
classified. "Inexpensive" (regarding computation) discrimi-
nating attributes are then selected and used to design the
classifier. On-line classification avoids heavy calculations
by using only simple rules based on these attributes.

A. Training set generation

This is the most classical phase of the process. Each
training set relates to one specific contingency and must
have a significant number of points (both secure and inse-
cure ones). Two other main concerns are: assuring diversity
o( load levels and operating situations, and adopting typical
utility procedures.

The output of this phase is a set of operating points,
classified according to the utility rules. Each operating
point K characterized by a number of pre-conlingency attri-
butes, such as load level, voltages in PV buses and active
generations, usually available in the SCADA. These are the
inexpensive attributes, as no additional calculations are nee-
ded to obtain them.

On the contrary, reference classification using security
indices requires, for each point, the resolution of a complete
power flow in the post-contingency situation. Obtaining
these "expensive" attributes constitutes the main burden of
this off-line phase.

II Feature selection

In this phase, traditional measures of separability can be
used, alone or combined with testing experiences with the
classifier. We have obtained good results with the well-
known separability measure F, defined by:

\mk(S)-mLU)\
(3)

where mtfS) and mk(l) are the mean values of variable k
in the Secure and Insecure classes, respectively, and GjS)
and oL(l) are the corresponding standard deviations. In prin-
ciple, variables with greater F have more discriminating
power, and are chosen as relevant attributes. Although eli-
mination of highly correlated variables is common in gene-
ral applications, our experience says that, in this case, it is
not always a good idea.

The procedure described below uses the F measure and

correlation information (only to avoid data repetitions), but
final selection of the attributes is related to their perfor-
mance in the security problem.

a) Calculate the F value for each variable, using (3*-

b) Calculate correlations between variables with greater F
values. For each set of completely correlated variables, eli-
minate all but one:

d) Use a forward selection technique on the remaining va-
riables, by order of their F value, to select the relevant at-
tributes. The performance criterion is the adequacy index de-
fined in the next section by (10).

C. Classifier design

Once the attributes are defined, a fuzzy clustering algori-
thm is performed, trying to identify classes in the training
set, without using security information. In this sense, it is
an unsupervised process, although class labelling and fea-
ture selection both use that information.

Fuzzy clustering is the process of obtaining a fuzzy par-
tition of a given set of n objects in a number c of classes.
Each object xk has a degree of membership n:i to each class
/. The following conditions apply:

0<ulk < I i = l . . c k = l . . n

0-

(4)

(5)

(6)
k=l

Note that, in general, an object will "belong" to more
than one class, with intensities determined by the mem-
bership values. This allows a more flexible classification
scheme, as will be seen in the next sub-section. In the crisp
case, (4) is replaced by ulke {0,1}, meaning that each point
belongs to one and only one cluster.

Best results so far were obtained with the Bezdek's fuzzy
c-means algorithm [12], also known as fuzzy ISODATA
algorithm, using the Euclidean norm. Experiences with
diagonal or Mahalanobis distances and with other fuzzy
clustering algorithms, such as Gustafsson and Kessel's
[13], lead to worse results.

The algorithm uses iteratively expressions for the proto-
types (or clusters centres) VJ (7) and degrees of membership

«,* (8):

k=l k=l

(7)

(8a)
; = /

or
uik=\ and ujk = 0 alljVk ,\(d,k=0 (8b)

where »is[l,«>) is an weighting exponent and (diL)2 is the
square distance from xk to the prototype of cluster k. Once
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fixed c and m. and starting values for every uik, the algori-
thm proceeds, using expressions (7) and (8) iteratively until
membership values stabilize.

An important issue is that the value c of the number of
classes must be fixed in advance. Interesting values for se-
curity assessment purposes are in the range c=2 to 5, but
only one value may be used in the classifier. Decision
about the most suitable number of classes may be suppor-
ted by validity indices, such as the partition coefficient S,
defined as follows:

(9)

S increases from 1/c to / when the partition becomes
more separated, but no threshold exists for validity. High
values of S are preferred, though monotonicity favouring
low values of c must be taken into account. So, if we have
S(c + I)>S(c). this means that partition in c+l classes is
preferred to c classes.

On the other hand, some testing on the adequacy of the
classes to represent the reference classification of the trai-
ning set points should also be used. A simple test on this
has the following steps:

a) Assign each point in the training set to the cluster to
which it has the greatest degree of membership;

b) Label each cluster as "secure" or "insecure" according
to the majority of its points reference classificntion;

c) Count the "misclassified" points /!„„., i.e.. secure
points in insecure clusters and vice-versa. Divide the result
for the total number of points to obtain an adequacy index:

a= I- "mc
n

(10)

We emphasize that this is only an auxiliary test for se-
lecting the best number of classes, not comparable to tradi-
tional tests in pattern recognition practice. In fact, the bene-
fit of considering partitioned membership and more than
two classes includes the possibility of having intermediate
classes of critical points that are close to limits. Standard
error calculations in those cases would lead obviously to er-
roneous conclusions about the real performance of the clas-
sification.

In order to choose the number of classes, we propose the
following procedure:

a) Perform the clustering for c=2 to 5. In each case, cal-
culate the value of 5 using (7);

b) If, for a given c, there are partitions c'>c with
S(c')>S(c)> discard the partition in c classes;

c) For the remaining values of c, calculate the adequacy
index (10). Choose the partition that corresponds to the
best index.

Once obtained the final partition, the values of the clus-
ter prototypes vit /=/..c are registered for use in the classi-
fier. Each class is labelled following an inspection of the
points in the training set that have greater degrees of mem-

bership to the class. Besides the two traditional labels, de-
signations like "Very Secure" or "Critical" can be used
where justified.

D. On-line classification and labelling

The classifier is a f-l-np machine, that is. a new point is
assigned to the class corresponding to the nearest fuzzy pro-
totype. However, more information can be displayed to the
operators if the degrees of membership to every class are
calculated with (8). The greatest membership value corres-
ponds obviously to the nearest prototype, but consider the
difference between two points x, and x2, in a three cluster
classification scheme:

Xf. 0.99/Securc + 0.01/lnsccurc + 0.00/Vcry Insecure (11a)
x2: 0.50/Secure + 0.45/Insecure + 0.05/Vcry Insecure (1 Ib)

Note that, although both operating points are considered
secure by the classification rule, x2 would probably merit
further analysis, at least from a conservative operator.

This leads us to another important feature of fuzzy des-
criptions of ihe security level of an operating point: natural
language descriptions. Using linguistic modifiers such as
those of Fig. 1, it is possible to change the fuzzy classifica-
tion (11) to a more meaningful synthetic natural language
description similar to (12):

X) is a most secure point (12a)
Xj is a fairly secure, fairly insecure point (12b)

Although development of a complete protocol of this
kind of communication is beyond the scope of (his paper,
we want to stress the importance of constructing a fuzzy
classification scheme as a basis for more elaboraie approa-
ches.

Very Little Little Fairly Very Most

0.5 I

membership (class)

Fig. 1. A possible set of linguistic modifiers

Finally, note that the fuzzy classification described above
relates to a single contingency. In the next section, a global
procedure is proposed to aggregate results for all the rele-
vant contingencies.
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111. GLOBAL PROCEDURE

A. Ovcniew

As stated before, the fuzzy classification model described
in section II addresses only one contingency at a time, for a
given topologicul configuration of the network. A global
steady state security evaluation of a new operating point re-
quires aggregation of results from studies that cover every
relevant contingency.

This global evaluation of a new operating point begins
with the process of contingency selection, proceeds by fu-
zzy classifying the new point regarding each one of the con-
tingencies and ends by producing a final global classifica-
tion.

B. Contingency selection

This stage aims to reduce the number of critical contin-
gencies to be evaluated explicitly in real-time for a base
case. For that purpose, contingency ranking methods are
usually used to predict the severity of contingencies based
on indices established from the initial operating point.
Although last, they may not detect all insecure states. In
last years, expert system techniques exploiting previous
human and analytical knowledge about behaviour, and also
neural networks' approaches have been used [9][10]. This
paper does not address this problem.

C. Global classification of a new operating point

For each contingency, the proposed approach produces a
fuzzy classification similar to (11) for a new operating
point. As the aim is mainly to detect insecurity, a conser-
vative option is to represent the operating point by its
worse classification, i.e., the one with greater degrees of
membership to insecure for very insecure) classes. The pro-
cedure is simple:

a) Sum the degrees of membership to the insecure classes
(if there are more than one) for each contingency;

b) Take the greater of the sums. The corresponding fuzzy
classification is the global security evaluation of the new
point.

Without ignoring this "worst case" classification, an au-
xiliary global measure can be obtained if the classes are the
same in every contingency study and if a probability of oc-
currence p. is known for each contingency ;. In that case,
the expected fuzzy classification may be calculated using:

(13)

,.(:)where ul4. is the degree of membership of point p to

class i, in contingency z.
If the classes are not the same in every partial study, a

redistribution scheme could be applied to obtain an equal
number of corresponding classes. It is not possible to deve-
lop here the entire procedure, but the general idea is to di-
vide evenly the degree of membership between classes "con-

tained" in a more general class.
Nevertheless, we want to stress that measures like (13)

must be used with great care, due to dangerous masking ef-
fects.

IV. EXAMPLE

Due to space limitations, the example that follows ad-
dresses mainly the study of one contingency using the pro-
posed approach. Details of the network and calculations
may be obtained from the authors.

A. Case study

A realistic model of the Hellenic interconnected power
system has been used as our study case network. This mo-
del consists of 240 buses. 267 lines and 50 equivalent gene-
rators.

B. Off-line work

Most part of the work is done off-line. This includes
training set generation and classifier design.

I) Training set generation.

In order to build the Learning Set (LS) a large number of
OPs has to be provided for each contingency. For each OP
the selected contingency is simulated u:;;r,g a constrained
load flow program and the results are further processed to
supply the value of the security indices and the list of the
attribute variables. Since it was not possible to acquire a
large number of operating states, a large part of our effort
was concentrated in setting up a realistic LS.

The most important variables in the constrained load
flow program arc the loads at all PQ buses and the active
production and the voltage at all PV buses. A classic ap-
proach followed in modelling loads for practical use is the
"component based" method. Accordingly, composite load
models are developed by detail modeling of the distribution
feeders. The load at each substation can be considered as the
summation of various load classes (e.g. residential, indus-
trial, commercial, etc). As shown by measurements for
specific seasonal conditions and days of the week, these
load classes exhibit 24-hour load curves with relatively
small deviations around average mean values. The fol-
lowing procedure is used to determine the loading condi-
tions for the Learning Set.

a) Based on nominal 24 hour load curves for residential,
industrial and commercial loads a composite 24 load curve
was determined for each substation of the system.

b) Assuming that hourly loads of each substation c?.n
vary uniformly within ±10% of their nominal values the
composite loads were modified using a random number ge-
nerator.

c) Based on the modified composite load curves of the
substation a composite 24 hour load curve for the system
was determined.

d) The five hours with the largest system loads were se-
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lected to provide five loading conditions. Each loading con-
dition is described by the substation hourly loads corres-
ponding to thai specific hour.

e) Steps b c and d were repeated SO times resulting 400
loading conditions. 284 of which were feasible.

Having determined the load (input variables), the active
power supplied by the generator buses are calculated by ap-
plying approximate participation factors of all generating
units. This information is obtained from an off-line appli-
cation of the economic dispatch program and incorporates
the operating strategies adopted by the system administra-
tors. This means basically that thermal units are used to
meet the base load and hydroelectric and diesel units to meet
the peaks.

The constrained load flow program used for the contin-
gency evaluation allows the simulation of automatic on-
line lap changing in order to control voltages within speci-
fied limits at the transmission transformers sending and re-
ceiving buses. Thus, once these target voltage limits are
specified, the transformer taps are provided by the program.
In addition, the program accepts the setting of limits to the
reactive power produced by the generators. A fixed topology
is assumed in all the studies.

Finally, for each OP the index (2) is estimated for an ou-
tage of a major 400 kV transmission line. The OPs are ac-
cordingly classified as secure or insecure depending on whe-
ther the overload index JSIVA is respectively smaller or grea-
ter than an utility defined threshold of 550.

2) Classifier design

In a total of 284 states, this leads to 213 secure points
and 71 insecure points.

Analysis with the F measure of separability conducted to
the identification of a list of attributes with the greater F
values. All the attributes arc active power generations.

P2 (1.362). P22 (1.362). P6 (1.361). P8 (1.361). P16 (1.361)

Correlation between variables P2 and P22 shows that
they ha\e the same behaviour, so variable P22 is discarded.
Although correlation values between P2 and the other attri-
butes in the list are very high, they were maintained to the
next phase.

FAperiences with pairs of variables (always including P2)
lead lo the selection of P6. with very good values for the
adequacy index, as displayed in table I. Results with more
variables were not better, so P2 and P6 were finally chosen
as relevant attributes.

Clustering with P2 and P6 was done for c = 2 to 5.
Results, including the partition coefficient 5 and the ade-
quacy index a are displayed in table I.

Analysis of S values shows that the case c=2 should be
discarded, due to the inversion S(2)<S(3). Values of S(5)
and S(4) are also similar, which could lead to ignoring c=5.
However, the adequacy index is better for the latter case,
showing that 5 should not be the only criteria for selecting
r, in security assessment studies.

TABLE I
CLUSTERING RESULTS

c
2
3
4
5

S
0.8971
0.9246
0.9029
0.9027

false Sec
0
4
17

false Insec
71
5
1

9

0

0.
0.
0.

a
750
968
933
958

Analysis of S values shows that the case c=2 should be
discarded, due to the inversion S(2)<S(3). Values of S(5)
and S(4) are also similar, which could lead to ignoring c=5.
However, the adequacy index is better for the latter case,
showing that S should not be the only criteria for selecting
c, in security assessment studies.

Division in three classes seems to be the better choice.
The good value of 5 is confirmed by a high value of a, that
corresponds only to 3% misclassified points, if a traditional
error crirerion was considered. Detailed examination of the 9
misclassificd points shows that all of them lie very near the
classification frontier (JmA=550). as displayed in Table II.
As will be seen next, fuzzy classes / and 2 are secure clas-
ses, and .? is an insecure class.

TABLE II
MISCLASSIFIED POINTS

N o .
105
108
115
253
255
258
263
272
280

"1
0.0004
0.0041
0.0008
0.0033
0.0021
0.0041
0.0039
0.0044
0.0045

U i

0.0183
0.8116
0.0385
0.8920
0.9576
0.4055
0.3563
0.4775
0.7382

"I
0.981 1
0.1842
0.V606
0.1046
0.0402
0.5903
0.6397
0.5180
0.2572

•KlVA
549
558
542
559
558
537
546
549
552

error "
0.24
1.53
1.51
1.69
1.42
2.28
0.81
0.26
0.41

For this test, each point was assigned to the class that
corresponds to the its maximum degree of membership. For
instance, point 255 was classified in class i (Insecure), be-
cause 0.5903 is the maximum of (0.0041. 0.4055.
0.5903). This classification is considered wrong, because
J M V A = 5 3 7 < 5 5 0 leads to a reference classification of secure.
Note, however, that 537 is very near to 550 and also that
the 2nd degree of membership is high (0.4055).

Every point in Table II is in fact near the defined th-
reshold for security, so there are not severe misclassifica-
tions. Additionally, in some cases (258, 263, 272, 280) the
use of a fuzzy classification shows that there are some
doubts about the crisp class to assign the point.

In conclusion, a classifier with three fuzzy classes was
chosen. The prototypes (centres of clusters) are described in
Table III, along to the natural language labels of each class.
Labels result from the analysis of the results (degrees of
membership), as compared to the reference classification.
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TABLE 11!
PROTOTYPES OF TI IE FUZZY CLASSES

C l a s s
1

3

0.
0.
I).

P2
123888
204455
276423

0.
0.
0.

P6
267697
441668
596930

Label
Verv Secure

Secure
Insecure

C On-line work

al Partial Classification. Classification of a new opera-
ting state regarding the contingency studied in this example
is straightforward, using (6). For instance, a state with
P2=().234 and P6=O.5O5 would lead to a fuzzy classification
of:

0.0041/Very Secure + 0.8117/Secure + 0.1842/Insecure

Calculations are very fast, and this classification is also
more meaningful that only saying the point is secure.
However, if a crisp classification is essential, it is always
easy to obtain one by applying the maximum rule to the
degrees of membership.

The above fuzzy classification may be transformed in a
synthetic natural language declaration. Using modifiers of
Fig. I, we get:

The new state is very Secure and very little Insecure

For intelligibility, only the significant degrees of mem-
bership were maintained.

b) Global classification. To obtain a global evaluation of
the steady-state security level associated to the operating
state, the study reported here must be repeated for every re-
levant contingency. This would require a large amount of
calculation off-line, but the overall on-line work remains
accessible. Aggregation of results from the partial studies,
made according to III.C, also is noi time consuming. So,
the entire process is suitable for on-line purposes.

V. CONCLUSIONS

The approach described in this paper is a complete proce-
dure for steady-state security assessment (except contin-
gency selection). A fast way of evaluating the security of a
new state was presented, including aggregation procedures
to draw global conclusions for the selected set of contin-
gencies.

An important issue is the flexibility and increased accu-
racy of using more than two classes and natural language
synthetic descriptions for the classification scheme.

Results from a real system of large dimension showed
the feasibility of the approach for studying a contingency.
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Abstract - This paper presents a new approach for
deriving security assessment classification
structures (safe/unsafe) of the decision tree type.
These structures can be integrated in fast security
assessment tools to be applied in modern Energy
Management Systems (EMS). The approach
described in this paper uses Genetic Algorithms to
derive the desired classification structures by
exploiting data previously generated and analyzed
using conventional procedures. Results from the
application of this approach to a real study case of
an isolated system with a large share of wind
pouer production are provided.

I. INTRODUCTION

Due to the ever-increasing environmental and economical
pressures, power systems arc nowadays more and more
exploited near their limits of operation. This is motivating a
growing interest of utilities in assessing in a fast way
dynamic security, relatively to a given set of disturbances,
and including this kind of tools in EMS software.

Traditionally dynamic security evaluation involves the
numeric solution of a large system of non-linear differential
equations, demanding a large computation time, generally
incompatible with the on-line assessment needs. These
problems lead to the development, in the past years, of an
intensive research in the field of the application of Artificial
Intelligence techniques. In this context, several "learning
from examples' methods" have been experimented. These
methods are able to learn the behavior of the system from a
sel of previously analyzed operating points, and should be
able to accurately predict the stability or dynamic security of

Paper SPT PS 21- 04- 0451 accepted
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Stockholm, Sweden, June 18-22,1995

the system when dealing with a new operating situation.
The approaches followed so far used namely Pattern
Recognition techniques, Neural Networks and inference
inductive methods applied to build Decision Trees. A review
of the application of these techniques in dynamic security
assessment can be found in [ 1 ].

This paper describes a new approach for deriving automatic
classification structures (decision tree type) to be used for
on-line evaluation of dynamic security assessment using
Genetic Algorithms (GA).

In this research, a variation of the GA called Genetic
Programming (GP) was used. Each classification structure
defines a chromosome, which consists of a function
composed of primitive functions and a set of terminals
(system variables and parameters manipulated by the genetic
process), expressed in the form of a LISP program. Two
approaches were followed in the definition of the initial
population of classification structures:
a) A set of random classification structures;
b) a set of Decision Trees previously generated using an

inference inductive procedure, as described in [2]; in this
last procedure the GA has the chance to start with a
reasonable set of good solutions and will detect in a faster
way a set of better solutions.

The study case used to demonstrate the capability of this
approach is the power system of the Greek island ofLemnos
where a pilot control system is presently being installed,
under the framework of an EU R&D project of the JOULE
program. In this control system, the dynamic security
assessment problem was one of the key issues in the
development of the project.

The application domain of the presented approach can be
extended to other type of system disturbances and to larger
and more complex power systems.

Results regarding the performance of the derived
classification structures are presented in the paper and
compared with ones obtained by other techniques, namely K
Nearest Neighbor, Decision Trees and Neural Networks.
The results obtained so far using the mentioned techniques
are described in references [2,3,4].



11 FAST DYNAMIC SECURITY ASSESSMENT

Conventional dynamic security (DS) analysis techniques are,
in general, computationally hea\y for real-time use. Fast
DS evaluation requires efficient ways of processing predicted
or real-time system measurements to determine if an event
may provoke system instability. Some techniques of the
Artificial Intelligence domain have therefore been applied in
this field, namely to extract, from a body of system
operating points, decision rules able to classify
automatically the security of the system.

In large interconnected systems the dynamic problems
needing fast security assessment include namely voltage
collapse and transient stability. Fast identification of
operating weakened conditions is being adopted and included
in EMS applications as described in [6]. In this
implementation, at the B.C. Hydro control center. Neural
Networks were used to help in fast dynamic security
analysis and assessment.

In isolated systems dynamic security is an important issue
in system planning and operation. The inclusion of large
shares of wind power production and the occurrence of fast
wind power changes, can result in large system frequency
oscillations that may provoke a sudden loss of wind
generation production, which, afterwards, can lead to the
collapse of the system. Therefore, fast security assessment
tools are needed to be integrated in local control systems
aiming at the previous evaluation of the possibility of
accepting large wind power penetration. The main goal of
this operation philosophy is therefore to maximize wind
power production for each load level, assuring, at the same
time, that the expected frequency deviations, induced by the
variability of wind power, will not cause dynamic problems
in the system.

Like in other "learning from examples" techniques, the
derivation of classification structures using the GA approach
developed in this work demands a large set of system
operating points - the learning set. This set should include
the most possible scenarios of system operation. For each
considered operating point a dynamic stability analysis,
following a specified disturbance (wind power perturbation
in ihis case), needs to be performed. A step-by-step
simulation procedure is used for the dynamic behavior
analysis, adopting full conventional dynamic models for
wind asynchronous generators, conventional generators
(governor and voltage regulating devices included) and some
loads.

Next to the learning set, another set of operating points is
generated with the same methodology for performance
evaluation purposes - the test set.

In these sets, and for the situation under analysis, each
operating point needs to be characterized by a set of system

variables (example: wind power production, load power
level, spinning reserve, power production level of each
diesel machine, etc.) as well as by the results obtained from
the conventional dynamic analysis.

In isolated systems, dynamic behavior can be evaluated by
the expected maximum absolute frequency deviation value -
Af (Hz) - that the system will experiment when a
disturbance occurs. An operating point is considered to be
safe if the Af value is less than a security frequency
threshold associated with the relay settings of the frequency
protection devices of the network.

A feature selection stage is usually included in these
approaches, which enables a reduction in the number of
variables that are characterizing each operating point. For
this purpose, measures of separability are used, having in
mind how the learning set data is splited between the two
previously classified sub-sets (secure/insecure). After this
stage the classification design approach follows.

A. The Lenwos study case

The projected electric power system for Lemnos comprises
one diesel power station (DPS), two wind parks (WP), and
two photovoltaic plants (PV). The DPS comprises five
diesel units (2*1.2 MW and 3*2.7 MW). The two WPs
have the following nominal capacities:

WP1 = 1.14 MW;
WP2 =2.7M\V.

Each of the two PVs are rated at 250 k\V. A full description
of the Lemnos system can be found in [2].

For this system the learning and test set data were generated
by varying in steps the total load, the total available wind
power and the wind margin. The wind margin is defined as
the ratio of the diesel spinning reserve to the total wind
power. In this study the system was considered secure if
Af<0.7 Hz (a safer security threshold) and insecure
otherwise. The obtained data set comprises respectively
1177 points to be used for learning purposes and 588 for
test.

Each operating point was initially characterized by a set of
47 system variables easily obtained from the local SCADA
system.

Ill GENETIC ALGORITHMS

A. Simulating Natural Evolution

Genetic Algorithms (GA) are a global random search method
based on the model of natural evolution. The potential of
such algorithms to yield good solutions even for hard
optimization tasks have been demonstrated by various
applications [5]. When using GA methods an individual
consists of a pair (chromosome, fitness value). The fitness
is calculated by an evaluation function, that is specific of
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the particular problem being addressed, and that quantifies
the quality of the chromosome.

The life cycle of a GA starts with an initial population of
individuals, each of which represents a search point in the
space of potential solutions (typically, the initial population
is created randomly). The evolution proceeds in some
number of iterations of generations, by iterating the steps of
selection, crossover and mutation (GA operators) of
individuals. A generation consists in the population that
results from the application of the genetic operators to the
previous population.

Selection consists of choosing an individual for a genetic
operation (mutation or crossover), resulting from a "fight"
between two or more individuals, winning the best one with
some probability.

Crossover combines two individuals by mixing their
chromosomes, yielding two new individuals. Mutation is
performed with a very low probability, and consists of a
random change of u small amount of information in the
chromosome of an individual.

B, Genetic Programming

Genetic Programming (GP) is a variation of a GA that
automatically generates computer programs to perform
specified tasks [5|. In this paradigm, each individual consists
of a computer program expressed as a parse tree, whose
nodes are functions, variables and constants. The subtrees of
a node represent the arguments of the function on that node,
while the terminals represent the variables and constants.
The following tree represents a small classification program:

0 .6

The execution of this program starts by evaluating the root
of the tree, which evaluates its children recursively. The
result is 1 or 0, depending on the value of the x variable.
Note that the // function takes three arguments, the >
function takes two arguments, while the variable and
constant nodes are terminal.

Since the LISP language is directly related to parse trees, it
is common procedure to represent the GP programs in this
language, where the last example takes a more compact
form:

I f ( (>x0 .6) 10)

C. Applying GA to Classification Structures

In order to achieve a classification program or a
classification structure for the dynamic security assessment
purposes, one must address two major issue: the codification
of the potential solutions in the chromosome, and the
evaluation or fitness function.

D. Codification and Evaluation

The codification of the potential classification programs
uses a set of predefined system variables, functions and
constants. The system variables are measurements used to
characterize each operating point. As mentioned in section II
47 different variables were initially used in this research.

The set of functions consist of mathematical functions,
comparison functions and decision functions. The functions
used so far are listed below:

if. >, <. =
log, exp. sin, cos

A typical final individual used for classification purposes in
Ihis problem can have the following form, where .VI are
components of the X pre-disturbance system measurement
vector:

(if
(if

(or
(if

x47
(/ 7.66653 (log x27))
(== (and x42 (sin x28)) (/ x41 1.04048»)

x5))
(>= x22 x34)
(==x26(< 4.84943x1)))

(/ x39 x26)
x21)

Every program built in this way returns a numerical
quantity when executed. This quantity is compared with a
constant value, resulting from this operation a
transformation into a Boolean quantity that represents the
security (or insecurity) of the system being classified. This
value can be arbitrarily chosen because the GA process
adapts itself automatically to this constant.

The evaluation function picks up a potential classification
program, executes it for each point of the training set and
then compares every result with the refered constant value.
The Boolean results obtained are then compared with the
correct results (previously calculated by other methods). In
this case the fitness value is the rate of success in
classifying correctly the security of the operating points.
The previous example of classification structure presented a
fitness value of 98.2% in the available test data set.
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E. Initialization

There are two ways to create the initial population, which
defines the starting point of the genetic process and contains
all the information supplied to it. The simplest way
consists in using a random initial population, where each
chromosome contains a small program composed of
functions, variables and constants, chosen stochastically.

The other way takes an initial population supplied by some
source. In this work, experiences have been developed with
initial populations taken from the application of an
inductive inference procedure of the type ID3, described in
[2], and leading lo Decision Trees. In this way, this hybrid
procedure has the chance to start with a reasonable set of
good solutions - "good" seeds.

IV NUMERICAL RESULTS

The GA approach described in the previous sections was
then applied to the available learning set data of the Lemnos
system and used to derive new classification structures. The
two initialization approaches (random initial starting and the
hybrid starting) were used and the quality of their final
solutions was accessed in terms of global performance (rate
of success in classifying the test set).

In (his investigation each individual of the population
corresponds therefore to a classification structure. No
previous feature selection stage was included, which means
that all the 47 variables were included as candidates to be
used by each individual. This fact was, in part, responsible
for the complexity of some individuals.

A. Solution's quality

The GA evolution to a solution follows a curve similar to
the one presented below, where (he .v-axis represents the
number of generations, related to the time elapsed, and the
v-axis represents the percentage of correct evaluations in the
training set. The population contains 1000 individuals, and
the algorithm runs for 1000 generations.

As expected, the performance of the classification structures
generated present small performance values (typically around
507c) when starting with a random initial population. In the
situations analyzed, after about 400 generations the
performance rates were in the range of 95% - 98%
classification success.

The number of generations needed to obtain a high rate of
success depends on the size and structure of the initial
population as well as on the structure of the available
training set data.

100-T

«, 95-
S 90-
~ 85-
fe 80-

75-
0

GA

100 200 300 400 500

Generations

Figure 1 - Evolution of the performance of the classification
structures obtained with an initial random
population.

A significant difference is observed when the initial
population is complemented with some seeds provided by
the results of the Decision Trees (DT) method. After an
appropriate conversion to a LISP coded program, a few
chromosomes (representing about 19c of the population) are
included in the initial set of individuals. Since they have
above average fitness, their proliferation is faster, shifting
up the average quality of the generated solutions. The results
obtained with this variant are a combination of the DT's
solutions with a set of functions manipulated by the GA.
They are better than the DT results alone, as shown bellow.

The classification structures derived from the application of
the GA approach may become very complex as a large
number of nodes and system variables can be included in the
decision structure. However, this problem can be solved if
during the process of generating new individual's complexity
is penalized. This procedure was implemented in this
application.

GA+DT

B

100
95-
90-
85-
80-
75

0 100 200 300 400 500

Generations

Figure 2 - Evolution of the performance of the classification
structures obtained with the combination of a
random population together with DT seed
(GA+DT).
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From the results obtained in this case, we also noticed that,
in most of the situations, some simplifications in the
decision structure should be done because some logical
operations were unnecessary (the conditions were always
verified for the system variables considered). This fact
results naturally from the GA process.

B. Improving the Computation Time

Since the evaluation process, performed in each of the
candidate solutions is a time spent activity, and a large
number of individuals and generations are needed, the total
amount of time elapsed to find a good classification can be a
problem.

However, all this procedure is an off-line one and therefore
is not a critical issue in the application of this approach.

To speed up the search process, a distributed version of GA
was developed. In this variant, the global population was
divided in several sub populations, distributed among
different machines. The GA performed in each of them
works on their sub population, exchanging individuals
periodically with the neighboring processes.

This model, known as the Island Model of GA, was
implement in two distinct distributed environments: sockets
[71 and Parallel Virtual Machine (PVM) |8].

The sockets are a standard application program interface
from the Unix library, widely used in many different
systems, that provides a message passing based paradigm to
support the communication between network applications.
The communication is established by two peers, which play
different roles: the sender, who sends the message, and the
receiver, who waits for the message.

The PVM is a messaged based paradigm, which supports the
facilities offered by the sockets, along with some
capabilities of process synchronization and control. This
environment is widely used in multiprocessor systems,
where the applications arc executed in parallel.

C. Comparison with other methods

Other "Learning from examples' techniques" were previously
applied to this problem and data sets, as described in [2,3,4],
The techniques used included Pattern Recognition
techniques, as the K Nearest Neighbor (KNN) method,
Decision Trees (DT), obtained using an inference inductive
procedure, and a multi-layer Neural Network (NN) designed
using an adaptive backpropagation method. In these
approaches a stage of feature selection was previously
adopted, using either separability measures or engineering
judgment, reducing in this way largely the number of
candidate variables to be used in the classifier design phase.

The NN used contained 5 layers (with the following units in
each layer: 3, 8, 4 , 4, 1).

The performances in the test set (rate of success in
classification) obtained with the mentioned methods and
with the two GA approaches are described in the next table.

KNN
DT
GA + DT
GA rand pop
NN

97.6 %
95.4 %
98.2 9fc
98.2 %
99.3 9c

Although the NN approach presented the best result, it is
important to point out that the performance obtained with
the DT method was improved by using the hybrid GA
approach where DT seeds were included in the initial
population. As matter of fact, a global performance of 98.2
% was attained in this case, which is a significant
improvement relatively to the DT method alone. Interesting
is that both GA approaches have converged to
classifications' structures that, although different, presented
the same performance.

V. CONCLUSIONS

Although the described research constitutes a first step
towards the use of Genetic Algorithms for security
assessment purposes, this work demonstrated the feasibility
and success of using this technique in deriving classification
structures for dynamic security assessment.

With this GA approach the problem of having insecure
operating point wrongly classified as secure can be solved if
in the fitness function the miss classification of those
points will be penalized. The GA will consider this fact and
will be able to find out the "best" classification structure.

A very important conclusion that can be drawn from the
application of this approach, is related with the success of
the combined use of DTs, obtained by inference inductive
procedures, and GA leading to classification structures with
better performances. The use of this hybrid approach (DT
and GA) presents also the property of being less time
consuming in deriving the classification structure (only 1/3
of the computation time needed with the random
population).

However, the improvement gained in performance relatively
to the DT approach is obtained at the cost of the increasing
complexity of the new classification structures, when
compared with the initial DT. This fact may avoid the
understanding of some phenomena, that presently can be
done by exploiting the conventional DT structures.
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The authors want to point out that the application of the
method is general, i.e. it does not depend on the size of the
system or the type of security assessment problem to be
addressed. The critical stages of this methodology are related
with the amount of information needed for the learning and
lest sets as well as with the variables to be used for the
characterization of each operating point. The extension and
transposition of this GA approach to other systems and type
of security problems appears therefore a promising area for
future research.
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ECONOMICAL SECURITY ENHANCEMENT
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Abstract - The backbone of electricity supply in
Western Europe is an interconnected network operated
with voltages of 380 and 220 kV. The power flow within
the network is mainly determined by its topological
structure together with the size and spatial distribution
of the power injections and the consumptions. The
objective of the system operation is to achieve an
optimum for economy and security, where economy is
related to production costs and losses, and security is
determined by sufficient margins towards the capacity
limits of power production and power flow on the
branches of the network in order to cover outages of
power stations and branches. This paper describes an
approach which combines the objectives economy and
security of operation in order to compute an optimal
redispatch. The optimization problem formed by the
network equations, the constraints and the objectives is
solved by a generalized power flow vGPF) algorithm,
using active and reactive power injections together with
voltage set points and transformer tap settings as
control variables. The capabilities of the approach are
shown by its application to a real operational state of
the West-European power system.

KEYWORDS

Corrective control strategies, optimal transmission
network capacity use

INTRODUCTION

The approach presented in this paper deals with an
analytical determination of corrections to operational states
in an interconnected power system by combining the
objectives economy and security. The daily operation of
the West-European power system is based on individual
forecast and unit commitment of utilities operating diffe-
rent parts of the network. Their operations are coordinated

Paper SPT PS 21- 05- 0463 accepted
for presentation at the IEEE/KTH
Stockholm Power Tech Conference,
Stockholm, Sweden, June 18-22,1995

by load frequency control on one or two levels of areas
where the upper level coincides with political country'
borders. For the purpose of establishing a system wide
power exchange program and energy accounting a third
level of five areas is used as shown in Figure 1. For these
areas, one utility i.e. Elektrizitäts-Gesellschaft Laufenburg
(EGL) is in charge of summing up the desired interarea
exchanges and evaluating the set points of the areas power
balance in 24 hourly steps for the following day. During
this day the power exchanges are performed by load
frequency control. The actual values of the interchanges
between the areas are measured and transmitted to EGL
where the differences to the programmed values are
computed and added as an offset to the utility's power
balance of a comparable time interval in the future to
compensate inadvertent interchanges. The permissable
amount of power exchange is determined by
recommendations of the UCPTE (Union for the
Coordination of Production and Transport of Electricity)
based on the capacity of the bilateral tie lines.

Fig. 1. Areas used for energy accounting in the power
system of West Europe

The dominating factor for economy of operation are the
production costs of the power stations of each individual
utility which are optimized by unit commitment. If in order
to achieve the necessary security margins a rescheduling of
active power injections becomes necessary, then the
objective is to keep this variation as small as possible. In
addition to production costs, economy is also determined
by the losses within the interconnected network due to the
transportation of power to the consumers. These losses
depend on the topology of the network, the tap setting of
the 380/220 kV transformers, the voltage profile together
with the injections and consumptions of reactive power.
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If, for example, due to an outage of a line the necessary
security margins are violated, the objective is to use
variations of the set points of voltages, reactive injections
and transformer tap settings to lead the system back to a
normal operational state while retaining the optimized unit
commitment. When there are different possibilities to
achieve the normal state of the system, then the remedial
actions causing the lowest losses are determined. If the
security' goal cannot be reached with reactive rescheduling,
then active rescheduling must be used.

OPERATION AND OBJECTIVES

For the economical security enhancement example only
two of the possible objective functions of the GPF
algorithm were used:

Security objective

The security objective is used to secure sufficient
margins towards the capacity limits of power production
and power flow on the branches of the network in case of
outages. Thus, the network is in an insecure normal state
and the task of the algorithm is to suggest preventive
control actions to reach a secure normal state. In the
emergency state, some of the operational limits are already
violated (ex. overloaded branches) and the system may
tolerate such violations only for a short period of time. To
prevent a system break-down, corrective control actions
must be computed from a security objective formed by the
violated limits and implemented as soon as possible.

Thus, a quadratic objective is formed either by
'margins' or by 'violated limits' depending on the initial
state of the system. In any case, the algorithm suggests a
set of control actions (i.e. new set points) involving as few
control variables as possible. The operator implements a
minimum of control activity to reach a maximum of state
improvement.

Economic objective

Of course, security is the primary goal of operation but
when the system is in a normal state then it should not
deteriorate the system economics. Operational goals of
economical nature are related to the minimization of active
losses and production costs. This leads to an expanded
problem formulation involving a loss objective and a cost
objective. These objectives can be used separately or as a
combined economic objective. Besides, it is also possible
to combine them with the security objective to achieve an
'economical security enhancement'. In the emergency state,
the economical part of the combined objective is activated
after that a normal state is reached.

PROBLEM FORMULATION AND SOLUTION APPROACH

The security dispatch algorithm starts from a solved
power flow base case which either is based on an

estimation [2] or a planning power flow. The fundamental
security problem is a kind of power flow problem in which
certain controllable variables are to be adjusted in order to
minimize a quadratic objective function formed by violated
security' constraints (i.e. physical and operating limits).

Additional objectives such as losses, costs, power
exchange etc. are optional, they can be combined with the
security' objective to improve the economy or system
operation when the system is in a normal state. The set of
controllable variables includes active and reactive power
injections, generator voltages and adjustable transformer
taps. Equality constraints imposed by the network
equations and all control variables are added to the
objective function by means of multipliers forming a
Lagrange function.

Thus, all the control variables are simulated as if they
were equality constrained variables. The sensitivity
between such a simulated binding inequality constraint and
the objective function is given by the Lagrange multiplier
which implies the search direction for the minimum. When
the control variable starts from a point within the limits
then it is known towards which limit it is moving and the
gradient distance can be set such that the limit is not
violated. For a control variable that starts from a limit, the
search direction indicates if the variable would violate that
limit or not. In case of a predicted violation the variable is
kept at the limit by using a zero search direction else the
variable is handled as if it was starting within the limits
since the movement is in the direction towards the other
limit. Therefore, a control variable is always either within
the limits or at a limit and the Kuhn-Tucker conditions are
satisfied. Through the simple sign evaluation of the
multipliers, the binding inequality set is directly known
without any special algorithms or trial iterations as
suggested in reference [1].

The optimality conditions of a quadratic approximation
of the Lagrange function are used to form a Hessian matrix
equation. This is done through a Newton-Raphson like
linearization of the optimality conditions expressed in
terms of the first and second partials of the Lagrangian.
The necessary optimality conditions are used as a set of N
equations in N unknowns which are solved simultaneously
with sparsity oriented techniques. The search direction is
determined from the solved multipliers and the gradient
distance from a model of the objective function in the
search direction. Violation of limits is avoided by adjusting
the gradient distance. Control and state variables are
updated as functions of the gradient distance and a new
quadratic approximation of the Lagrangian function is
formed. These steps are repeated until the objective
function becomes zero or stationary. The details of the
algorithm can be found in reference [3].

SOME PROGRAM FEATURES

The generalized power flow program is a multipurpose
tool for network analysis. It covers a wide range of
problems such as least square estimation, optimization,
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security enhancement, constrained power flow, normal
power flow etc., while satisfying physical and operating
limits on various controls, dependent variables and
functions of variables. Through a 'customize' menu, the
objective function can be composed by the user from such
basic objectives as measurements, voltage profile, branch
flow set points, power exchange (total or bilateral),
violated security constraints, losses, costs etc. In fact, any
objective that can be formulated as a function of network
voltages, currents or powers could be implemented in the
program.

When dependent variables with inequality constraints
are part of the problem formulation then a prediction
function is used to secure that variables within the limits do
not leave the allowed band. Thus, if a new violation would
occur when moving from the present solution point to the
predicted solution point, then the gradient distance will be
adjusted to the limit and a new search direction that avoids
the predicted violation is computed.

The control variables are grouped in four basic groups.
The group P-control denotes the active node power
injections, the group Q-control denotes the reactive node
power injections, the group U-control denotes the node
voltage magnitudes, and the group T-control denotes the
adjustable taps. A single group or a combination of groups
can be selected by the user. Besides, within a group the
control actions can be blocked by utility and within a
utility an individual blocking of control variables can be
done. Thus, the user has the option to specify that control
action only may be done in certain nodes and/or
transformers which defines the final set of control variables
that are available to the algorithm.

Within this set of control variables the algorithm uses
the value of the associated Lagrangc multiplier to
determine whether a control action should be done or not.
Control variables having a multiplier that is less than a
certain percentage of the greatest one are excluded from
the control process. Besides, for the P-, Q- and U-control
groups the maximum number of selected variables can be
specified. Thus, the algorithm selects an optimal sub-set
formed only by those control variables that contribute
significantly to the reduction of the objective function. For
the P-control group the algorithm creates two multiplier
tables. One table contains the positive multipliers and the
other one the negative multipliers. A selective scheme is
then used to form 'pairs' of positive and negative
multipliers to get a global active power balance in the
search direction. This incrementally balanced 'source-drain'
approach gives an excellent convergence and the slack
power can be controlled. That is not the case for a LP-
algorithm which only changes one P-control variable at a
time causing a reverse reaction in the slack. Besides, the
Lagrange multipliers of the non-control variables and the
control variables at a limit give important sensitivity
information about where in the network it would be
optimal to install new controllable devices.

The basic solution process uses the Newton-Raphson
method together with the Hessian matrix which is formed

by the second partials of the Lagrange function and all the
unkowns are solved simultaneously. This means that the
network equations are integrated in the global solution and
a separate power flow program is not needed to compute
the new stationary point after that the control variables are
adjusted. Normally the Hessian matrix has several
thousand rows and columns butit is very sparse. Special
ordering schemas and pivot selecting schemas are used to
minimize the size of the L/U-factorized Hessian while
securing numerical stability. Some matrix structure
information is saved and reused in order to get a fast
refactorization without reordering. A typical size of a L/U-
factorized Hessian of the UCPTE network model is of
about 40000 elements or more of which ca. 20 % are fill-in
elements.

APPLICATION IN THE INTERCONNECTED POWER SYSTEM

As an application of the described approach an actual
operational state of the West-European power system
observed in January 1994 is chosen. The central part of the
network model is observable and it is estimated by EGL.
Geographically it consists of the main part of the 380/220
kV network of Switzerland, some branches of the
connected 220/110 kV network and certain pans of the
networks of the utilities in the neighbouring countries. For
the surrounding part, the UCPTE network model is used
which is updated every year. Within the entire network the
power balances and the flow on the tie lines between the
areas used for energy accounting as indicated in Figure 1
are adapted according to the actual measurements. The
integration of information additional to the normal state
estimation results is described in references [2] and [3].
Figure 2 shows the resultant aggregated power flow on the
tie lines and the powerbalances of the areas.

tä>mm?/-r:?ar/i\ywrMrm

Fig. 2. Power balances and aggregated flow on 380
(upper level) and 220 kV interarea tie lines
Base case observed in January 1994

kV

The security analysis (n-1 contingency) shows that an
outage of a 220 kV parallel line at the border to France
increases the loading to 136 % on the remaining parallel



line. This corresponds to an excess flow of ca. 112 MVA.
Since the overload on the critical line is large and not due
to reactive flow no solution can be found without a
redispatch of the active power injections.

In order to demonstrate the capabilities of the algorithm
the objective is chosen to reduce the overload by using
control variables in Switzerland only thus avoiding an
adaptation of the international power exchange program.

Under these conditions the algorithm computes new set
points for active power injections and transformer taps
which cause an incremental flow in the opposite direction
of the overload of the critical tie line and reduces its
loading to 100% without causing new overload on other
branches.

In the example three quarters of the impact to the
overload are due to a redispatch of power injections which
consist of an increase of around 300 MW in the Western
part of Switzerland and a corresponding decrease in the
east.

The fourth quarter is due to a different tap setting of the
380/220 kV phase shifting transformers. The main path of
the incremental flow shown in Figure 3 is a circel leaving
Switzerland on the 220 kV tie lines to the west and to the
north and returning on the 380 kV level tie lines.

Fig. 3. Aggregated incremental flow on 380 kV (upper
level) and 220 kV interarea tie lines by optimal
redispatch

Remedial actions computed without activating the
economy objective in the algorithm increase the losses in
the Swiss network by 5 MW. A simulation of the same
case with the economy objective show an increase of only
3 MW which yields a gain of ca. 2 MW.

CONCLUSION

The paper shows that the solution approach of the
generalized power flow algorithm can handle different
objectives or combinations of objectives. It is specially
designed for large networks and problems involving huge
amounts of inequality constraints on dependent variables as
well as on control variables. The results seem to be
'practical' involving as few control variables as possible in
order to reach a maximum of state improvement. The
algorithm is in the state of a prototype and used to gather
experiences by checking the remedial actions againts the
present emergency operation schemas. A main task during
the future tests is to verify the limitations of the control
variables, especially of those located in the network of
other utilities.
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Localization concepts applied to cyclic security analysis
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Abstract: This paper presents a novel method for
contingency screening in cyclic security analysis. A fast
screening algorithm based on information available in the
contingency analysis results from previous cycles and on
the local network solution concept is developed. The
method considers both active and reactive problems. This
method enables significant effects of contingency (o be
localized as well as a drastically reducing the bulk of
computation and checking to be achieved. Only necessary
operations are performed: Fast Forward (FF), Fast Back
(FB) solutions, and Fast Check (FC). This method allows
an important speed up in computation for the considered
line outage. The accuracy of the algorithm is controlled by
using maximum bounding angle and voltage ratios. Tests
on a 206 bus-299 branch 400 kV French model show that
the proposed method is fast and reliable for cyclic security
analysis.
Key words: security analysis, screening algorithm, local
solution, cyclic security, power flow solutions.

I. INTRODUCTION
With the growing size of power systems and

complexity of operating conditions, on-line security
analysis has become a necessary powerful tool in modern
Energy Management Systems (EMS).

In the on-line environment, the CPU time allocated to
security analysis is restricted, furthermore, the number of
cases which have to be considered is very high, especially
when dealing with very large systems. Therefore, the
selection of outages designs to quickly process a very large
number of contingencies to extract those that actually affect
the security of the power system and then analyse only
these cases in more detail.

A few significant approaches to contingency selection
have emerged over the past years. In this area, methods
using local approach solution and based on bounding of
outage effects, are especially attractive [4-11].

These methods establish bounding criteria to determine
the severely impacted portions of the network to be solved.
Due to the use of the complete network model, no
modelling approximations are involved in the calculation of
system response. Since the aim of the methods is to solve
only the stressed portions of the network instead of the
entire network, a reasonable computation speed is achieved.
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Security analysis is initialized cyclicly with a time
interval of about 15 to 30 minutes or when a severe system
condition change takes place. It is carried out each time
without any information from previous analysis. Therefore,
even though efficient, the bounding methods can not screen
thousands of contingencies in the restricted on-line
environment.

The idea in this paper is to use the contingency analysis
results from previous cycle to extract useful information,
which are then updated according to change in the system
between two cycles, to speed up the screening analysis.

Recently, such an idea was introduced by Y. Cheng and
A. Bose [1,16] who designed a pre-filter for voltage
contingency selection. It is based on an approximated
relationship between voltage change at a bus and a line
outage case in one cycle to predict voltage changes at a bus
when the line outage occurs in another one.

This paper describes a method designed to perform a fast
branch flow and voltage contingency selection considering
the affected areas defined by a cyclic localization concept as
some of the informatior available to be extracted. A
practical implementatioi. of the method uses a fast
screening whose algorithm 's based on the fast power flow
solution. In fact, the solution is performed only for the
affected portions that are stored from the security analysis
results after verifying (he adequacy of affected portions.

II. LOCALIZATION CONCEPTS IN
SECURITY ANALYSIS

Over the last few years, a class of localization methods
[4-11] has been implemented for security analysis in many
EMS. These methods, based on the local approach
solution, exploit the fact that vast power system
contingencies create localized responses and only a small
set of possible contingencies significantly impacts the
power system. The implementation of these methods differs
in some details such as criteria for localization of
contingency effects or type of analysis. Generally, the
localization concepts allow the local areas to be defined and
solved rather than the whole network. The efficiency of
these methods is further enhanced by a judicious use of
sparse vector methods [2].

For many years, reduced network models were used in
power flow, where network equivalents were constructed
off-line before starting a series of studies. These models
tended to be time consuming and conservative [3]. In this
scope, the contribution of methods such as bounding
methods [5-9], based on bounding of outage effects, and
zero mismatch methods [10,11] is very important for
developing the use of localized concepts in security
analysis.

In the screening phase, the concept of bounding of
contingency effects is new. The basic idea is to select the
harmful contingencies using partial load flow solutions.
These solutions aim at reducing the computation bulk of
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the first load flow iteration via the 1P-1Q origin selection
method. The concept of "concentric relaxation" was
initially introduced. A small network model was built by
topological expansion in the vicinity of the contingency
until reasonable accuracy was achieved. This method has
not been used in a practical environment because no firm
theoretical criteria for the adequacy of the small network
solution have been established and an unreliable Gauss-
Seidel power solution technique has been used [3]. The new
bounding methods in the last years have been developed [7-
11] and are being further researched.

The chief point of the efficient bounding method [6] for
an active problem is the localization of the potentially
endangered branches and computes the branch flows for a
small subset. This subset can be formed either by
expanding the network around the outage for a number of
tiers or by a topological search for a close path around the
outaged element. The method uses boundary incremental
angle spread criteria to choose adequately the affected
portion and uses the linear incremental power flow model
[13] for computation.

The efficiency of the presented bounding method comes
from the adaptive adjustment of the size of the affected area
to solve and a significant reduction in the number of
potentially endangered branches in the remaining network.
This method is improved by using "reciprocity properties"
[14] which are used in order to reduce computation time and
to get rid of some difficulties, such as those occurring when
a branch flow is close to its limits before outage. The
efficient bounding method has been extended to non-linear
screening. Different complete bounding methods have been
developed to adaptively define the subnetwork for the Q-
mismatch calculation [7,8,17].

Recently, general localization methods for load flow
have been improved, with the zeromismatch approach [10],
followed by an "adaptive localization method" [11]. Their
principle consists in extending the application of
localization ideas from contingency screening to iterative
solutions and they are especially efficient for the
contingency evaluation phase. These methods are a direct
extension of the complete bounding method where the
bounding is repeated for each iteration. The basic idea is to
identify an "active node subset" with significant active and
reactive power mismatches by means of the voltage change
values directly during forward and backward substitutions
and to ignore the mismatch calculation of those nodes
outside the 'active node subset'. On the other hand, the
development of the approximate sparse vector techniques
and especially the skip by colonne technique [12] has
enhanced the efficiency of the method. In fact, computation
is saved by localizing where the solutions should be
obtained These techniques allow the load flows to become
partial not only for the number of iterations, but also for
the number of nodes in fact computed.

In this paper an efficient algorithm based on localization
concept applied to cyclic security analysis is proposed. For
a given contingency, this method allows the active and
reactive local areas within which the significant impacts of
the contingency are expected to propagate to be properly
defined and available at the end of the security analysis
cycle. The bounding angle and voltage ratios are applied to
update the information and to predict potential voltage
violation cases in the next cycle.

III. BOUNDING ESTIMATES IN LINEAR AND
NON-LINEAR SCREENING AT BASIC CYCLE
to

Security analysis is performed periodically with a cycle
time of about 15 to 30 minutes normally using the real
part and the reactive part of the decoupled power flow
solution [13]. In each cycle, potentially critical contingency
cases, following the base case, are first selected by a
contingency selection phase and the AC analysis is then
applied to those cases selected in the contingency analysis
phase.

Linear screening in this paper is based on contingency
analysis results at tO to build, for each contingency, the
affected active area NIP. Then the maximum incremental
angular spread AG^ across its boundary is calculated to
verify the adequacy of NIP for that contingency in next
cycle. These results (areas, A8M) are stocked for use in the
screening phase at tl.

The main idea is the local response concept and the
criteria to determine affected area NIP which is used to
solve the P-8 subproblem in the next cycle. The strategy of
this method is that if the buses with large mismatches and
the possible affected branches can be predicted with
reasonable accuracy for the solution of the next cycle, then
a fast forward substitution and a fast backward substitution
from those nodes, and further, a fast check (FC) of
violation are obtained. Therefore most contingency cases
can be solved much faster. The only remaining requirement
is an adequacy criterion for controlling whether the
contingency analysis results for each contingency at a
previous cycle are correct and can be used continually. If
none, the results are updated before to be used in the
screening process.

In this paper, the active and reactive affected sets are
determined separately and strictly from the results load
flow solution at tO. Consequently, the size of affected areas
is system dependent and depends on the nature of the
perturbation.

Following the base case of load flow solution and the
first iteration solution of contingency selection, the affected
sets for active and reactive subproblem are defined. The
NIP subset is identified by assembling the terminal buses
of branches that can have incremental angular spread larger
than a pre-defined tolerance. However, since the branches
connected to generator unit do not participate in the
calculation, PV buses that are neighbours of NIP are added
to the affected set for the active subproblem:

NIP = { i, j : APjj > ep + nodes PV adjacents i, j } (1)

Where:
ep: threshold, it can be chosen ?« minimum real flow

margin (real flow safety margin) calculated at base case.

If these buses are predicted, the FF is performed thanks
to the effects of the branch outage that are modelled by a
pair of non-nul injections at two terminal buses of the
outaged branch. Otherwise, FB and FC are obtained because
only a small set of variables needs to be updated and only
the affected portion has to be checked for the branch flow
violations.
For the reactive subproblem, with the same strategy as for
linear screening, the N1Q subset is defined as:
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N l Q = { k : A Q k > e q ; A V k > e v } (2)

In fact, N1Q is composed of two portions. The first,
namely voltage subnetwork with large voltage corrections,
is necessary to verify the quality ofinformation transferred
to the next cycle for non-linear screening.
In the iterative solution of security analysis, values AQk
and AVfc depend on the load condition of the network and
on the outage element. In order to take into account
contingency severity, the proposed eq and ev are based on
the average of Q-mismatch and voltage correction obtained
after each load flow solution. Consequently, the reactive
subnetwork is adequately sized thanks to skipping small
values.

IV. SECURITY ANALYSIS AT tl = tO+At

The power system is divided into three sub-networks:
the first and second are N1P.N1Q, respectively for active
and reactive sub-problems; the third includes all the other
nodes.

Sub-networks NIP and N1Q, defined after load flow
solution, represent the subsets of branches and buses with
significant effects of perturbation correctly. Ideally, if these
areas are predicted, fast forward substitution, fast backward
solution and fast check of violation are performed. Accuracy
and considerable gain in solution speed are obtained.

The main idea here is to use the areas defined at cycle tO
the security analysis at cycle tl.

AR = A0M
ti/AeMtO (3)

Where:

affected areas
entire network

Figure 1. Affected areas in the network

The affected areas at tO have been stored. These areas are
used correctly for the local solution at tl if there has been
no base shift between tO and tl.

In fact, with a cycle time of about 15 to 30 minutes, it
is reasonable to assume that most of the time power
system structure and load condition will change
incrementally between cycles. Therefore some of the results
obtained in the previous cycles can be utilized after
verifying these results according to changes between these
two cycles. This procedure can speed up the contingency
selection in cyclic security analysis.

In each cycle, a 1P-1Q iteration of the load flow
calculation is performed on the affected areas transferred
from previous cycle for each contingency, and then the
result in this cycle is verified to ensure whether this
information is correct for the selection phase through the
criteria of each subproblem.

In the active subproblem, the quality of the result is
verified by using the maximum bounding angle ratio of
two cycles, AR, calculated:

tl- maximum incremental angular spread at tl
A9M

trj: maximum incremental angular spread at tO

This ratio represents the linear response of two related
network states to an identical subnetwork excitation. When
the ratio is close to 1.0, the area stored is adequately sized
and the result is judged to be correct for use in the selection
phase. Otherwise, when it is sufficiently higher than 1, the
information have to be updated by extending one or two
tiers depending on the value of AR. Then the solution of
NIP and the check of branches within NIP for MW flow
violations are done by extending the fast back substitution.
Consequently, fast forward, fast backward and fast check
were applied in the contingency selection phase. When AR
is much little than 1, then the method becomes
conservative. In this case, a large portion of the network is
selected for the solution. However, this is not a drawback
since these areas are updated adaptively for subsequent
cycle.

For the reactive subproblem, the voltage ratio is used to
verify the quality of the transferred information. Note that
the minimum voltage change in the voltage subnetwork of
stored N1Q was equal to ev . If, after a local solution on
that area, there is a large voltage change, then the area N1Q
has to be updated. For this reason, the voltage ratio, VR, is
calculated:

= AV m i VAV m i n , 0 (4)

Where:

AVminto#. minimum voltage change in tension sub-
network at tO

AVm'nti: minimum voltage change in tension sub-network
at tl = tO + At

When the ratio drifts away from 1, the affected area is
updated in two ways: - If VR is sufficiently larger than 1
the contingency is defined as dangerous and ihen is analyzed
in more detail by full AC power flow, while the results of
load flow solutions are used to rebuild the affected area. - If
not, the selection phase is continued by fast forward, fast
backward and fast check, and the affected area is updated to
reduce its size adaptively.

V. GENERAL PROCEDURE OF THE METHOD

The function diagram of the proposed method is shown
in figure 2, where the affected areas of the previous cycle
are used as useful data for security analysis of the present
cycle. The critical aspect of the localization method in the
determination of the affected subnetwork for each cycle is
saved by using the stored affected areas.

At each cycle, the new contingency selection algorithm
consists of the following conceptual steps:

1. Restore the stored affected areas.
2. Solve the affected areas by FF, FB.
3. Verify the quality of the results:
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a. If bounding angle ratio is sufficiently larger than 1,
extend the boundary of affected area NIP by
extending FB.
Update active affected area NIP.

b. If voltage ratio drifts away from 1:- update N1Q by
results of contingency selection phase or - list this
contingency as a dangerous case and go to step 5

4. Check the branch flow and voltage violations within
corresponding affected subnetworks.
5. Use an AC analysis for each dangerous case. Procedure
and results of load flow solutions are used to determine the
affected subnetworks for these cases.

The initial affected areas can be assumed as the entire
network, step 3 is not used. Then the whole procedure
becomes a conventional full 1P-1Q selection and the results
of the load flow solution are used to form the data necessary
for security analysis at the next cycle. The procedure of this
method is adaptive because the size of the area covered by
analysis will depend on severity of the contingency, and on
system changes.

information from
previous cycle

considered
contingency

Restore the affected areas|r
1FP-1FQ(FF + FB)

Verify the quality of results

Check fastly the violations

AC analysis
trivial cases

Figure 2. Function diagram of method

VI. TEST RESULTS
The contingency screening algorithms were tested on

the 400 kV French network simplified to 206 buses and
299 branches. Between two cycles tO and tO + At, the
topology and injection changes were refered to as base
shifts. Normal load condition was considered and three base
shift cases were tested for security analysis at tl namely:
case 1 : load increases 15%.
case 2: topology change: line 1 carrying 605 MW is

outaged.
case 3 : load at nodes 151,159,163 increases 50%; line 1 is

outaged; and a generation of 950 MW (node 20) is
redistributed from one generator to other
generators.

The accuracy of the capture and the gain in CPU time of
the developed algorithm were evaluated by comparing the
results with a conventional 1P-1Q full iteration. In both
cases, the same number of outages was processed.

Tables 1 and 2 show the results corresponding to the
performance of different methods in terms of identifying
dangerous cases. Note that when load conditions increase,

dangerous cases increase too. The benefit of a conventional
1P-1Q full iteration can be seen with no omissions for
branch flow and voltage violations in normal load
conditions. Increasing load condition by 15% this shows 3
omissions for voltage violation. The same results are also
observed with the proposed method. The capture ratio in
tab. 2 represents the capture performance ratio between the
proposed method and the 1P-1Q full iteration method.
Review of the results of tab. 2 shows that, in all cases
tested, the localization concept applied to cyclic
contingency selection by means of the proposed method has
the same accuracy as a IP-1Q full iteration.

violation
of

>ranch flow

voltage

really
violated

9

5

captures

9

5

false-alarms

0

0

omissions

0

0

Table 1. Capture performance for 1P-1Q full iteration at tO

base
shifts

case 1

case 2

case 3

violation
of

br. flow

voltage

br. flow

voltage

br. flow

voltage

really
violated

11

33

9

5

13

8

captures

11

30

9

5

13

8

false-
alarms

0

0

0

0

0

0

omis-
sions

0

3

0

0

0

0

capture
ratio

1.0

1.0

1.0

1.0

1.0

1.0

Table 2. Capture performance for proposed method at 11

Proposed method

1P-1Q full iteration

K0

0.61

1.00

case 1

0.81

1.23

case 2

0.69

1.11

case 3

0.74

1.16

Table 3. Comparison of normalized CPU time

Table 3 shows the comparison of normalized CPU time
for two methods in different cases. The CPU time for 1P-
1Q full iteration at tO (or at tl if no base shift) is
considered as the reference for this comparison. The results
of lab. 3 show that CPU time for the proposed method
using the localization concept in cyclic security analysis is
about 35% faster than with conventional method, while the
same level of accuracy is maintained.

These results confirm that the localization concept
applied to security analysis allows a global solution to be
obtained with partial computations. The use of this concept
associated with the adjusted ratios introduced using
information from previous cycles are the key to efficiency
of the method for cyclic analysis.

VII. CONCLUSIONS
A method for an efficient contingency selection for

branch flow and voltage limit violations based on the
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localization concept applied to cyclic security analysis has
been presented. The affected areas for active and reactive
subproblems are defined separately and updated for use in
cyclic security analysis. This has the advantage of allowing
fast forward, fast backward and fast check which are
achieved on stored affected areas from the previous cycle.
The maximum bounding angle ratio and voltage ratio are
introduced in order to verify the adequacy of the subnetwork
to be solved. This method allows the affected areas to be
determined according to the nature of perturbation. A good
compromise between accuracy and required CPU time is
obtained. The capture deficiencies of this method in heavy
load conditions can be overcome by readjusting the solution
by means of a correction coefficient [15] in the sense of
solution evolution. This coefficient could be proportional
to the maximum bounding angle or voltage ratio for each
subproblem. The results of validation tests demonstrate the
performance of the method from a theoretical point of view.
It will be further developed to obtain better performance in
cyclic security analysis.
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Application of an Interior Point Optimisation Method for Determining the Reactive
Margin from Voltage Collapse in Reactive Power Planning

CJ. PARKER I.F. MORRISON, D. SUTANTO

Electricity Transmission Authority of New South Wales,
Sydney, Australia

Abstract- Reactive power planning requires the computation of the
reactive power margin from the point of voltage collapse in the
steady-state in order to quantify the adequacy of the level ofinstalled
reactive power plant This reactive margin is the difference between
the maximum reactive load distributed across selected system nodes
and the reactive load at the planned system operating point.

The margin can be estimated by applying an optimisation method
using the total reactive load as the objective, with the load flow
equations as equality constraints, whilst including system limits such
as generator reactive capability limits as inequality constraints.

This paper describes a full AC formulation of the optimisation
problem. It is solved using an interior point implementation of the
Newton method developed for the Optimal Power Flow. This avoids
potential difficulties in identifying the binding inequality constraints.

I. INTRODUCTION

The main factors influencing the adequacy of the level of
reactive power support include the network loading level, the
load-voltage behaviour, the action of on-load tap changing
transformers, generator excitation control and the action of
over-excitation limiters. The contribution of these factors to
reactive power conditions and voltage coiiapse events have
been thoroughly described throughout the literature [1,2].

The response of system voltage to a disturbance and system
behaviour during a voltage collapse situation can be regarded
as dynamic power system phenomena. However as far as
reactive planning is concerned a steady-state approach has
been shown generally adequate for providing an indication of
the margin from voltage collapse and for determining the
Mvar rating of any necessary reactive support plant [1,3].

In reactive planning on the New South Wales (NSW) main
grid steady-state analysis is used to determine the margin from
voltage collapse and thereby to establish the broad rating for
any new reactive sources. Dynamic analysis is separately
used to examine the performance and to design the controls
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Department of Electric Power Engineering, University of
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for system reactive support. Within this context this paper
deals with the planning application of an optimisation method
for direct determination of the voltage collapse point and the
reactive margin of the operating point in the steady-state.

II. OPTIMISATION METHODS FOR DETERMINING
THE REACTIVE MARGIN

One class of methods for determining the reactive margin
tracks the system state as loads are increased. One example is
the QE characteristic, generated by successive load flows.
Another example is the optimisation-based methods where the
collapse point is determined by maximising the loads in an
area of the system, subject to power system constraints.

The methods of [4] and [5] find the voltage collapse point
by directly solving a set of equations representing the first-
order stationary conditions of the optimisation problem. These
methods arc closely allied to that presented in this paper. The
interior point algorithm used here provides distinct advantages
for constraint enforcement In addition the full range of
voltage and reactive constraints and the limits to tap changer
operation, necessary for reactive planning, are included.

An Interior Point method associated with a sequential
quadratic programing approach to an Optimal Power Flow
(OPF) is presented in [6]. Published details of the algorithm
are scant but the approach appears similar to that here.

III. SAMPLE POWER SYSTEM

The NSW power system, operated by Pacific Power, has a
winter peak demand of about 10,000 MW and a summer peak
demand approaching 9,000 MW. The main grid, shown in
Fig. 1, is supported by a 132 kV transmission system.

The voltages at the 500/330 kV busbars of the power
stations are controlled by automatic excitation control of the
generator and manual control of the on-load tap changer of
each step-up transformer. The main load centres are located in
the Newcastle, Sydney and Daplo areas and the 330 kV
voltage levels in these areas are controlled by switching shunt
reactors and capacitors under supervisory control aided by
automatic excitation control of syncons (in the Sydney area).
About 3200 Mvar of capacitors are installed at the 132 kV
level. Reactors total about 1300 Mvar. .

Transformers below the 330 kV level usually have on-load
tap changing facilities. Generator AVR's are equipped with
both load drop compensation (LDC) and an over-excitation
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limiter (OEL). Static Var Compensators (SVC's) have been
installed at locations to relieve voltage stability constraints.

The governing condition determining the requirement for
reactive support is the failure of one major 500 kV or 330 kV
transmission line at the time of summer or winter peak load.
Reactive planning covers two regimes of system operation:

1. Immediately following a system contingency, once
transients have settled, it is assumed that relatively slow acting
controls, such as on-load tap changers, remain at pre-
contingency settings. Faster acting controls, such as generator
AVR's and SVC's, are assumed to have operated and settled
10 an equilibrium level. Load-voltage behaviour is modelled.

2. In the long term, it is assumed that all voltage controls
have settled. Loads are modelled as constant MVA quantities.

Sufficient reactive power resources, both with respect to
rating and response characteristics, must be provided to
ensure that voltage stability and acceptable voltage levels will
be maintained for both the above regimes and as the system
operating point moves from regime 1 to 2.

IV. GENERATOR LIMITS AND LOAD MODELS

Generator LDC's can be modelled [7] with the equivalent
circuit of Fig. 2a. The reactive generation is given by (1)
where V and Q° refer to the set points of the AVR.

Qa = QO + y<r - v (1)

The reactive capability of a generator is usually portrayed
by the conventional PQ-diagram, drawn for a terminal voltage
of 1 p.u. To appreciate the dependence of reactive capability
on terminal voltage this diagram is translated to the terminal
voltage - reactive power output (UQ) plane [8], such as that
for a 660 MW generator shown in Fig. 3.

If the network voltage is reduced the generator reactive
output will increase. If the reactive capability is exceeded the
OEL may be activated which reduces field voltage until rated
field current is reached. The fixed field current operation can
be approximately represented [5] by Fig. 2b and (2).
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Po, Q'

Q«00 Q«(V)
Fig.2 Generator LDC and fixed field current represenution

(2)

The values of Ea and Xo are adjusted to approximate the
boundary curve of the generator capability in the UQ plane.

As the reactive capability characteristic in Fig. 3 is nearly
vertical, for planning studies it is usually sufficient to assume
a fixed Qmu, relevant to the generator MW output. Ignoring
for the moment the action of the generator transformer lap
changer, should the network voltage conunue to fall then the
suitor current limit may be reached according to (3):

I2 I2 (3)
' 'max

tl+Ql =
From a planning point of view the generator terminal

voltage should be maintained at a level where a stator current
limit would not be reached. The performance of auxiliary
loads at low voltage must also be considered [1].

The generator transformer laps arc usually controlled to
achieve a specified voltage at the generator high voltage bus.
Once an OEL operates the laps will be adjusted to maintain
nominal voltage at the generator terminals in the long-term.

Field tests of load response have led to the conventional
model of (4) for load-voltage dependence. Here Po and Qo

660 MW
580 MW
495 MW

400 MW
300 MW
200 MW

600 300 0

Mvar output

l:ig. 3. 660 MW generator reactive capability versus terminal voltage

are respectively the real and reactive loads at nominal voltage
and the indices n and m depend on the lime of day and the
season. In NSW n typically ranges from 0.5 to 1.5 and m
ranges from 1.0 to 4.0.

PL = Po V, QL = QoV (4)

V. INTERIOR POINT NEWTON-BASED NONLINEAR
OPTIMISATION SOLUTION

In reactive planning it is common to determine the reactive
margin by increasing the reactive power load at a range of
busbars in a critical area or zone of the system [5],

For zone A of the system, the reactive margin at the current
operating point is given by (5), where i is any node in the
zone A, QL1' is the reactive load at the voltage collapse point

(5)
UA

and QLi
0 is the reactive load at the operating point.

Following the nomenclature used by Van Cutscm [5] the
contribution of each bus in this area to the total reactive load
increase is determined by the participation coefficient a where

a, QM-Q'U-QU V i eA (6)

such that, ] £ a< = * (7)

At each node the load flow active and reactive power flow
equations must be satisifed. For an N bus system

(t>,Vj) = PCJ -

) = QGJ -

VjeN (8)

- a, QH VjeN (9)

where 5 and V arc the vectors of bus angles and voltages and
t is the vector of taps. PG, Qc, PL and QL are the real and
reactive generations and real and reactive loads respectively.

Whilst there is potential for application of decoupling [5],
a full AC formulation has been adopted for the planning
domain with the accent on modelling accuracy.

The problem constraints include:

or i o,, * oT oo)
(11)

(12)

If the generator MW outputs, except at the swing bus, are
assumed fixed the reactive power margin is then the solution
of the nonlinear programming problem:

Maximise QM subject to the constraints

8l (b,V,t) = 0 M.. .J/-1 (13)

0 M,..J\fc (14)

6 5 8



The equality constraints comprise (8) and (9) at each bus.
The inequality constraints arc selected as appropriate from
(10)-(12). This problem must be solved for the normal
network configuration and with respect to contingencies.

A. Newton-Based Method of Solution of the Problem

The Newton approach for solving the general OPF problem
|9] has proven to be robust and effective. This algorithm is
used at Pacific Power and can be extended to the reactive
margin calculation. Excluding the inequality constraints, the
Newton method involves forming the Lagrangian:

'•' (15)

The necessary conditions for optimality are given by the
equations (16):

""'Wo
dL ,

dt>, ' dVl ' d\pt

^ = 0 i=\,..JNt,
of, oyu

Let Y-[t>,V,t,Xpti.q,QG,Qu]
The Hessian matrix, H, of L is given by (17).

0

0

0

(16)

a3!

TL
dVBt

a3/.
6*36

dA/>do

asa/

ae1

a2/.
arac

Ö 3 *
a^p
H

a3/.
as A

a»L

at

a2!
dodA./>

avaxp

a3!
atav

0

a3/.

dVdXq

dtdXq

Q

0

0

a3!
BXqdb dXqdV dXqdt.

Ik
dXqdQu

(17)

B. Interior Point Approach to Treating Inequality Constraints

One difficulty in directly applying this method is
identifying at any iteration which generator reactive limits
represent active inequality constraints. In NSW several power
stations are electrically closely coupled and whilst one
generator would move off a limit the neighbouring generator
may then move onto its limit. Van Cutsem [5] proposed that
the reactive load be first maximised with generator voltages
kept at their base values. Generators operating beyond their
limits then have their limits enforced progressively according
to a set of linear interpolations. By contrast, in the Interior
Point approach each of the inequality constraints (14) is
represented by the barrier function (19),

b (19)

where b is a multiplier governing the effective "height" of the
barrier. The barrier functions are added to the Lagrangian:

L * V -* (20)

where the single bk applies at a particular iteration k to all
constraints. The value of b is progressively reduced as
convergence is achieved. The number of problem equations
and variables is unchanged and the sparsity of H is preserved.
Providing the starting point lies within the feasible region the
solution will remain feasible at each iteration of the process.

The objective function together with a barrier function is
stylised in Fig. 4 for two barrier multiplier levels. The reactive
output will be directed towards the centre of the range when
the barrier is high. As the barrier is gradually lowered the
generators which would normally reach reactive limits will
move closer to their limits. Generators which are not so
critical to the process will remain within their reactive range.

At a low barrier level the generators near limits can be
regarded as likely to be limited and can be switched to either

ffL

BXqdQM

The solution of (16) is obtained by the iterative solution of Unconstrained
lhe linear equations (18). Q M

(18)

The Hessian matrix for the basic OPF problem is square and
sparse and the addition of the elements involving QM only
adds a small number of non-zero elements.

Fig. 4. Stylised Objective function with barrier functions

the fixed field current representation of (2) or left with fixed
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maximum Var output, depending on the particular application.
The sensitivity of the reactive margin to load and

generation is given by the solution Xp and Xq vectors.

VI. APPLICATION TO THE NSW MAIN GRID

Selected results are summarised below. For the purpose of
illustration it has been assumed that the major transmission
line shown in Fig. 1-tias been forced out of service and the
reactive support in the Sydney area has been reduced.

The study system contains 80 buses covering the 500 kV,
330 kV, 220 kV and 132 kV grid together with 11 generator
nodes (and unit transformers), 3 SVC's and syncons and 74
load transformers (in 25 parallel groups). Upper and lower
voltage constraints are specified at 20 nodes and reactive
limits apply at the generator, SVC and syncon nodes.

The QE characteristic for a single Sydney 330 kV bus is
shown in Fig. 5. Once a generator Mvar limit is reached the
potential exists in load flow for adopting the model of Fig. 2b.
It is more usual to simply assume a fixed Q"1" and this has
been applied in generating this characteristic.

As the voliage is varied the system active power loss varies
significantly. The location of the swing bus can impact on the
magnitude of the margin from voltage collapse.

The problem contains the variables of Table 1.

A. The Optimisation Solution and Resulting Reactive Margin

When a QE characteristic is developed using load flow the
generator transformer tap settings are adjusted to achieve
scheduled voltages at the high voltage bus. Providing the
generator var limits are not reached these voltages will not
vary as the operating point moves along the QE characteristic.
When solving instead the optimisation problem the bus volts

can be either fixed (approach 1) or optimised (approach 2).
The first approach will yield a similar result to the QE
method. The second approach will yield a greater margin
providing that at the knee point of the QE curve there remain
some generators with unused reactive generation capability.
Table 2 compares the outcome of the approaches.

With the Interior Point method there is a uniform transition
of generators to their reactive limits as the barrier multiplier
is reduced throughout the optimisation process. There is no
hunting of generators on and off var limits. Table 3 shows
the outputs of the generators at the end of each sequence of
iterations. The * indicates that a limit is closely approached.

B. Convergence and Accuracy

Convergence of the load flow near to the knee point of the
QE curve can be troublesome. If the load flow diverges the
planner is unsure whether a point of voltage collapse has

TABLE 1 - NSW SYSTEM PROBLEM VARIABLES

Generator terminal

Hydro- swing bus

Other nodes

OLTC tx groups

Reactive margin

SVC and syncons

Variables

5, V, Xp, Xq, Qo

V

5, V, Xp, Xq

t

QM

8, V, Xp, Xq, Q o

Number

50

1

264

36

1

15

TABLE 2: COMPARISON OF OPTIMISATION AND QE APPROACHES

Approach

QE characteristic

Optimisation - 1

Optimisation - 2

Voltage

0.90

0.9036

0.9006

Mvar Margin

176.4

176.8

210.6

actually been reached. The Interior Point optimisation method
has proven far more reliable with convergence to the voltage
collapse point even in the proximity of "breakpoints" (arising
as generators reach Mvar limits).

The accuracy of the solution is governed by the height of
the constraint barrier. An accuracy within a few Mvars is
generally sufficient for main grid reactive planning and this
can be achieved with a multiplier value from 0.001 to 0.0001.

TABLE 3: PROGRESSION TOWARDS REACTIVE LIMITS

Bus

Upper Tumui

Lower Tumul

Ml Piper

Wallerawang

Munmorah

Bayswsier

Vales Pi

LiddeU

Era ring

Surt
Point

-108

-120

0

-117

34

266

184

132

277

b=
1.0

-91

363

191

131

107

422

407

-43

391

b=
0.1

124

420

234

174

174

903

490

489

479

b=
0.01

188

468

253

193

193

990

513

591

510

b=
0.001

208

477

260*

200*

200*

999

520*

600*

520*

b=
0.0O01

220*

471

260

200

200

1000

520

600

520
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Fig. 5. QE characteristic at a Sydney bus

C. Zonal Load Increase and Voltage Constraints

The usual approach to generating the QE curve with load flow
is IO convert the subject node to a PV bus and vary the bus
voltage whilst monitoring the generator reactive output.
However to incorporate a load increase across a zone it is

necessary to progressively increase the load (according to the
desired participation) whilst monitoring voltages. Without the
fine voltage control afforded by a PV bus the convergence and
soluuon accuracy can be subject to the load step size.

If a bus is constrained by a voltage limit the approach when
generating a load flow QE curve is to monitor the bus voltage
and stop when the limit is reached. In the optimisation
method the voltage limit is included as a constraint. Further
in the optimisation method all voltages can be optimised to
maximise the margin whilst obeying the constraint.

VII. CONCLUSIONS

For reactive power planning the Interior Point Newton-
based method of optimisation provides an effective means of
determining the reactive power margin to the point of voltage
collapse.

The problem is formulated as a full AC optimisation
problem to preserve soluuon accuracy. The formulation
allows the inclusion of the full range of modelling necessary
in reacu've power planning, namely: load drop compensation,
representation of the generator reactive output limits as either
a fixed value or as a function of terminal voltage, generator
terminal voltage limits, transformer tap limits and (he
representation of load-voltage behaviour.

Although the widely-used QE characteristic serves well for
most reactive planning studies, the optimisation method offers
advantages in terms of robustness, accuracy, ability to provide
information on the nodes that contribute significantly to the
voltage collapse and the ability to include system constraints.
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Abstract—This paper proposes an application of evolutionary
programming (EP) to optimal reactive power dispatch (ORPD).
EP selects the best regulation of generator bus voltages and
transformer taps to minimize the real power loss and keep the
voltages and reactive power generations in their secure limits.
Several techniques have been developed to make EP practicable
to solve a real power system problem and other practical
problems. The proposed approach is described in detail for the
IEEE 30-bus system. The comprehensive simulation results
show a great potential for applications of EP in power system
economical and secure operation, planning and reliability
assessment.

Key words—Optimal reactive power dispatch, power systems,
artificial Intelligence, evolutionary programming.

1. INTRODUCTION

The purpose of optimal reactive power dispatch (ORPD) is to
minimize the network real power loss and improve voltage
profiles by regulating generator bus voltage, switching on/off
static var compensators and changing transformer tap-
settings. The reactive power dispatch is a complex problem
in a large scale power system. Many methods based on linear
programming and non-linear programming have been
proposed to solve this problem, [1-5]. These approaches are
based on successive linearizations and the first and second
differentiations of an objective function and its constraint
equations. Such treatments quite often lead to a local
minimum point and sometimes result in divergence. Some
new methods based on artificial intelligence have recently
been used in ORPD and reactive power planning to solve

Paper SPT PS 22- 02- 0073 accepted
for presentation at the IEEE/KTH
Stockholm Power Tech Conference,
Stockholm, Sweden, June 18-22,1995

local minimum problems and uncertainties, [6-9].

This paper proposes an application of evolutionary
programming (EP) to solve ORPD problem. EP is an
artificial intelligence method which is an optimization
algorithm based on the mechanics of natural selections—
mutation, competition and evolution. The process of
evolution inevitably leads to the optimization of "behaviour"
within the context of a given criterion. It has been indicated
that artificially simulating evolutionary process provides a
general problem-solving technique [10-13]. Simulated
evolution, evolutionary programming, can be used to develop
artificial intelligence. Optimization with EP has been
demonstrated to proceed more efficiently and effectively than
a gradient-based propagation learning technique. EP is
different from other optimization methods in the following
features,

1. EP searches from a population of points, not single point.
The population can move over hills and across valleys.
EP can therefore discover a globally optimal point.
Because the computation for each individual in the
population is independent of others, EP has inherent
parallel computation ability.

2. EP uses payoff (fitness or objective functions)
information directly for the search direction, not
derivatives or other auxiliary knowledge. EP therefore
can deal with non-smooth, non-continuous and non-
differentiable functions that are the real-life optimization
problems. ORPD is one of such problems. This property
also relieves EP of approximate assumptions for a lot of
practical optimization problems, which are quite often
required in traditional optimization methods.

3. EP uses probabilistic transition rules to select generations,
not deterministic rules, so they can search a complicated
and uncertain area to find the global optimum. EP is more
flexible and robust than the conventional methods.

These features make EP a robust and parallel algorithm to
adaptively search for the global optimal point. EP offers a
new tool for optimization of complex power system
problems.
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2. PROBLEM FORMULATION

List of Symbols

NE

NT =

8k =

p,"

N Qglim

set of branch numbers

set of numbers of buses adjacent to bus /,

including bus /

set of PQ - bus numbers

set of generator bus numbers

set of numbers of tap - setting transformer

branches

set of numbers of total buses

set of numbers of total buses, excluding slack bus

network real power loss

conductance of branch k

voltage magnitude at bus /

voltage angle difference between bus / and busy

active power injected into network at bus /

reactive power injected into network at bus i

mutual conductance and susceptance

between bus / and busy

self conductance and susceptance of bus /

reactive power generation at bus /

tap - setting of transformer branch k

set of numbers of buses of voltages outside

the limits

set of numbers of buses of reactive power

generations outside the limits

The purpose of ORPD is to minimize the network real power
loss and improve voltage profiles by regulating generator bus
voltage, switching on/off static var compensators and
changing transformer tap-settings. The objective function of
ORPD can therefore be expressed as follows:

keNE

MiJ)

s.t. 0 = Pj-Vj ie NB_B_j

Qi-

jeN,

V, 'ZVj(GijSinQij- i e N
PQ

(1)

k
min

.min

Qgi<Qgi

>Tk< Tf
< y. ̂  y.. ^ y.m

keNT

ieNB

where power flow equations are used as equality constraints;
reactive power generation restrictions, transformer tap-setting
restrictions and bus voltage restrictions are used as inequality
constraints. The transformer tap-setting T and generator bus
voltages Vg are control variables so they are self-restricted.
The load bus voltages VI^J and reactive power generations Qg

are state variables, which are restricted by adding them as the
quadratic penalty terms to the objective function to form a
penalty function. Equation (1) is therefore changed to the
following generalized objective function:

s.t. 0 = Pj-
JeNj

0 = Q, - V, £ VJ(G,J
jN

y) i e NPQ

where XVi and Xggi are the penalty factors which can be
increased in the optimization proc«
defined in the following equations:
increased in the optimization procedure; v\m and Qj'm are

ylim _.
i min

nm"
nlim _ J Ugi
Ugi -)nmx

[Qgi

if V, < V-"'"

if Vi>Vimax

if Qsi<Qg!n

if Qzi>QT

(3)

It can be seen that the generalized objective function fq is a
non-linear and non-continuous function. Gradient-based
conventional methods are not good enough to solve this
problem.

3. EVOLUTIONARY PROGRAMMING (EP)

EP is different from conventional optimization methods. It
does not need to differentiate cost function and constraints. It
uses probability transition rules to select generations. Each
individual competes with some other individuals in a
combined population of the old generation and the mutated
old generation. The competition results are valued using a
probabilistic rule. Winners are selected to constitute the next
generation and the number of winners is the same as that of
individuals in the old generation.

The general process of EP is described in [13].
procedure of EP for ORPD is briefed as follows:

The
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Initialization: The initial control variable population is
selected by randomly selecting pf(VPJ, T1], i=l, 2,..... m,
where m is the population size, from the sets of uniform
distribution ranging over [V , V™"] and [Tt min rptnax-t The
fitness score /j of each p, is obtained by running P-Q
decoupled power flow.

Statistics: The maximum fitness, minimum fitness, sum of
fitnesses and average fitness of this generation are calculated
as follows:

(4)

• / a v g - m

Mutation: Each p, is mutated and assigned to pHm in
accordance with the following equation:

fz
= 12 n (5)

where, ptJ denotes the jth element of the rth individual;
N(\i,a2) represents a Gaussian random variable with mean u
and variance a2; fz is the sum of fitnesses of the old
generation which is obtained in Statistics; P, is a coefficient
of proportionality to scale/ /fz and 0 < 3y £ 1. If any pi+mJ,
j=l, 2, .... n, where n is the number of control variables,
exceeds its limit, p,+mJ will be given the limit value. The
corresponding fitness /+ m is obtained by running power flow
with pl+m . A combined population is formed with the old
generation and the mutated old generation.

Competition: Each individual />, in the combined population
has to compete with some other individuals to get its chance
to be transcribed to the next generation. A weight value wt is
assigned to the individual according to the competition as
follows:

(6)
/=/

where q is the competition number; w, is a number of {0, 1},
which represents win, 7, or loss, 0, as p, competes with a
randomly selected individual pr in the combined population.
w, is given in the following equation:

(7)

0 otherwise

where/ is the fitness of randomly selected individual pr and
fi is the fitness of /?,; u, is randomly selected from a uniform
distribution set, U(0,l).

When all individuals/?,, /=/, 2,.... 2m, get their competition
weights, they will be ranked in descending order of their
corresponding value w,. The first m individuals are
transcribed along with their corresponding fitnesses/ to be
the basis of the next generation. The maximum, minimum
and average fitness and sum of fitnesses of this generation are
then calculated in the Statistics process.

Determination: The convergence of maximum fitness to
minimum fitness is checked. If the convergence condition is
not met, the Mutation and Competition processes will run
again. If it converges, the program will check overlimits of
state variables. If there is no overlimit, the program stops. If
one or more state variables exceed their limits, the penalty
factors of these variables will be increased, and then another
loop of the process starts.

To make EP practicable, two techniques have been
developed:

1. Changing mutation scales to avoid the search being
trapped in a local minimum. In general, mutation scale is a
fixed small value throughout the whole search process.
However, in practical applications, a small and fixed
mutation scale at the early stage will make the search stuck in
a local optimum point. To overcome this problem, varying
mutation scales are introduced in the search process. The
search starts with higher mutation scales so the search has a
better chance to avoid being trapped in a local minimum
point at the early stage. The mutation scales will decrease as
the process goes on. The decreasing speed of the mutation
scale of an individual depends on the fitness of this
individual, that is, the lower the fitness is, the faster the
mutation scale of this individual decreases. In this program,
the mutation scales, Py, j=],...,n, where n is the number of
control variables, are given the initial value of 0.5~1.0 times
the values of the variable j . The scales automatically
decrease during the optimization period to a fixed low value
of 0.001 to produce a smooth convergence.

2. Trimming the fitness to get relative values among the
fitnesses. In practical problem, the fitness of one individual
does not have much difference from the others, especially in
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ORPD problem, the difference between the minimum point
and the original operating point is not so much different. In
deterministic transition rules, no problem arises from this
situation. However, in probabilistic transition rules, such
small difference will sink into oblivion because of added
uncertainties, e.g. uh in EP. To deal with the problem, our
program trims the fitnesses and the sum of fitnesses so only
the relative fitnesses and the sum of relative fitnesses are
used in the process of mutation and competition. The relative
values become quite distinct among the fitnesses. However,
even the individual with maximum fitness in the current
population still has its small probabilistic chance.

4. NUMERICAL RESULTS

In this section, IEEE 30-bus system has been used to show
the effectiveness of the algorithm. The system is shown in
Fig. 1 and the network parameters of the system are given in
[14]. The network consists of 6 generator-buses, 21 load-
buses and 43 branches, of which 4 branches, (6,9), (6,10),
(4,12) and (28,27), are under-load-tap-setting transformer
branches. Two cases have been studied. Case 1 is of light
loads whose loads and the active power generations of P-V
buses are the same as in [14]. Case 2 is of heavy loads whose
loads and the active power generations of P-V buses are
twice as those of Case 1. The reactive power generation
limits are listed in Table 1. Voltage and tap-setting limits are
listed in Table 2. All power and voltage quantities are per-
unit values.

4.1 Initial Condition

All initial generator voltages and transformer taps are set to
1.0. The loads are given as:

C a s e l : Pload =2.834, Qload = 1.262

Case 2: Pload= 5.668, Qload= 2.524

The initial generations and power losses are obtained as in
Table 3. The variables outside their limits are listed in Tables
4 and 5. In Case 2, because of heavy loads, almost all bus
voltages and all reactive power generations are outside their
limits.

TABLE 1 REACTIVE POWER GENERATION LIMITS

TABLE 2 VOLTAGE AND TAP-SETTING LIMITS

Bus

Casel
Case 2

;

0.596
1.192

-0.298

2

0.48
0.96

-0.24

5
Qma
0.6
1.2

Q«"
-0.3

8
X

• 0.53
1.06

-0.265

11

0.15
0.30

0.075

13

0.155
0.31

-0.078

^max

1.1

. , mm

0.9

..max
vload

1.05

. .mm
vload
0.95

~.max

1.05

rrtfnin
' A

0.95

TABLE 3 GENERATIONS AND POWER LOSSES

Casel
Case 2

P.
2.89388
5.94588

Q*
0.98020
3.26368

Plass
0.05988
0.27788

Qloss

-0.28180
0.73968

TABLE 4 VOLTAGES OUTSIDE LIMITS

Bus

v,

Bus
V,

Bus
V,

Bus
V,

26
0.93

9
0.94
18

0.87
25

0.86

29
0.94

10
0.91
19

0.86
26

0.81

Case 1
30

0.93
Case 2

12
0.94
20

0.873
27

0.88

14
0.90
21

0.87
29

0.83

15
0.89
22

0.88
30

0.80

16
0.91
23

0.87

17
0.90
24

0.85

TABLE 5 REACTIVE POWER GENERATIONS OUTSIDE LIMITS

Bus
Case 1
Case 2

/ 8 13
0.569

-0.402 1.497 0.439

4.2 Optimal Results

The optimal generator bus voltages, transformer tap-settings,
generations and power losses are obtained as in Tables 6-8.
All the state variables are regulated back into their limits.

TABLE 6 GENERATOR BUS VOLTAGES

Bus
Casel
Case 2

1
1.07
1.10

2
1.06
1.09

5
1.04
1.05

8
1.04
1.05

11
1.08
1.10

13
1.06
1.09

TABLE 7 TRANSFORMER TAP-SETTINGS

Branch
Case 1
Case 2

(6.9)
0.98
1.00

(6,10)
1.03
1.10

(4.12)
1.02
1.04

(28.27)
1.04
1.10
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TABLE 8 GENERATIONS AND POWER LOSSES

Case 1
Case 2

P, Q*
2.88357 0.87389
5.87926 2.86863

Plllu

0.04957
0.21126

The power savings are given as follows:

Case 1:

save'

pMl popt
, r\0SS ' rl0SS X JQQ

pinit
Hoss

0.05988-0.04957
x700 =

-0.38811
0.34463

17.22%
0.05988

Case 2:

pinil
loss

opt

plfill

Hoss

027788-021126

027788
100 = 23.97%

5. CONCLUSIONS

ORPD is an optimization problem of a non-continuous and
nonlinear function with uncertainties arising from large-scale
power systems. The EP with the techniques developed in this
paper is a suitable algorithm to solve such a problem.
Simulation studies have been carried out in a standard IEEE
30-bus system. The EP performs very well in such a system
and gives satisfactory results. The simulation shows that the
application of EP to ORPD could achieve very attractive
power savings. The comprehensive simulation results show a
great potential for applications of the EP in power system
economical and secure operations, planning and reliability
assessment. The EP has the potential to be used in the real-
life system.
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A Fuzzy Expert System for

Low-Cost Security-Constrained Reactive Dispatch

K.R.W. Bell, A.R.Daniels and R.W. Dunn
School of Electronic and Electrical Engineering,

University of Bath, Bath B A2 7AY, UK

Abstract—This paper examines expert system approaches to voltage
control on large inter-connected power systems. Two published systems
are described and compared to a new one which models operator heuristics
using fuzzy rules and reaches a low-cost solution for which a limit on the
number of controls used can be set

A brief description of fuzzy set theory is given and models of reactive
generation cost are discussed. Results are shown for dispatch applied to
restore load bus voltage magnitudes to within limits after line outages on a
modified IEEE 57 bas test system and a 20 machine, 100 busbar reduction
of the U.K. national grid.

Keywords: reactive dispatch, fuzzy vets, expert systems.

I. INTRODUCTION

Control of voltage is one of the primary duties of an electric
power utility, both for quality of supply to consumers and
security of the system. It is generally viewed as the need to
maintain the voltage magnitudes at all the nodes in the system
within pre-detennined limits, particularly under fault conditions,
using such controls as generator voltage set points, transformer
tap ratios and banks of reactive compensators.

When taking action to conect voltage violations, operators
consider the sensitivity of the voltage to be corrected to a
control move, a controller's margin and secondary effects where
existing violations might be aggravated or new ones created.
An attempt is made to minimise cost, fuel and the number
of controls used. Since the co-ordination of these criteria is
extremely complex, computer analysis tools have been under
development since the early 1980s [ 1). However, the definition
of an analytical objective function that enables each of these
aims to be balanced while guaranteeing a viable solution within
a given timescale is non-trivial. Human operators, on the other
hand, are extremely capable of reaching judgements on an ideal
balance, hence more recent developments in the field have
focused on die application of expert systems 12). This paper
makes use of fu/.zy logic to model the operator's decision-
making process while using sensitivity analysis [31 to derive the
necessary movements in control settings.

Paper SPT PS 22- 03- 0181 accepted
for presentation at the IEEE/KTH
Stockholm Power Tech Conference,
Stockholm, Sweden, June 18-22,1995

II. FUZZY SETS

Conventional logic assumes that a variable has one precise
valuei.e. itis crisp. Fuzzy logic attempts to model the vagueness
of human reasoning by reflecting uncertainty about a variable's
value through the assignment of a set of values to the variable
each of which has a degree of membership of the set which
reflects the likelihood of the variable having that value [41. A
membership fund ion defines the degree of membership over Hie
range of possible values or universe of discourse, and such a
function can be assigned for an adjective (known as a linguistic
variable or a fuzzy set) that describes the set of values. It is this
property that gives fuzzy logic its power to model qualitative
reasoning.

The universe of discourse of a fui.-y set may be finite in which
case die set am be expressed as a summation of singletons (a
single point in the universe of discourse which has a non-zero
degree of membership), or infinite (even if over a finite ninge).
The support of a fuzzy set is the set of points in the universe
of discourse with positive non-zero degrees of membership of
the fuzzy set. A set with a finite support y\, yi,..., yn is the
union (denoted by +) of its constituent fuzzy singletons and is
A = I'I/I/I + ••• + /<„Iv» or

(1)
1=1

where /< is the degree of membership of y in the fuzzy set A.

Logical operations such as NOT, AND and OR c;m be
performed on fuzzy sets (4|. The operation for AND will be of
the form

A AND B = (2)

where HA{*') is the degree of membership of x in A. A AND B
is equivalent to the standard set operation A n B.

A. Cardinality

For a finite fuzzy set A, the cardinality \A | is defined as

(3)

There are a number of reported examples, e.g. that in [51, for the
cardinalities of consequent clauses of a sel of fuzzy rules being
used in decision support in enabling the finding of precedence
in a list of feasible decisions.
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B. Fuzzy Expert Systems

A fuzzy expert system executes a series of 'IF...THEN'
production rules where tlie antecedents and consequents are
fuzzy statements such as a; IS low where low is a fuzzy set. It
can be thought of as working in 4 steps:

1. Fuzzification. The membership functions defined for each
input variable are applied to the actual variable values to
determine their degrees of membership of tlie fuzzy set.

2. Inference. The implication of the rule is derived from
application of the degree of membership of the antecedent
to that of the consequent.

3. Composition. All the membership functions assigned
to each output variable are combined to form a single
membership function for each one.

4. Defuzzification. This converts a fuzzy set to a crisp vjdue.

III. SENSITIVITY ANALYSIS

Sensitivity analysis provides a linear approximation of the
effects of control moves on v,'iriables to be controlled 13]. If
a vector of dependent variable increments AXQ consists of
L load bus voltage magnitude changes AVi and A',; reactive
injection changes at busbars with generation or synchronous
reactive compensation AQ and the vector of independent
variable increments AUQ consists of A^ voltage set-point
changes AVg, N, changes of variable shunt susceptance AB
and Nt transformer tap ratio changes At, then using tlie well-
known procedure of decoupling tlie active mid reactive power
equations, a sensitivity matrix SQ CSUI be found which relates
AXQ to AUQ through

or

AVL

AQ

XQ = SQAIIQ

S\'
At
AB
AK,

(4)

(5)

IV. EXPERT SYSTEMS FOR REACTIVE DISPATCH

Most approaches to reactive dispatch have been based on
linear programming and have been well-proven over a number
of years 11,6), but tlie difficulty of defining the objective
function for a range of objectives and of ensuring that a solution
is reached have led to research into the use of expert systems.
They began to be applied in tlie mid-'80s find a number of
examples now exist [2,7,8).

The expert system dispatches of Cheng et al [2\, which
takes the most severe voltage violation first and chooses control
moves using a sensitivity tree, and of Yokoyama et al [ 8), which
uses fuzzy rules to select the control actions, are described in
the next two sections.

A. Sensitivity Tree Based Reactive Dispatch

The starting node in the sensitivity tree (fig. 1) is determined
from the most violated busbar voltage VJ.

From the sensitivity matrix, the most effective available
controller is found i.e. that to which the violated voltage is most
sensitive with the sensitivity weighted, in the implementation

adopted for this paper, by dividing it by the control range
Ijmax _ ijmin j j j j j deteimines w u i c h node in the next level of
the tree to move to. The control action AUj necessary to correct
tlie voltage violation AVi is found from

AVi
(6)

and is rounded to tlie nearest valid set-point. The action
is checked against its control limits and limited if any are
exceeded. The control move is then tested on every other load
bus in Hie network to ensure that it does not aggravate existing
violations or create new ones by searching the bottom level of
the tree, and further limited if necessary.

Laval 1: most viola lad k»d buj

Laval 2: ccntrdafs

Laval 3 load busae
V, V . V, V , V , V, V , V . V,

Fig. I. Sensitivity tree

In this implementation, the control move suggested is applied
in a load flow study, tlie results of which then provide the input
d;ita for the expert system to be run again until no further control
moves are possible or the violations have been removed.

B. Fuzzy Expert Reactive Dispatch System

Yokoyama el al 18 ] approached the problem of voltage control
from the point of view of operator heuristics which are modelled
by me«'uis of a set of fuzzy linguistic variables and four fuzzy
rules. All four of the rules are executed for each combination of
the controls mid load buses with violated voltage magnitudes.
The control actions are implemented in a load-flow study
to check whether they have been sufficient to remove the
violations, and the expert system is run again if necessary.

B.I Formulation of rules

The six linguistic variables :ire combined in the following
four rules p = 1 . . .4:

1. IF voltage IS low AND sensitivity IS positive AND
control margin IS enough to raise THEN setting IS
CijAUp"1

2. IF voltage IS high AND sensitivity IS positive AND
control margin IS enough to lower THEN setting IS

i

3. IF voltage IS low AND sensitivity IS negative AND
control margin IS enough to lower THEN setting IS

4. IF voltage IS high AND sensitivity IS negative AND
control margin IS enough to raise THEN setting IS
CijAUpai

The variables voltage, sensitivity and control margin are
crisp variables, voltage is the voltage at a load bus Vi,
control margin is the margin available at a candidate controller
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compared wid) Uie output AUj required to correct the voltage
at the load bus, and sensitivity is the sensitivity ,S',j of the load
bus voltage to a change in the candidate controller setting. The
variables high, low, positive, negative and enough to lower are
fuzzy sets and are shown in fig. 2. The fuzzy set setting is the
suggested controller adjustment which must be defuzzified to
give a single crisp value.

Low ,

VolUfe w(v)
vanaUel 1.0

0.5

High

MM
1.0

0.5

0.93 0.95

Vfpu)
1.05 1.07

V(pu)

Sensitivity
Negative

i(Si|)
1.0

0.5

•1.0 min(S') SO" 0.0 0.0 Sd* maxlS*) 1.0
sir sij

Marpn

U, -IMd 0.0 0.0 Md AU,

Fig. 2. Linguistic variables

The volUige linguistic variables high and low do not just give
a measure of whether the load bus voltage is violated or not, but
give a scaling of the extent of the violation which in turn will
set the priority of action for each controller.

The sensitivity variables for controller j controlling a
violation at bus i are defined wit)) inin(.S'~) as the most negative
element in the ?th row of the sensitivity matrix and max(.s'+) as
the most positive so that the truth of sensitivity is set according
to die effectiveness of the controller rectifying the violation at
bus i relative to die odier controllers.

The version implemented for this paper is extended from Uiat
in |81 to allow variable transformer tap ratios and switchable
banks of capacitors as controls. To give properly related
sensitivities of different types of control, the sensitivities used
in positive and negative are scaled by the respective control
ranges.

The control margin values to be fuzzified for the jtli
controller are Ufn - V° and (/j" a x - U°.

The deadbands in fig. 2 can be varied to eliminate die least
effective controllers and trivially small control moves.

B.2 Inferencing

For the general fuzzy rule IF A AND B AND C THEN [),
the degree of membership of the antecedent clause is found from
the algebraic product of die degrees of membership HA , /'/< and
lie. The implication of die rule is found by die 'product' mediod
[91 where die membership function of D is multiplied by the
degree of membership of die antecedent.

Each suggested control adjustment is modified by a
'contribution factor' in order to prevent a combination of
controllers over-compensating for the same voltage violation,
and is determined by the margin limited positive control change
at controller j AU"lax for rules 1 and 4 and by die margin
limited negative change Af/j'"" to relieve die violation for rules
2 and 3 such that

AV}"ar =

AUpin =
(7)

(8)

where U™"* and (/]" '" are die maximum and minimum control
settings and f/j* is die current control setting. AUj is found from
equation (6).

The contribution factor (,',-j for controller j applied to a
voltage violation at bus i is proportional to die sensitivity of diat
voltage to an action at diat controller ;md is

xs,
where

(9)

(10)Xs, = max (\Skj\) for k = 1,2, . . . , L

B.3 Output composition

After execution of die rules, diere will be finite fuzzy sets
selling for each controller found from composition of die outputs
of each rule.

U(b)

H(c)

a b c d A u

Fig. 3. Composition of the fuzzy set selling

The 'sum' mediod of composition is used [10] and is
illustrated in fig. 3 where u,h,c and (/ are the output control
signals AU assigned for one controller by different rules. The
implications of die rules which fired to give diese settings are
/((a),//(&),//(c) and /i(</). These are combined by taking die
piecewise sum of die sepsirate fuzzy functions over die range
of A(/ to give die final single membership function for setting
shown.

B.4 Defuzzification

The mediod used to convert a fuzzy set setting into a crisp
control signal fora particular controller is die 'centroid' mediod
[10] where, for controller j ,

(11)

and aPij is die implication of die pth rule executed for control
j and a violation at bus i, C-',_,- is die contribution factor and vptj
is die setting suggested by rule p for controller j and violation
/'. The defuzzifed value is rounded to die nearest valid set-point.
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V. A NEW FUZZY EXPERT SYSTEM

Although positive results have been obtained for the
approaches described in section IV, they would appear to have
some weaknesses.

The sensitivity tree approach of section IV does not optimize
die solution reached, and tends to use up control margin at one
controller before moving on to another leaving the system in die
vicinity of that controller vulnerable to further contingencies.

The disadvantage of the fuzzy approach described in section
IV is dial it recommends adjustments on a large number of
controllers, although this effect can be minimized by adjustment
of the sensitivity and margin deadbands. In addition, although
use of 'contribution factors' negates die need for another loop
of specific checks, it may not be successful in preventing over-
compensation or creation of new violations, or it may reduce
actions by too much.

A new fuzzy approach has been developed which chooses
controllers which have low cost, reduces the number of
controllers used and co-ordinates use of one controller for
rectification of more than one violation where possible.

A. Modelling of Cost

In the last year or two, a number of utilties have come under
pressure to cost reactive compensation more accurately. This
is particularly true of the U.K. National Grid Company 111].
Among the proposals for costing of reactive power mentioned in
[ 11 ] are payment for MVAr hours produced by generating units
at a simple fixed rate per MVAr hour and payment for bidded
lagging and leading reactive capability. Oilier possible methods
of costing reactive generation include doing so on a basis of what
equivalent compensation would cost to install and according to
an 'opportunity cost' proportional to the reduction in MW
capability ensuing from the change in reactive generation.

When the cost of increasing or decreasing the control setting
is defined for each available controller, a new antecedent clause
of cost IS low can be added to each rule of an expert system
such as dial of |8]. The cost value of the required change is
fuzzil'ied to give a degree of membership of die fuzzy set low.

In diis paper, a simple price per MVAr hour is adopted for
generation. Changes to transformer tap ratios are modelled as
having zero cost, while die costs of changes to die reactive
output of compensation reflect changes in losses on the devices
(as shown in fig. 4). The membership function for low cost is
shown in fig. 5.

50 100 150

Fig. 4. Cost of reactive compensation

B. The Rule Base

If die objective of low cost is included in a reactive dispatch
fuzzy expert system, die following four rules are executed for
each controller and each violation:

Fig. 5. Linguistic variable relating to marginal cost

1. IF voltage IS low AND sensitivity IS positive AND
control margin IS enough to raise AND cost IS low
THEN setting IS A(/m a r

2. IF voltage IS high AND sensitivity IS positive AND
control margin IS enough to lower AND cost IS low
THEN setting IS A(/""'"

3. IF voltage IS low AND sensitivity IS negative AND
control margin IS enough to lower AND cost IS low
THEN setting IS A(/""'n

4. IF voltage IS high AND sensitivity IS negative AND
control margin IS enough to raise AND cost IS low
THEN setting IS A(/"mr

The linguistic variables are diose shown in figs. 2 and 5.
The values AU"lttT and A(/""" of setting are die margin limited
changes in control setting (equations (7) and (8)).

C. Termination Conditions

The two expert systems described in section IV perform
furdier iterations until eidier no further control actions are
possible or die violations have been removed. Where removal
of all die violations is not possible, this can result in die final
power system state being less secure dian die inlitial one. In die
new approach, die severity index ;/ of die contingency under
consideration is determined 112] bodi before application of any
control actions and alter each iteration of die expert system
where

(12)
Al/""11

;uid AVi is die deviation of die voltage magnitude at bus i from
nominal, AV"""T is die maximum permissible deviation and n
is some chosen integer.

If die severity index at the end of an iteration is higher (i.e. die
system is less secure) than at die end of die previous iteration,
dien die previous set of control actions is chosen as die final
one and die expert system exited. This ensures diat die expert
system finds a more secure system state, diough diere is a risk
of die system stopping at a local minimum of severity index.

I). Decisions Based on the Rule Consequents

The inclusion of die new antecedent for cost described above
would give different implications for the rules. If die approach
used in [8] were followed, die cost antecedent clause would
prioritise movement of one controller for an action diat is less
costly for diat controller where diere is more'dian one violation.
However, it would still be difficult to make judgements about
one controller's benefit widi respect to another as rules fire to
give an indication not of which controllers are best, but simply
which are possible to be used.
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If a secondary aim of reducing the number of controllers used
is also considered, it can be seen that there is a need to rank the
controllers in order of suitability.

D. 1 Limiting the number of controllers

The operator is likely to want to restrict the number of control
moves suggested by a dispatch routine to limit the number
of communications needed and prevent any possible transient
problems caused by the largely unpredictable interaction of the
changes over the immediate post-action period. Since the limit
on the number of move's may be too low to enable the removal
of all the violations, only the initial number of controller actions
is restricted and freedom is given for additional controllers to
be selected by further iterations of the expert system where
necessary to remove remaining violations. As an alternative to
the user setting the limit, a function

nf = f(uUtN,i)) (13)

may be defined where »c is the initial maximum number of
controllers, N is the total number of controllers, ?; is the
contingency severity index and uv is some weighting. In this
way, the initial limit on the number of controllers is appropruite
to the severity of the system insecurity which is being tackled
as a more severe condition is likely to require a larger number
of actions.

The controllers are ranked according to the cardinality of each
controller's fuzzy variable selling i.e. the sum of the degrees of
membership for each singleton. The overall suitability « of the
controller whose fuzzy set setting is shown in fig. 3 is given by

D.2 Prevention of new violations

The effects of the complete set of defuzzified controller
settings are tested using the sensitivity matrix on all the load
bus voltage magnitudes to ensure that the combined actions do
not aggravate existing violations or create new ones.

Some control actions AUj will raise VI, while others will
lower it. If the net effect AVi is to raise V} above the nominal
upper voltage limit, then the individual control actions AUj
which cause it to rise are reduced in proportion in order to keep
Vi within limits. Likewise, if Vi is predicted to fall below the
nominal low voltage, all AUj which have the effect of lowering
Vi are reduced. Where V} is already violated, the controls
actions are adjusted if necessary so as not to make the violation
any worse.

E. The Final System

The overall scheme is illustrated in fig. 6
If the user has not set a limit to the number of controllers to

be used, a limit nc is calculated based on the severity index.
The rules of the dispatch system are then applied.

The selected controllers' settings A(/ are found from
defuzzification of the respective setting fuzzy sets where the
crisp setting for the jth controller is

(15)

Fig. 6. (Jutline of the new fuzzy expert system

Melhod
NEW
FUZZY
TREE

RESULTS

ave i %
28.737
32.982
25.611

TABLE 1
FOR IEEE 5 7 BUS TEST SYSTEM

l ( s ) conv

0.042 36
0.040 34
0.083 34

«<• «.•

1.961 2
5.698 1
3.069 8

cost
-0.159
-0.213
0.798

P=I <Vi

«'uid /> is the rule number, npij is the implication of the rule
executed for ith bus and jth controller, and u^y is the control
move on the jth controller suggested by the />th rule to relieve
a violation at the itli bus.

If any violations remain and the improvement in severity
index from the last iteration is below a threshold, an extra control
in addition to those used at previous iterations is allowed. If,
however, the severity index has increased, the solution from the
last iteration is retained and the expert system exited.

VI. RESULTS

The new fuzzy expert system (method NEW) was run to
suggest control actions to relieve voltage violations caused by
each of a full set of single and double circuit contigencies
applied to three scenarios with progressively higher loadings,
A, B ;uid C, on a 20 machine, 100 busbar reduction of the U.K.
National Grid [13] and by single line outages on a modified
IEEE 57 bus test system [14]. 6 contigencies caused voltage
violations on scenario A, 11 on scenario B and 19 on scenario C
while 38 did so on BEEE-57. The results are presented in tables
I and II with the number of controllers limit factor u>v = 0.12.

Comparisons are shown with the fuzzy expert system of
[8] (FUZZY) and with that of [2] (TREE), ave i is the
average percentage improvement in severity index over all
the contingencies which caused voltage violations. The average
cost is determined according to a cost per MV Ar for generation
and a cost per unit MW loss for compensation. The average
number of controllers used ne, die number which are moved
to their control limits 7i, and the number of contingencies for
which converged solutions were found are shown. To give a
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TABLE II
RESULTS POR 20 MACHINE 100 uns REDUCED U.K. SYSTEM

A
A
A
B
B
B
C
C
C

Method
NEW
FUZZY
TREE

NEW
FUZZY
TREE

NEW
FUZZY
TREE

EFFECT OF U>,

A
A
A
11
B
B
C

c
c

U/|,

0.08
0.10
0.12
0.08
0.10
0.12
0.08
0.10
0.12

av( i %
36.056
21.916
tQ-779
34.539
23.926
13.221
22.936
24.619
11.027

l(s)
0.059
0.056
0.047
0.114
0.106
0.206
0.119
0.092
0.205

COI1V

6
4
31
1)
8
7
16
16
13

TABLE III

" • •

2.333
3.000
\W
2.545
3.250
2.714
1.750
2.750
2.769

».-
>,
I
0
4
4
2
8
4
8

FOR 20 MArHlNE 10T) Ul'S REDUCE» tl.K.

ave i %
29.311
29.311
36.056
26.929
24.766
34.539
20.827
20.848
22.936

Us)
0.114
0.103
0.100
0.082
0.100
0.131
0.144
0.143
0.148

conv
6
6
6
11
11
11
17
17
16

" r

1.333
1.500
2.333
1.636
1.727
2.545
1.000
1.059
1.750

n.

2
2
3
4
5
4
I
4
8

cost
0.209
3.632
0.126
0.301
1.040
0.720
0.165
1.809
0.229

SYSTEM

cost

0.000
0.000
0.209
0.139
0.139
0.301
0.081
0.081
0.165

true comparison. Uie average times correspond to contingencies

where all three methods reached converged solutions.

Table III shows Uie effect of changing the weighting factor^,,

used in determining Uie initial limit on the number of controllers

used in Uie NEW mcUiod. The timings are averaged across all

Uie contingencies.

VII. CONCLUSIONS

It can be seen from tables I and II Uial Uie new method

achieves Uie overall lowest cost .solution in a time comparable

wiU\ Uie oUier iwo while using ;LS few controllers us the TREE

method and giving an improvement in security as gotul as Uie

FUZZY method. The figure for the number of controllers

which are moved to Uieir operational limits in table II is

slightly misleading as Uie new method uses up control margin

in correcting violations caused by contingencies for which Uie

oUier meUiods find no solution. A better reflection of Uie

tendency to use up control margin is given in table I.

The FUZZY and TREE methods recommend fewer sets of

actions for which Uie finaJ load How converges. While Uiis

tendency would probably be smidler were Uie sensitivity matrix

re-calculated at each iteration, it reflects Uie fact Uiat, for Uie

FUZZY approach, a large number of actions makes Uie linear

approximation less accurate, ,'uid Uiat for Uie TREE approach

control margin (in particular, reactive reserve) is used up.

FurUier work will focus on Uie utilisation of Uie new method

to co-ordinate preventative and corrective actions and on Uie

extension of the ideas to overload alleviation and loss reduction.

VIII. ACKNOWLEDGEMENT

The auUiors gratefully acknowledge Uie financial and
technical contributions of Uie National Grid Company pic, UK.
They also acknowledge Uie financial support of Uie Engineering
and Physical Sciences Research Council.

REFERENCES

111 K.R.C. Mamandur, "Emergency adjustments lo VAR control variables
to alleviate over-voltages, under-voltages and generator var lmits", IEEE
Tram PwrAppSys, vol. PAS-101. no. 5, pp. 1040-1047,1982.

|2| S.J. Cheng, O.P. Malik, and C.S. Hope, "An expert system for voltage and
reactive power control of a power system", IEEE Tram Pwr Sys, vol. 3,
no. 4. pp. 1449-1455,1988.

|3 | I. Hano, Y. Tamura, S. Narila, and K. Matsumolo, "Real lime control
of system voltage and reactive power", IEEE Tram Pwr Apps S\s. vol.
I'AS-88, no. 10, pp. 1544-1559,1969.

|4| L.A. Zadeh, "Outline of a new approach to the analysis of complexsyslems
and decision processes", IEEE Sys, Man, ami C\h, vol. SMC-3, no. 1. pp.
28-40, 1973.

|5 | H.-J. Zimmermann, Fuzzy set theoiy ami its applications. Kluwer
Academic Publishers, 1991.

|6) (). Alsac, J. Bright, M. Prais, and B. Stott, "Further developments in
LI'-based oplinul power flow", IEEE Tram Paw Sys, vol. 5, no. 3, pp.
697-711,1990.

|7) C-C. Liu and K. Tomsovic, "An expertsystem assisting decision making
of reactive power/voltage control", IEEE Tram Paw Sys, vol. 1. no. 3, pp.
195-201,1986.

[8| R. Yokoyama, T. Niimura, and Y. Nakanishi, "A co-ordinated control
of voltage and reactive power by heurislic modelling and approximate
reasoning", IEEE Tram PowSys, vol. 8, no. 2, pp. 636-645,1993.

[9| C.C. Lee, "Fuzzy logic in control systems", IEEE Sys, Man, aiidCyb, vol.
SMC-20, HO. 7. pp. 404-435.199(1.

[IO| L.I. Larkin, "A fuzzy logic controller for aircraft flight control", in
Industrial applications of fuzzy central, M. Sugeno. Ed., pp. 87-103.
North-Holland, 1985.

| l l | Tile National Cirid Company pic, 1994 Seven Year Statement, National
Grid Company pic. U.K.. 1994.

112] (i.C. Ejelie and B.F. Wollenberg, "Automaticcontigencyselection", IEEE
Pwr Apps Sys. vol. PAS-98, no. 1, pp. 97-107,1979.

|13| C.G. Ciroom. Fuzzy logic ami its application to dynamic secmity
assessment of electrical power systems. Phi) thesis, University of Bath.
School of Electronic and Electrical Engineering, 1994.

|14| LLFerris and A.M.Sassoii, "Investigation of llie load-flow problem".
Proc. IEE, vol. 115. no. 10. pp. 1456-1469,1968.

BIOGRAPHIES

Keith Bell was born in London. UK in 1969. He
received his BEng in Electrical Engineering from the
University of Bath in 1990and is currently completing
his studies for a Mil) on "Artificial Intelligence and
Uncertainty in Power.Syslem Operation" in ihe Power
and Energy Systems Croup at Balh.

Richard \ . Daniels was liain in Plymouth, UK in
1933. He received his degrees from the University
of Bristol and he is currently a senior lecturer
at the University of Bath. He has wide ranging
research interest based on the real-time modelling
and control of complex engineering systems with
particular emphasis on power systems and road and
rail transport systems.

Rod \V. Dunn was born in Glasgow, UK in 1959. He
received his BSc and PhD in Electrical Engineering
from the University of Bath in 1981 and 1984
respectively. He became a lecturer in computing
and control at the University of Bath and is now a
member of the Power and Energy Systems Croup.
His research interests include parallel and real-time
computing..povw system modelling and control using
AI methods. He has published over 30 technical
papers and is involved in the 1EE UK.

6 7 3



SECURITY ENHANCEMENT ASPECTS IN THE REACTIVE -VOLTAGE
CONTROL

A. Berizzi
Dip. di Elettrotecnica
Politecnico di Milano

P. Bresesti
CESI SpA

Milano

P. Marannino M.Montagna
Dip. di Ingegneria Elettrica

Universita di Pavia
Italy

S. Corsi G.Piccini
DSR DPT

ENEL SpA

Abstract: One of the main requirements of a reliable voltage
and reactive power control system is the improvement of the
operational security margins against the risk of voltage
collapse. At ENEL SpA the satisfaction of the voltage stability
requirements is investigated in preventive and in corrective
applications. In an off-line environment, tbe automatic
procedure "COLLAS" bas been developed for security
assessment and enhancement. In the security assessment
module, the output of the procedure is the voltage collapse
distance (MW, Mvar margins) of the operation points
scheduled days or hours in advance. In the security
enhancement module, area or system-wise indicators, based on
nodal sensitivities and eigen (singular) value analysis, are
adopted to evaluate suitably preventive or corrective actions in
order to improve the margins of the system with respect to the
risk of voltage collapse.
Keywords - Voltage collapse, eigen (singular) value analysis, area-
wise indicators, security assessment, security enhancement.

1. INTRODUCTION

In the planning and in the operation of large electric systems,
power engineers are more frequently involved in the solution of
voltage/reactive security problems due to the heavy power
transfers from the generation plants to the load areas. The
hierarchical voltage control scheme and the (very) short term
reactive power scheduling function, on the point of being adopted
at ENEL Spa [1], aims at satisfying both economy and security
criteria. The economy is pursued with the adoption of a minimum
real loss objective function [2] in reactive scheduling, while the
security of operation is based upon a hierarchical (three levels)
voltage control scheme [3]. First of all, constraints on reactive
power exchanges among the SVR (Secondary Voltage Regulation)
areas and alignment constraints on the generators belonging to the
same area avoid an unbalanced distribution of the reactive power
productions that could be a consequence of a minimum loss
criterion. At the highest level of the control, the objective function
adopted in the TVR (Tertiary Voltage Regulation) achieves a
compromise between the need of conforming to the forecast
optimal voltage profile and maintaining adequate reactive power
margins on the control units. It allows the participation of all the
control areas to the system voltage support in the most harmful
situations. Critical situations, characterised by low voltage levels

Paper SPT PS 22- 04- 0182 accepted
for presentation at the IEEE/KTH
Stockholm Power Tech Conference,
Stockholm, Sweden, June 18-22,1995

and poor reactive generation margins, have been noticed in the
ENEL EHV transmission system during summer working days due
to the high number of thermal units in maintenance, to low load
power factors and to large amount of real power imported by the
external systems.

ENEL Spa is developing automatic procedures useful to assess
the security in short and very short term environments [4], The
voltage stability requirements [5] are investigated in off-line [6]
and in on-line [7] applications.

The security assessment is based on the evaluation of the
voltage collapse distance (MW, Mvar margins) of the operation
points scheduled some days or hours in advance.

When very low operational margins are detected and the
probability that the system can be involved in severe contingencies
increases, the security enhancement module calculates the possible
remedial control actions to be taken in emergency situations. Both
security assessment and enhancement are performed by a fast
steady state approach in the procedure COLLAS.

Nodal sensitivities and area or system-wise sensitivities [8] are
used in order to give effective and easy-to-use indications on the
operational margins at disposal of system operators.

The eigen (singular) value analysis [9][10] is performed for the
detection of the critical areas and for determining the preventive
(corrective) actions useful to remove the risk of voltage collapse
[11]. The sensitivity of the largest singular value of the inverse
Jacobian of the complete LF equations are suitably calculated with
respect to real and reactive load variations in the security
enhancement module. Singular value analysis is performed with
the help of a fast and reliable algorithm adopted for large linear
systems [12].

The application of the procedure COLLAS to the EHV Italian
transmission system is presented in the paper with reference to
critical situations typically occurring in summer working days.

2. SECURITY ASSESSMENT

The procedure COLLAS determines the voltage collapse
distance of the global system and of the areas controlled by SVR
both in planning and in operational activities.

2.1. Steady State Model

Steady-state models are assumed for all the network
components and their control apparatus. The AGC, AVR, SVR
and OLTC regulator dynamics are not taken into account. In the
adopted scenario, the real power generations are updated in order
to track the load variation pattern by considering the effect of both
primary and secondary regulations. The AVR controlled units are
simulated as PV buses until one of the reactive generation limit is
reached. In this case the bus is switched to PQ-type. The SVR
controlled units are modelled as PQ buses. They provide the
reactive power demand variation needed by each area to maintain
the pilot node (simulated as a PV bus) voltage at the reference
value assigned either by the Tertiary Voltage Regulation (TVR) or
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by a very short tenn reactive power scheduling program [1], The
required reactive generation shifts are obtained by the use of the

area sensitivity matrix j - containing the derivatives of the
J

The sensitivities dQga /3Da provide indications about the

rate of changing of the Mvar margins of each area with the load
demand. For their computation, the contributions of the AVR and
of the SVR controlled generators of each area are evaluated.

pilot node reactive injections with respect to the reactive 2.3. Eieen and Singular Value Analysis
generations of the SVR controlled units.

The distribution of the global load among the areas is
performed following the (very) short term load forecast in
operation analyses. For planning studies, the worst case
hypotheses can be assumed. The details on the simulation
scenarios are given in [6],

As in [13], an iterative procedure has been adopted. At each
iteration k the procedure determines the minimum value of the

total real load variation A C ^ , which leads to the attainment of
the capability limits of at least one of the synchronous generators:

A r k _• Q gmax.i-Q gi
At-min = m ' n us , fm

where NpV is the number of the generators with reactive power

margin at iteration k. Qgj.Qgmax,j ,öQgi /5C,ol are for each unit i,

the actual value, the upper bound and the sensitivity of the
reactive power generation with respect to the global real load

increase at iteration k. Sensitivity coefficients 5Qgj/3Cl0, are
computed by means of a linear combination of the sensitivities of
the reactive power generations of PV-type nodes with respect to
the real and reactive injections in the load buses. A constant power
factor for each bus during the load ramp is assumed.

The evaluated real load increment AC ,̂in is shared among the
load buses according to the bus and area distribution coefficients.
The generated real powers are increased by using the dispatch
participation factors. The pertinent reactive load increments are
proportional to the real ones. A new steady-state situation is
computed for the system by a load flow computation. Voltage
profiles and reactive power generations are updated. All the AVR
controlled units that have reached their reactive generation limits
ask for a node type switching (from PV to PQ). The pilot nodes of
the SVR areas which deliver the maximum reactive levels are also
switched to PQ buses.

2.2. Sensitivity Indices.

hi the sensitivity analysis the following derivatives are
computed at each iteration of the procedure:

5Vpj|./3Daj: sensitivity of the voltage of the pilot node of area;

with respect to the area reactive load increase,

3Qga /3Da : sensitivity of the reactive power generation of area

j with respect to the area reactive load increase,

^Qgtot/STJtot: sensitivity of the global reactive power production

of all regulating units with respect to the reactive load increase in
the whole system.

hi a well meshed network, 3Qglot /^D^, is positive and close

to 1.0 in normal operating conditions. It increases with the load
demand, assuming very high values in proximity of the voltage
collapse point, where it may change in sign.

The eigenvalue analysis has been performed for the detection
of the critical areas in the system [9], The eigen-singular value
analysis is adopted for determining the preventive (corrective) [14]
actions useful to remove the risk of voltage collapse [15][16].

The incremental real and reactive injections are expressed as
functions of AG.AV by the relation

"AFl [Fe F v ] [Ael
= JAX= (1)

AGj LGQ G J L A V J
hi the procedure COLLAS, the dominant eigenvalues and

singular values of G~ , J R = ( G V - G 3 F3 F V J and J'1

(complete Jacobian of the LF equations) are evaluated.
The analysis of the largest participation factors relevant to the

dominant eigenvectors highlights the network areas and buses
involved in the voltage instability.

By assuming a positive sign for AQ when the reactive load
increases, in a stable operation condition the eigenvalues A,- are
negative and limited in size; their absolute values increase while
increasing load demands. In voltage collapse proximity, the
dominant A,- assumes a very large negative value (I/A,—>~0).

Besides, the eigenvalues of the sensitivity matrix 5Q /9Da

are calculated, hi stable operating condition the largest eigenvalue

is positive and it approximates öQgtoi/^D,,,, [6]. Its value

increases quickly near the voltage instability region, changing in

sign as öQg[0[ /öD(0[ when voltage collapse occurs.

3. SECURITY ENHANCEMENT

The security enhancement module is based on the Singular
Value Decomposition (SVD). SVD, suitably applied in [10] for a
fast calculation of a voltage stability index, has been more recently
[17] proposed for a successful determination of coherent areas in
the voltage collapse analysis.

In our approach, SVD of the factorized inverse of the matrices
Gv, JR, J is performed to identify weak operating conditions with
respect to voltage collapse.

As it is well known [18], a matrix A can be decomposed in the
product:

where U and V are orthonormal matrices (u and v being the left
and right singular vectors respectively) and S is a diagonal matrix
whose elements CT are the singular values of A. The singular values
are always positive and can be zero only if A is singular.

Singular values and eigenvalues are not - absolute indices,
because they are strongly non linear and sensitive to the attainment
of the reactive generation limits of the units and to the load
changes near the voltage collapse boundary [19].

It is important to notice that the SVD can be performed also if
the matrix A is rectangular, this is the case of the area matrix
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3Q ISDh when all the generators of an area reach reactive

limits.

3.1. Singular Value Sensitivities

As reported in [ll][20], it is possible to determine the
influence of the control parameters (real and reactive injections in
this case) on the minimum singular value of the Jacobian J (or the
maximum singular value of J"1). This can be done by means of the
formula:

A a r = - 'ApVJ (2)

where ACT,, is the change in the r-th singular value of J, U and V
are the matrices of the singular vectors of J, f̂  is the Hessian of
the load flow equations and Ap is the control parameter vector.

The same equation can be rewritten as:

Ao"m- = c Ap (3)

Vector c is very important, since its largest coefficients
influence mostly the changes in the singular value, i.e. the nodes
corresponding to the largest entries of c are strategically the most
important in the system.

If J and f,̂  are related to the reactive load flow equations only,
it is possible to determine preventive actions on the reactive
domain only, e.g. switching capacitors and/or inductors. On the
other hand, if J and f̂  are related to the complete Jacobian of (1),
the possible control strategies are several and can include real and
reactive load shedding on the most effective nodes.

In this case the Hessian takes into consideration the real and
the reactive load flow equations and it is organised in 2x2
submatrices. The Hessian structure is related to the Jacobian one;
it is a cubic matrix composed by the cubic submatrices of order 2
depicted in Fig. 1. For each node this cubic matrix holds in the first
face of the cube the partial second derivatives of the real equation
with respect to the real/reactive variables and in the second face
the derivatives of the reactive equations with respect to the same
variables.

a'Q
as2

Ö2P

33P
dVd8

55P
dddV

5JP

av2

asav

a2Q

av2

Fig.1 - Single element of the Hessian.

These cubic submatrices are the elements of the complete
Hessian; it is always very sparse. For example, in Fig.2 the
horizontal plane (floor) related to the equations of node p is
represented as a vertical face (only for sake of simplicity); the only
nonzero elements are those related to nodes connected to p in the
main diagonal and on the cross formed by row and column p.
Every floor is symmetric in the sense that the cubic submatrix in
position (p,q) is equal to the cubic transposed submatrix in
position (q,p). The practical arrangement of the computations are
described in the Appendix .

In the procedure developed, SVD is performed using a special
algorithm suitable for large sparse matrices. It is based on the
method proposed by Lanczos [21] in 1950 to tridiagonalize a nxn
symmetric real matrix A [22]. It allows the determination, in n

steps, of a tridiagonal nxn matrix T whose eigenvalues are the
same as A. The eigenvalues of T)., a kxk matrix obtained at the
step k, are progressively better approximations of the k largest
eigenvalues of A, even if k«n , Therefore, this algorithm can be
employed successfully to obtain the k largest eigenvalues of A in
much less than n steps; it takes a very short time, because it
requires only one matrix-vector multiplication per step. For this
reason the Lanczos algorithm is highly competitive for problems
involving large and very sparse matrices [23],

X

X

X

X

X

X

X
X

X

X
X

X

X

<""•

* • *

^ -

Fig. 2- Nonzero cubic elements in a floor of the Hessian.

3.2. Load Shedding Problem.

The calculation of load shedding actions can be activated in
the (very) short term operation when severe alarm (emergency)
situations are detected. In this case the sensitivities of the singular
value CTmax of J"' to the real and reactive load variations and the
related singular vectors are utilised for the definition of preventive
(corrective) control actions.

The following problem Pi is solved:

(4)

(5)

(6)

h=l

'Dj

with:

V V

-Dj Jar
h=!

S

(7)

(8)

(9)

V; .Vj.Vj the voltage at bus i for the actual load pattern and

its operational constraints,

Q .,Qgj,Qgi the reactive power generation at generation bus i. ,Q g j ,Q g i

(PV type) for the actual load pattern and its operational limits,
n R

Qrmax>CTmax the values o f oxmx

an assumed risk value,
/ ; - number of network buses,

for the actual load pattern and
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12 - number of generation PV buses,
Nar - number of system areas,
CDJII " " i e ' o a ^ s ' i e d d e d a l D u s ' ' of area j ,
^Dih ' *ne c o s t °^ t n e ^oat* shading,
NQ: - the number of candidate buses for load shedding in area

S o - the vector of the sensitivities of crmax with respect to

real load shed at the candidate buses.
Constraints (7) and (8) represent the limitations on the

maximum load curtailment in each bus and in each area.
Concerning the linearization of constraints (7), (8) and (9), the

displacements of the dependent variables AXr = [AV ,AQ, Aamsx]
are obtained as function of the vector of the control variables

AU = [ A C D , A D D ] by the sensitivity relation:

AXr
ax.
—
5CD

ax. 3Dn

-
sx r ÖP.

5D

E AC
5P

Dtol
(10)

In particular, the i-th entry of the sensitivity vector So is:

5Cr
t=l

SP., (11)

where:
CD t o t is the total load curtailment,
p, is the distribution factor of the generator t,
tg<Pj is related to the power factor at bus i,
NG is the number of regulating generators.

Problem Pj is solved at each iteration of the procedure,
during the load increase, whenever a violation of constraints
(5), (6) or (9) is detected.

4. SIMULATION TESTS

The security assessment of the EHV Italian transmission
system is presented with reference to critical situations occurring
in summer working days [6]. The voltage collapse distance of the
most critical situation is determined and a comparison between the
margins available following the actual voltage control (AVR) and
the ones obtainable by the adoption of the planned SVR control is
presented.

The emergency control action examined in this paper is a load
shedding strategy, adopted in the areas and in the nodes where the
load curtailment restores adequate margin against the voltage
collapse. The aim of the procedure is to evaluate the load shedding
that can maximize the load served in the whole network. This goal
is achieved if the net load increment - i.e. the total possible load
increment minus the total load shed in the network - obtained
using the control strategy proposed is greater than the total load
increment for the uncontrolled system.

In fig.3 the maximum singular value of J'1 versus the net
increment of load supplied is depicted. In case a, SVR and the
load shedding are supposed not being active. Case b is relevant to
the same situation with SVR in operation: curves c and d show the
influence of load shedding on the global margins in both cases.
These latter are traced using as active constraint the voltages in
some significant buses and for crmax a risk value equal to 7 . This
value has been found quite critical for the system in the examined
scenario. When the load shed reaches the maximum imposed by
the users, o"max begins to strongly increase and the network can
experience voltage collapse.

It can be seen that without SVR and suitable control actions

(case a) the distance from voltage collapse is about 1590 MW,
while the control strategy presented (curve c) allows a net increase
of about 2700 MW (4600 MW of load increment and 1900 MW of
suitably located load curtailment).

Curves b and d are obtained assuming SVR in operation. The
influence of SVR is very effective when load shedding is not
activated (compare cases a and b). The operation of SVR allows
an increase of about 650 MW in the margin. It is noticeable that in
presence of load shedding control (curves c and d), the use of SVR
does not produce appreciable improvements in operating margins.
Actually, the load shedding strategy allows the most adequate
distribution of real and reactive flows in the transmission system
to delay the rise of amax over risky values. On the other hand,
SVR sustains the voltage of the pilot nodes by distributing among
the controlled generators the reactive power needed. Both control
actions allow the system to attain the maximum loading point.

tingular
value 70 B

• , / _

-

d

c

b •

0 SCO 1000 ISOO 7000 2500 3000
Total net load increment | M W ]

Fig.3 - Maximum singular value of J'':
a) SVR not in operation, no load shedding;
b) SVR in operation, no load shedding;
c) SVR not in operation, load shedding;
d) SVR in operation, load shedding.

In the procedure adopted, each load bus participates with a
different weight to the load shedding. The load that can be
curtailed is limited in each node and in each area of the system, in
order to allow each area participating to the control: for example it
avoids the load of only one area being completely shed, hi fig.4 the
load curtailment is depicted for five areas of the Italian grid in the
hypothesis of SVR not in operation . When in all system areas the
load curtailments reach their maximum, the control strategy is no
more effective. In this test, only the constraint on om a x is
considered and the load shed cost is assume 1 equal for each bus.

Therefore, it is interesting to notice the connection between
the load curtailment and the components of the sensitivity vector

SCT . In fig.5 these components are represented for each bus and

the relative areas are pointed out for two load increment scenarios

depicted in fig.4. Fig.Sa represents the sensitivity S , evaluated
mn

in the point where load shedding starts (about 1200 MW of total
load increment). The greater sensitivities are in correspondence of
the Milan area buses (with very poor voltage levels) and the load
is shed only in that area - which is also the area where the load
mostly increases. In fig.Sb the same sensitivities are reported
when the load is shed also in the Rome and Florence areas (about
2500 MW of total load increment): the sensitivities in buses
corresponding to these areas are increased in absolute value and
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are almost equal to those of Milan area.
As described, thanks to the proposed procedure, it is possible

for the system to supply a global load greater than tlw maximum
one allowable in absence of suitable load shedding.

A m (old
•hed (MW]

Milan

ISOO 1000 3900 3000 JSOO
Toti l lotd increment |MW|

Fig.4 - Area load shed versus Ihe total load increment in the system.
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Fig.5 - S o components in the nodes of seven areas of the Italian system al

the starling poinl(a) and during the control procedure described (b).

too

[MWJ

SO»

• no load shedding

D with load shedding

I
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Fig. 6 shows for five areas the increment of the total net load
served, in case of SVR in operation, with and without load
shedding strategy (constrains on minimum allowable voltages and
on amaX are considered). In all areas but in Florence, the adoption
of the countermeasures proposed allows the supply of more real
and reactive power before the voltage collapse takes place. The
greater increases are in the areas of Turin and Venice, also
because the constraints on load curtailments are very restrictive for
these areas (about 200 MW).

5.CONCLUSIONS

The paper presents a steady state approach useful for assessing
the security of voltage profile and for improving the operational
margin against voltage collapse in a large transmission network.
The procedure is based on sensitivity indices (global and area
wise) obtained by the LF solution and on eigen (singular) value
analysis. The modal analysis performed on the Jacobian matrices
of the coupled LF equations allows the determination of the
critical areas. Besides, SVD and the second order information
embedded in the Hessian of LF equations provide useful
information for the voltage stability enhancement. VAR planning,
rescheduling and load shedding functions, available at the ENEL
EMS, can exploit the features of the tools described in the paper.

Appendix - Hessian Matrix Calculation

In this Appendix some indications on the cubic matrix-
matrix/vectors multiplications are presented. Recall that, in the
implementation adopted, every floor of the cubic Hessian contains
the Hessian square matrix of a single load flow equation (see
Fig.2). It is possible [ 11 ] to represent the steps to obtain the vector
c of the sensitivities of the Jacobian minimum singular value with
respect to the control parameters.

Formula (3) gives AfJmin as a matrix product that can be
represented as follows:

f,
•xx

J-1

Ap V,l

where Uj and Vj are respectively the left and right singular
vectors corresponding to the Jacobian minimum singular value.

The product f̂  J*1 Ap gives the variation AJ (a nxn matrix) of
the Jacobian due to the change of the parameter vector Ap. In
particular, the product of the dashed matrix of the Hessian by J"1

and Ap results in the first column of AJ. Since the term Ap must be
pointed out, it is necessary to perform the product of the first three
matrices before. The result is:

\ 1—1

J LJ
where the p-th row of the floor matrix is calculated using the p-th
vertical face of the Hessian. It has been represented as a floor
because it is the result of the product between a row vector, a
cubic matrix and a square matrix. The product between this floor
and the column Ap results in a row vector, in accordance with (2).
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If the floor is represented as a face (vertical) matrix A, it is

possible to rewrite the product U^f^J^Ap as (A Ap)T where A is
not considered as a floor but as a face. Thus cT can be determined
as:

where the expression in the brackets is considered a face and not a
floor. From this expression it can be seen that it is useful to
perform the calculations in the following order: first the floor

U, fj^ is determined; after it is pre multiplied by V, and then the
result is multiplied by J"1; this allows to exploit and preserve the
sparsity of the Hessian.

As we know only CTmax of J'1, it is possible to calculate the
corresponding increment Aamax since <^ITiax=l/an)jn, where amin i?
related to J. Therefore the same equation for the minimum (or
maximum) singular value of J (or J*1) can be rewritten as:

= -(C V )=-(oVmaxAP)
^ / min'

Vectors c and c m a x are very important since their largest
coefficients influence mostly the changes in the singular value, i.e.
control actions applied in the nodes corresponding to the largest
entries of c or cmax are strategically the most important in the
system.
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Abstract - A new multi-level Automatic Voltage
Control system is introduced in this paper. It
consists on three closed loop control systems
organised hierarchically and decoupled in time.
The three levels are: unit level, power plant level
and regional level.
Over the existent primary voltage control level
performed by the AVRs of the generators, a power
plant voltage controller (PPVC), based on a very
flexible control law, is proposed in this paper.
Still in a hierarchically superior level, a Regional
Voltage Controller (RVC) is proposed. This control
system is dedicated to keep constant the voltages
of some load buses, called pilot buses.
This multi-level control system provides a high
level of voltage security and simplifies operation,
being the integration with a higher voltage control
level named National Voltage Control (NVC) easy
to implement. This higher level would calculate the
references for the regional control level, taking
economy and security aspects into account.
This whole approach has been applied to the
Spanish Power System. Some results obtained In
simulations are also presented.

I. INTRODUCTION

The ability to control adequately the voltage profile of a
network contributes greatly to the security of operation and is
part of tne quality of the product delivered to customers.
Therefore the methods and actions used to control network
voltages pursue three main objectives:

Paper SPT PS 22- 05- 0338 accepted
for presentation at the IEEE/KTH
Stockholm Power Tech Conference,
Stockholm, Sweden, June 18-22,1995

- Power System Security
- Voltage Quality
- Operating Economy

There exist some important aspects that should be taken
into account for the voltage control problem. One of them is
the extremely wide range of time constants in power systems
dynamic phenomena. The other is the local effect of
voltage/reactive power control actions, that makes it possible
to define different voltage control areas. Taking all of them
into account results in the need of both timely and
geographical (both inside and outside voltage control areas)
control actions co-ordination.

These actions must be structured hierarchically leading thus
to a multi-level control system. Control resources and actions
are organised in the form of a structured system, comprising
commonly three levels, which we shall refer to as Primary,
Regional and National level. However, some utilities include
an additional closed-loop control between the Primary Control
and the Regional Control called Power Plrnt Control.

Primary Control compensates, for small and fast local
voltage and reactive power disturbances, and is performed
through automatic voltage regulators (AVRs) of the primary
control resources. No power system could operate without
AVR in their generators and in fact it is a control level always
existent.

Power Plant Control is an intermediate control loop
between the Primary and the Regional controls whose aim is
to control the reactive power generation of the power plant,
operating on the set-points values of the AVRs. Power Plant
Control was introduced by ENEL [1].

Automatic regional control level was introduced first by
EDF [2] and later by ENEL [1]. This level keeps constant the
voltages of some selected buses, called pilot buses, being its
main purpose the network voltage security improvement. To
achieve its objective, the Regional Voltage Control (RVC)
sends the reference values, either to the Power Plant Voltage
Controllers (PPVC) or directly to the AVRs, depending on
whether the Power Plant control level has been established in

6 8 0



the system or not.

At the highest control level of the multi-level automatic
voltage control system, the National Control level (NVC) is
defined. Its function is to provide the optimal voltage profile
and reactive power reserves to the Regional Voltage
Controllers. This optimal references are calculated with an
OPF programme, taking into account economy and/or security
criteria.

Reactive Power Management and Voltage Control in Red
EléctricadeEspana (REE) is nowadays open loop implemented
by the system operators, with the help of expert systems.
However, research work is being performed in order to analyse
the different approaches for a Multi-level Automatic Voltage
Control System and to select the most suited to the Spanish
Transmission System. At this stage of research, a
decomposition of the Automatic Voltage Control System into
the three control levels already described, besides the existent
Primary level (AVRs), is devised for the Spanish
Transmission Network.

This paper is organised as follows: first a new Power Plant
Controller based on a more flexible control law is described. In
this approach both, the High Voltage Bus voltage and the
reactive power generation of the power plant, can be jointly
controlled, providing important advantages regarding
contingencies and telemeasurement errors. Some results
obtained in simulations with the New England 39 bus system
and the Spanish Power System are presented. Secondly, a new
approach for the Regional Voltage Control is treated. Finally
the advantages of the Regional Voltage Control regarding the
capability of this control level to improve post-contingency
voltages and to increase the margin to voltage collapse are
treated.

The research and developments up to the prototype level of
Primary Control, Power Plant Voltage Control and Regional
Voltage Control are being carried out inside the IMPROVE
project, financed by the European Community (ESPRIT
programme).

n. POWER PLANT VOLTAGE CONTROLLER

A.Control law

The Power Plant Voltage Controller (PPVC) proposed in
this paper takes as reference values, both the High Voltage Bus
voltage and the reactive power generation of the power plant
and acts on the AVRs' set points to achieve these references.
Figure 1 represents a scheme of this control loop. Vjjygref is

the power plant voltage reference and QnVBref ' s t ' : e P° w e r

plant reactive power generation reference, sent by the Regional
Voltage Control (RVC) in the proposed multi-level control
system,

V»tWrd
PPVC

1- n -

•

i
PR

1

I

AVR (

1

MARYCONTHOL

AVR
•

J
J G-̂ fOD |

L _ " Z _ "J

Figure I: Scheme of the proposed Power Plant Voltage Controller (PPVC)

The PPVC has to deal with two different problems:

1) How to best achieve the references coming from
the RVC.

2) How to distribute control actions among the
power plant generators.

The control law proposed for the PPVCs is based on the
resolution, at each control step, of an optimization problem.
The quadratic objective function that is minimized is the sum
of deviation of both the HVB voltage and the reactive power
generation of the power plant, with respect to their reference
values. This approach is similar to the ones applied to the
Regional Voltage Control in the French System [3] and in the
Spanish System [5]. With this type of control the two
problems above mentioned can be easily solved.

In mathematical terms the quadratic objective function to
minimize, at each control step, and the linear constraints
taking into account in the problem are the following:

Min { || Avh- C v v Avg ||2 + p || Aqh - C ^ Avg ||2 )

Subject to:

4g

V" <= vg + Avg <=

I Avgi I <= Avgf

• 8 Si —-. j : — < 8

qlf qlf
where:

p is a weighting parameter
Av^ is the error of the High Voltage Bus voltage
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4q|.j is the error of the power plant reactive power generation

Avg are the AVRs' set point increments to be obtained

arc sensitivity matricesC v v , C and

are the limits of the variables
'g ' g ' 'g •
qgj and qgj are the reactive power generation of generatori and

j respectively

q •' im and qKj are the maximum or minimum capacities of
the reactive power generation of generator i and j , respectively
5 is a tolerance value.

It is desired that the reactive power generation be evenly
shared among the generators of each power plant. When the
PPVC sends the new increments of the AVRs' set points to
the generators, the reactive power generation of each unit is
increased, following the equation

where
q Q- is the previous value of the reactive power generation of

generator i at each control step.

Taking this into account the last constraint equation of the
above optimization problem becomes:

qg0j

Jim
^ i

Jim
<5

Once the optimization problem is solved, obtaining a new
vector of solutions, Av , the definitive increments of the

AVRs' set points are calculated by the PPVC, taking into
account a dynamic parameter, a, whose aim is to avoid
instability problems:

Av grcf = a Avr

The main advantage of this approach is the flexibility to
define three different types of control with the the p parameter:

- V-control, with p=0, in which only the HVB voltage
reference is aimed at,

- Q-control, with p high enough, in which only the
HVB reactive power reference is aimed at and

- O-controI, with intermediate p values, in which the
best compromise between both objectives is obtained.

Parameters p and a are determined by means of

simulations. The response of this type of control in steady
state with measurement errors and in transients after large
disturbances are the key aspects to lake into account for the
selection of parameters p and a.

S. Simulation results

a) The PPVC should follow the reference values given by
the RVC as best as possible, even with maximum
telemeasurement errors. In the following simulation, carried
out in the New England 39 bus system, telemeasurement
errors are considered as random Gaussian variables, with
distribution function N(0,o). A maximum telemeasurement
error of 1%, for both voltage and reactive power magnitudes
has been considered. This represents a maximum error of ±4
kV in the 400 kV HVB voltage, and a maximum value of ± 10
MVAr in the reactive power. It must be noted that an error of
±10 MVAr in the HVB reactive power is quantitatively less
important than an error of ±4 kV in the HVB voltage.

Table 1 shows the errors found, at the steady state, with
the three different control types:

V-control: p = 0.0
Q-control: p= 1.0
O-controI: p = 0.001.

UNIT

GENI

GEN2

GEN3

GEN4

GEN5

GEN6

GEN7

GEN8

V CONTROL
AVErr

(kV)

1.11
-0.64

0.49

0.02

1.66

-0.31

-0.07

-0.23

A Q B T

(MVAr.)

91.51

-69.16
55.77

-56.03

55.81

-12.24

-64.30

-2.26

Q CONTROL

A VErr

(kV)

-0.54

-0.47
-0.48

-0.55

-0.54

-0.27

-0.57

-0.71

AQErr
(MVAr.)

-1.97

-1.45

-0.55

-1.65

-0.67

-0.31

-1.33

-0.55

0 CONTROL

AVErr

(kV)

-0.15

-0.14

-0.14

-0.53

-0.74

-0.08

-0.18

-0.51

A°-Err
(MVAr.)

1.65

0.41

1.00

1.38

-7.98

2.65

0.85

-2.20

Table 1: Errors in ihc control power plants with different p

In this simulation the value of the dynamic parameter a
has been fixed to 0.5. From this table it can be concluded that
the Q-control and the O-control give much better performance
than the voltage control (the worst of the three), regarding
telemeasurement errors.

b) The other main problem to take into account for the
good performance of the PPVC is the response after large
disturbances. With Q-control this response is no good because

6 8 2



in this situations to keep constant the HVB reactive power
implies lowering voltages, increasing thus the severity of the
contingency. This undesirable behaviour can be corrected when
the new reactive power references are received from the RVC in
a short period of time, but, nevertheless the initial response of
this type of control is undesired.

To show some practical results of the behaviour of the
Spanish Power System with the PPVC, a simulation of a line
trip, in the control step T=30, is presented in this section. The
Spanish Transmission Network includes 13500 km of 400 kV
lines and 15300 km of 220 kV lines. The maximum peak load
reached in 1994 was of 24764 MW and the total installed
capacity is of 42222 MW: 38% hydro, 26% coal, 19% oil-gas
and 17% nuclear. The study case corresponds to a peak load of
23000 MW with 730 buses and 180 generators.

Transient response is much better in the case of V-control
and O-control than with Q-control. In this simulation O-
control has been carried out with a value of 0.0001 for the p
parameter.

Figures 2 and 3 show the evolution of both HVB voltage
and HVB reactive power respectively, with both V-control and
O-control in a power plant whose HVB is one of the ends of
the tripped line. In this power plant the V-control performance
better in comparison with the O-control, because the existence
of the reactive term in the objective function makes worse the
transient response.

POWER PLANT VOLTAOE OUTPUT
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395

4126 4126

" 4lÖi"

4102
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20 30
CONTROL STEPS

Figure 2

POWER PLANT RE ACTIVE POWER OUTPUT

200

100

0

u
V100

<H-200

•300

•100

-500

-165 B

) 10

J!3fl

I -Ii i4

— WnHOPTIMIZEDPLANTCONTROL •

- - WITH VOLTAOE PLANT CONTROL

• • • WITHOUTPLANTCONTROL

20 30 40 50
CONTROL STEPS

Figure 3

Figures 4 and 5 show the evolution of one control plant
that is near to the other end (bus2) of the tripped line. It can be
observed that the response of both types of control is very
similar in this case. This depends of the sensitivity matrices
C v v and C q v of each power plant.
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Figure 4
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Figure 5

A possible solution to eliminate the different responses
among power plants is to set different values for the parameter
p for each power plant depending on their respective sensitivity
matrices.

Finally the voltage of bus2 is represented in the figure 6. It
can be observed how the voltage is immediately increased after
the contingency.
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Figure 6

This new approach for the PPVC is very flexible. Three
different types of control can be achieved with the same
formulation of the control law, modifying only the value of a
parameter. In steady state the Q-control behaves better than V-
control regardinglelemeasurementerrors.On the other hand,in
case of contingencies, the Q-control gives undesired initial
response, corrected later if there exist a RVC. The V-control is

preferred in these situations. When both, voltage and reactive
control are jointly performed, with the O-control,
telcmeasurement errors associated to voltage control arc
correctedand performance in case of large disturbances is better
than with reactive control.

III. REGIONAL VOLTAGE CONTROL LEVEL

The main purpose of the Regional Voltage Controllers
(RVCs)is to maintain the voltages of the pilot buses at their
reference values. In the automatic multi-level environment
proposed in this paper the RVC receives the voltage
telemeasurements of the pilot buses belonging to its region
and sends the control reference values to the power plants.
These reference signals can be: the HVB voltage, the HVB
reactive power generation or a combination of both, in
accordance with the PPVC above described.

The main advantage of this closed-loop control level is the
improvement of the network voltage profile and the reduction
of power losses in the transmission system. Besides, system
security is also enhanced in comparison with the one achieved
by the above described Power Plant Control level: the fact that
RVCs keep constant the voltages of buses that are closer to
the loads reduces the drop in the whole network voltages, in
case of contingencies.

The implementation of a RVC requires the thorough
analysis of three main issues, deeply treated in previous
publications, [4] and [5]:

- Pilot buses and control generators selection,
- Decentralization and
- Control law selection.

This control level can easily interact with a National
Voltage Control level (NVC). Its principal function is to
determine the optimal reference values for the pilot bus
voltages and the reactive power generation, taking into account
global security and economy aspects, adapting thus the
references to the present operating point of the system . The
optimal reference values can be calculated by the NVC with an
OPF program, seeking for a desired objective (power losses
minimization, voltage profile ...). It is expected that near
future OPF programs will run in a time scale close to that of
the RVCs, although always slower. Thus, the usefulness of
the Regional Voltage Control level might be debatable, since
the NVC could directly interact with the PPVCs rather than
with the RVCs. However, the utilities that have already
implemented the Automatic Regional Control, or are in the
course of implementation, defend the existence of the regional
level [6] and discard the other alternative taking into account
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the following drawbacks:

- The requirement of a very sophisticated communication
system, to modify the high number control variables
directly from the NVC level.

- The slower response time of the NVC if an incident
occurs between two consecutive executions, degrading
system security. This situation can be especially dangerous
in the case of cumulative incidents. On the other hand,
Regional Voltage Control provides satisfactory static and
dynamic behaviour during the period of time between the
Power Plant Control and the national control.

IV. EFFECTS OF REGIONAL VOLTAGE CONTROL ON
SYSTEM SECURITY

The main goal of the RVC is the improvement of power
system security. From the point of view of security, the
important objectives that have to be achieved are:

- the loss of one generator or line should not endanger the
network (i.e. sufficient reactive power reserve should be
made available)

- voltage values should remain within ranges compatible
with equipment functional specifications

- control efforts should be correctly distributed between
available resources to avoid excessive overstresses

- careful voltage control co-ordination should contribute to
network stability.

RVC improves system security in two different aspects:

- Static Security
- Security against Voltage Collapse

In terms of static security, with this level of control, the
system is in better condition against contingencies, due to the
proximity of the voltages to the desired profile. In case of
contingency, voltages are quickly brought back to a value
close to the initial, so that the drop in voltage is reduced in
comparison with that obtained in a system without this
control. The result is that the system is in a safer operating
point. It is obviously impossible to quantify, in a general
way, the reduction in voltage drop obtained with the Regional
Voltage Control. It will depend on the power system itself, on
the operating point and on the kind of contingency.

Considering security against voltage collapse, one
important aspect in terms of security is the reference voltage
profile given to the secondary voltage level. When the system
is on a heavy load situation, the aim of the tertiary control

level is to maximize the voltages, in order to prevent voltage
collapse. In this sense, security against collapse not only
depends on the secondary level, but also on the tertiary
(implemented either automatically or manually by the
operator). The adequate management of the available generation
resources that the secondary voltage control does to maintain
constant the network voltages, provides, in general, uniform
reactive loading of control generators, avoiding large reactive
power flows and excessive reactive loading of the units located
closer to a disturbance. Consequently, this control usually
provides equable reactive power margins on control generators
and thus a higher level of system security [6].

V. CONCLUSIONS

A new approach for a muti-level automatic voltage control
system has been proposed. This kind of system improves
system security, system losses and makes operators work
easier. All bus voltages are continuously kept at values very
near the optimal obtained by a optimization level ( not
included in this paper ). In the case of line or generator
outages, the system quickly restores the voltages to acceptable
values, reducing the risks of additional trippings. This has
been shown with simulations. Even in the case of failure in
the regional control system ( loss of communications, for
example) the power plant controllers keep the system state in
a much better condition than without them.
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Abstract— This paper deals with normal state control
of cascaded tap changers in a radial distribution network.
Field measurements have shown that a number of unnec-
essary tap operations are made due to lack of OLTC co-
ordination. A tuning rule for the existing local control
scheme is suggested as well as a new multivariable control
scheme based on on-line tap optimization. The tuning rule
has been verified in simulations and field measurements.
In simulations, the performance of the multivariable con-
trol scheme is compared to that of the existing controllers.
It is shown that coordinated control of tap changers can
significantly reduce the number of OLTC operations. The
reduction is especially pronounced for lower level OLTCs.

I. INTRODUCTION

The purpose of distribution network voltage control is
to compensate for distribution load variations and distur-
bances in the feeding transmission network. A number of
on load tap changers (OLTC) are available to regulate dis-
tribution network voltages. OLTC operations cause tran-
sients and wear on the OLTCs themselves. Therefore it is
desirable to minimize the number of tap operations.

Presently, OLTC control is based entirely on local mea-
surements, with no coordination between different voltage
levels or branches of the network. Since there are a lot of
cascaded tap changers this gives rise to unwanted effects.
For example tap operations in different levels or branches
of the networks might counteract one another.

Fig. 1 shows a field measurement of the voltage in a
10 kV substation which has three cascaded OLTCs in the
network above. The short spikes are due to counteracting
tap operations.

A desired property of the OLTC control systems is se-
lectivity, i.e. only the correct OLTCs should act to a given

Fig. 1. Field measurement of voltage in the 10 kV substation at
Ostra Tommarp during load pickup. The tap operations made
at ÖTP is marked with + / -1 .

feeding
network |ij

•led

(3)
SWOW ZOTOkV

Fig. 2. The network branch used in the simulations.

disturbance, For a voltage disturbance in the feeding net-
work this is always the top level OLTC. Efficient coordi-
nated control has to be centralized and needs communica-
tion channels between the substations. In the future these
will be present and make coordinated control possible.

In this paper a tuning rule for the conventional OLTC
control systems is suggested, as well as a new control
scheme based on on-line tap optimization. It is shown
that with coordinated control of cascaded OLTCs, fewer
tap operations are needed to compensate for the daily load
variations. Only normal state operation is considered.

Paper SPT PS 22- 06- 0405 accepted
for presentation at the IEEE/KTH
Stockholm Power Tech Conference,
Stockholm, Sweden, June 18-22,1995

II. POWER SYSTEM MODEL

To evaluate the control schemes, a number of simula-
tions have been done with SIMULINK on a SUN SPARC-
Station 10. The simple network branch in fig. 2 with three
cascaded tap changers has been simulated. The model
used represents the branch Tomelilla, J ärrestad and Östra
Tommarp, a rural distribution area in the south-east of
Sweden.
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Fig. 3. The load-curves used for the 50 kV (solid line), 20 kV
(dashed) and 10 kV (dashdotted) loads.

A. Network Model

Throughout the simulations a single-line equivalent of
the power system has been used. Transformers are mod-
eled by an ideal transformer in series with a short-circuit
impedance and the distribution lines as simple series
impedances. The network data is tabulated in app. A.
Tap operations are modeled by changes in the transformer
ratio. A constant-frequency model of the network with the
feeding network as a Thevenin source is used.

B. Load Model

For the aggregated load at each voltage level, the load
model suggested in [1] is used. It is a load-model featuring
exponential load recovery and nonlinear load-voltage de-
pendency. It is accurate on a time scale of seconds through
minutes.

In the simulations the following parameter values has
been used for all loads a, = 1.37, at = 1.92, P, = 1.27,
Pt = 1-92, Tp = 173 s and Tq = 83.5 s. To model the
daily load variations Po.Qo are varied according to the
load curves in fig. 3 and the multipliers for the different
load patterns.

III. CONVENTIONAL OLTC CONTROL SYSTEMS

In the conventional control scheme each OLTC has its
own independent control system. In the simulations only
OLTCs with constant-time characteristics have been con-
sidered. The conventional control is a simple integrator
control with a time-delay and a deadband. The size of the
dead-zone sets the tolerance for long-term (longer than the
time-delay) voltage deviations and the time-delay is pri-
marily intended for noise-rejection.

An extensive study of these OLTC control systems can
be found in [2]. The aim in this paper is to show that the

ready

Fig. 4. State-graph illustrating function of local OLTC control
systems.

number of tap operations can be reduced without increas-
ing the voltage deviations. Therefore the deadbands have
been fixed at the present settings (1.5 %).

The control system can be modeled by the state-graph
of fig. 4. The system remains in state wait until the
secondary voltage deviation from setpoint (udev) is less
than the function voltage (udeadband)- If the limit is ex-
ceeded there is a transition to state count. When entering
count a timer is started and is kept running until either it
reaches the delay time, firing a transition to the state ac-
tion, or the voltage deviation is less than the reset voltage
("reset), firing a transition to the state wait and reset of
the timer. In the state action, a control pulse to operate
the tap changer is given. When the operation is done the
control system gets a ready signal from the tap changer
and returns to state wait.

A. Response to Voltage Disturbance in Feeding Network

It is a common observation in Sydkraft's distribution
networks that the delay times of cascaded tap changers
are tuned to the same value. In figs. 5 and 6 excerpts from
simulations with different sets of time delays are shown.
There are three voltage steps at the 132 kV-level (solid
line) due to the connection of three capacitor banks. In
fig. 5 the same delay time is used for all the OLTCs.
After second and third step voltage step, more than one
of the OLTCs compensate for the voltage deviation at
the same time. "Since the voltage disturbance already has
been compensated for at the highest level, the lower level
tap changers have to make reverse tap changes. In fig.
6, the OLTCs are tuned according to the rule derived,
with longer delay time for lower level OLTCs. Four tap
operations are avoided with the new tuning.

B. Suggested tuning rule

In the simulations in section III-A unnecessary tap op-
erations are avoided by adjusting the time delays. Based
on these simulations a tuning rule for cascaded OLTCs in
radial networks, giving gradually longer delay times for
lower level units, is therefore suggested to provide selec-
tivity :

Set the delay time (Ti ) of the top level OLTC
adequately long to filter out fast transients. For a
worst case voltage disturbance at top level, com-
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Fig. 5. Simulation, connection of capacitor banks. Conventional
control with delay times 110 e. Top, node voltages-132 kV (solid
line), 50 kV (dashed), 20 ItV (dotted) and 10 kV (dashdotted).
Bottom, 132/50 kV (solid), 50/20 kV (dashed) and 20/10 kV
(dashdotted)
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Fig. 6. Simulation, connection of capacitor banks. Conventional
control with delay times [30, 70, 160]s.

pute the number of tap operations needed (N\)
for the top level OLTC to compensate for the dis-
turbance. For lower level OLTCs, make Tk+i >
NkTk. Check that the delay time of the lowest
level OLTC provides fast enough customer volt-
age restoration.

The basic idea is that for step disturbances, no OLTC
should act until all higher level OLTCs have compensated
for the disturbance. This holds for both load and feeding
network disturbances.

This tuning was initially suggested, but not confirmed,
in [3].

Fig. 7. Simulation. Number of tap operations during daily opera-
tion for the nine load patterns. Conventional control with delay
times [110,110,110] s.

0 20/1 OkV

• SOOOkV

• 132/JOkV

Load Patten

Fig. 8. Simulation. Number of tap operations during daily opera-
tion for the nine load patterns, conventional control with delay
times [30, 70, 150] s.

C. Simulation of Daily operation

The purpose of the simulation is to verify the tuning
rule under different load patterns. Nine cases with per-
mutations of low (33 %), normal (66 %) and high (100 %)
active and reactive load have been studied. For the case of
high active and reactive loading, all transformers is loaded
to rated load.

Fig. 7 shows a barchart of the number of required tap
operations for the different load patterns for the conven-
tional control with the old tuning. The labeling of the bars
is made as first active then reactive power with L,N,H for
the low, normal and high load level. Thus, the load pat-
tern NH means normal active load and high reactive load.
The corresponding barchart for the new tuning is shown
in fig. 8.

We can conclude that for all of the load cases, the new
tuning reduces the number of tap operations required.
With the old tuning the average (over the load patterns)
number of operations is 35.4 and with the new 28.5, corre-
sponding to a 19 % reduction. The reduction is especially
pronounced at the lowest voltage level. This is impor-
tant since these units are most numerous because of the
structure of the network.
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where

g(x) = 0
h[x) < 0

vector of tap positions
objective function
power balance equations
network operational constraints

This is the same formulation as used for the Optimal
Power Flow problem (OPF). The difference lies in the ob-
jective function used. The objective function minimized
in the OPF case is based on network losses, but for the
OLTC control problem considered here an objective func-
tion based on voltage deviations from setpoints and con-
trol effort has been used.

Fig. 9. Chart showing the daily average number of tap operations
during a two week field measurement with the new and old tun-
ing.

D. Field Measurements

The tap changer operations in the branch Tomelilla,
J ärrestad and Östra Tommarp have been recorded for
about two weeks to verify the impact of the OLTC de-
lay times on the number of tap operations. The recordings
have been performed for maximum delay time on each con-
trol unit (120 s) and for 30 s (132/50 kV), 60 s (50/20 kV)
and 120 s (20/10 kV) corresponding to the proposed tun-
ing rule in section III-B. From the recordings it can be
concluded that the total number of tap operations has
been reduced, from 69 operations/day to 49 (Fig. 9). This
corresponds to a 28 % reduction. It is clear that the largest
reduction is achieved at the lowest voltage level.

IV. MULTIVARIABLE CONTROL

The coordinated voltage control problem is formulated
as a multivariable control problem based on on-line con-
straint optimization. Operational limits, such as line ca-
pacity limits or tap limits, are specified as inequality con-
straints. The optimization is dependent on network data.

In this paper the optimization is done statically, i.e.
only the latest measurements and control signals are con-
sidered in the objective function, as opposed to dynam-
ically, when control signals are calculated for times up
to a prediction horizon based on both present and old
measurements. Using a dynamic approach would improve
performance further at the cost of a more complex and
computationally demanding optimization.

A. Control Problem Formulation

The coordinated voltage control problem is formulated
as the constrained optimization problem

= £ Ci(udevi)
2 + £ di(&nj)2 (2)

minimize
subject to

where

An,-
Ci

dt

voltage deviation at bus i
change of tap ratio of tap changer j
multiplier for voltage deviation at bus i
multiplier for tap operations

g{x) = 0
h{x) < 0

(1)

Thus, in the objective function penalties are given for
voltage deviations and tap operations. The tuning param-
eters are c,- and dj by which the desired trade-off between
voltage deviations and tap operations can be achieved.

Tap changer operations are inherently discrete events,
whereas most optimization algorithms needs continuous
variables. Since tap changer steps are quite small (0.5-
2 %) linear approximation can be used in the optimization.
This has been stated for example in [4], The solution is
rounded off to integer values.

B. Simulation of Daily Operation

In the simulations the optimization problem was solved
with MATLABs constraint optimization package by a
Quasi-Newton method with finite-difference approxima-
tion of derivatives. Several more efficient methods have
been suggested for the OPF case. Most of them are suit-
able for problem (1). A sampling time of one minute for
the control system was used.

In the simulations, the controller has been tuned em-
pirically with the parameters c = ( 1 2 3 ) and d =
( 1 5 g ), to give about the same voltage fluctuations
as the conventional control scheme.

Fig. 10 shows the number of tap operations registered
for the nine load patterns. An average of 19.4 operations
has been registered.

V. RESULTS

Fig. 11 shows the average number of tap operations
registered in the simulation of the three control schemes.
Generally, higher load means more tap operations. From
the simulations we can conclude that the reactive loading
has a greater impact than the active load.
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Fig. 10. Simulation. Number of tap operations during the daily
operation for the 9 load patterns. Optimal control.

B 2O/10kV
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• 132/501: V

Fig. 11.
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Comparison of the average number of tap operations for
three control schemes.

We also see that retuning the existing controllers gives
a reduction of about 20 %, from 35.4 operations with the
old tuning to 28.6 for the retuned system. For the mul-
tivariable control, an average of 19.4 operations is needed
which corresponds to a reduction of 45 % compared to the
existing controllers with the old tuning or 32 % compared
to the retuned systems. The reduction achieved by retun-
ing the conventional control systems has been verified in
the field measurements that showed a 28 %.

For both the retuned conventional control and the mul-
tivariable control, the reduction is especially pronounced
at the lowest voltage level.

Fig. 12 shows the voltage profile in the 10 kV volt-
age profile for the three control schemes. We see that for
the multivariable and retuned conventional control fewer
spikes are present, compared to the old tuning. The mul-
tivariable control lacks integral action, and therefore gives
a small bias when the load is changing rapidly.

VI. DISCUSSION

In this paper we have chosen to consider only a single
branch of the network. An actual distribution system is
successively branching into a large number of nodes at
the lower voltage levels, but due to the radial topology
of the networks , giving weak coupling between different

5 10 15 20
Conventional control, new tuning

5 10 15 20
Conventional control, old tuning

10 15
Time (hours after 0.00)

20

Fig. 12. 10 kV voltage profile for the different control schemes.

branches, the results should apply to the entire network as
well. The reductions achieved are especially pronounced
at the lower voltage level, where the number of units is
large.

The properties of the two control schemes can be
summarized as follows.

Conventional Control :
• local control system, no need for communication
» preserves the existing controllers
• some selectivity can be achieved
• robust, no model needed
• difficult to tune
• slow customer side voltage restoration

Multivariable Control :
• good selectivity properties
• easy to tune by multipliers in (2)
• flexibility
• fast customer side voltage restoration
• need for accurate network model
t need for measurement of load powers
• centralized, dependent of communications
• computationally demanding

By retuning the OLTCs we incorporate knowledge of
the radial topology of the network in a coordinated but
still local control scheme. This provides some selectivity.

Of the disadvantages of the optimizing control, the need
for precise network data seems to be the most serious. On-
line estimation of network impedances or reformulation of
the optimization to get integral action, can be used to
eliminate this problem.

Apart from needing fewer tap operations than the con-
ventional control scheme, the flexibility of the multivari-
able control is an interesting property. New actuators,
e.g. SVCs or controllable loads, and control objectives
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can easily be integrated.
Also, the conventional tap changer control systems are

not suitable for meshed networks where transformers are
connected in parallel because of the circulating reactive
currents and voltage control that might arise [5]. By
adding a term proportional to system losses in (2), the
multivariable control scheme can be used for meshed net-
works as well.

It is important to realize that performance alone is not
the only requirement of a control scheme. It should also be
reasonably simple to implement. Given that the multivari-
able control needs precise network data, implementation
of the controller might be too awkward. The multivari-
able control might therefore be more of use as a reference
for other controllers than for implementation.

Another approach to the control problem is to try to
mimic the multivariable control with a centralized rule-
based controller, which could make use of heuristics con-
cerning load trends and voltage deviations as base for its
inferences. This type of controller can be implemented
without exact knowledge of network data.

Field tests of the multivariable control scheme and a
rule-based controller is planned in the Tomelilla area dur-
ing 95/96.

VII. CONCLUSION

The aim of this work was to reduce the number of un-
necessary tap operations made due to lack of coordina-
tion between OLTCs in radial distribution networks. A
tuning rule for the conventional OLTC control systems
which gives selectivity of cascaded OLTC in normal-state
operation of has been presented. The rule assigns long
time-delay to low-level OLTCs. The tuning rule has been
verified in simulations and field measurements, and has
been shown to reduce the number of tap operations by a
good 20 %, compared to the tuning presently used.

A more sophisticated multivariable control scheme
based on on-line tap optimization is presented. In sim-
ulations the multivariable control scheme has been shown
to reduce the number operation some further 30 %.
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APPENDIX

I. NETWORK DATA

The network data is tabulated in table I.

TABLE I
NETWORK DATA USED IN SIMULATIONS.

ixxxddoiQ

50kV(2)
20kV (3)
lOkV (4)

transformer
dsa

(D-(2)
(2)-(3)
(3)-(4)

'peak Qpeak
(p.u.) (p.u.)

0.2865 0.1283
0.0641 0.0321
0.0171 0.0090

Rfp.u.) Xfp.u.)

0.0028 0.2229
0.0859 0.8539
0.0666 5.6246

Line data

(D-(2)
(2)-(3)
(3)-(4)

tap step
(%)
1.67
1.67
1.67

R (p.u.)

0.0304
0.2643
0.4002

available
steps
[-9,9]
[-9.9]
[-9,9]

X(p.u.)

0.1276
0.6963
0.5851

max
MVA

70
16
4

sbasc= 233-84 M V A . Ubase= [130, 50, 20,10] kV
Peak loads corresponds to about 100 % loading of transformers
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Abstract • Various methods have been proposed for
pricing access to the network in different industries. They
all involve some notion of cost. Little is known about the
economic efficiency of these pricing methods except for
some theoretical results obtained under stylized
assumptions. An important element in the analysis of these
techniques would be to provide a computational tool for
constructing and simulating the impact of the proposed
tariff methodologies. A first step in this direction is to be
able to compute the different cost notions that they involve.
This paper is a move in that direction. It surveys different
cost notions of relevance in the selling of wheeling tariffs, it
describes the main features of a model for computing them
and presents some illustration obtained with this model.

I. Introduction

The adoption of the transit directive in the European Union
[1], the discussion of the introduction of mandatory open
access and the possible application of the essential facility
doctrine [2] to electrical networks raise the question of the
tariff structure that should be associated to wheeling services.
Various ideas have been put forward in the general context of
access to the electrical network. We consider some of them in
the more limited framework of transit services. This
restriction is justified on two grounds: first the supply of
transit services is now a legal obligation for many electrical
utilities in the European Union. Second the restriction to
transit services dispenses one to consider the difficult
question of stranded assets that could result from the the
introduction of third party access.

Among the various methods proposed for pricing transit
services, the use of spot prices occupies a major place in the

Paper SPT PS 23- 02- 0287 accepted
for presentation at the IEEE/KTH
Stockholm Power Tech Conference,
Stockholm, Sweden, June 18-22,1995

literature. This approach, extensively developed by Schweppe
and his group [3], adapts several familiar ideas of economic
theory to the electrical grid. Some of its shortcomings have
been extensively discussed. In particular, because networks
are generally considered to be natural monopolies, a
straightforward implementation of spot prices to transit
services may not allow the network company to recover the
costs entailed by these services. This problem, known as the
access deficit, has been extensively treated in the
telecommunication literature possibly because of the very
small contribution to revenue that could be obtained in that
sector from a pure spot pricing of infrastructure services. The
various methods discussed in that literature can, for the sake
of convenience in this paper, be classified in three groups
namely the efficient component pricing rule (ECPR) [4], cost
based pricing [5] and Ramsey/Boiteux pricing [6]. Roughly
speaking one can say that the price charged under the ECPR
is composed of two elements. One is the marginal cost of
these services. The other one is the profit lost on the segments
of the market captured by competitors who gained access to
customers thanks to these services. Cost based pricing derives
prices on the sole basis of costs, subject to certain constraints
expressing that these prices should remain subsidy free.
Ramsey/Boiteux pricing constructs prices on the basis of both
costs and demand so as to achieve economic efficiency while
insuring that the access deficit is covered. As will be
discussed in the following these methods can be directly
transposed to the pricing of transit in electric networks.

It is clearly of relevance to check that a pricing method is
computable in practice. It is also important to assess the
extent to which it achieves economic efficiency and covers
the access deficit. We only touch upon the second issue in
passing in this paper, the bulk of this presentation being
devoted to the first problem.

The paper is organized as follows. The second section,
coming directly after this introduction, recalls different cost
notions relevant to the pricing of transit services and places
them in the appropriate economic context. The computational
possibilities of evaluating these different cost notions is
discussed in section 3. In particular, the construction of a
prototype computational model capable of assessing the
different costs is briefly presented. Section 4 illustrates the
application of the model on some of the issues raised in
section 2. Conclusions terminate the paper.
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tl. Cost concepts and related pricing rules

Three different cost concepts are commonly found in the
literature dealing with access pricing namely instantaneous
marginal cost, incremental cost and the associated average
incremental cost and stand alone cost. Their definitions and
appearance in pricing methods are briefly recalled below in
the context of the transit of electricity. A fourth notion,
namely the surrogate long run marginal cost is also
introduced. An illustrative discussion of these different cost
notions can be found in [7].

A. Instantaneous marginal costs
Spot pricing of electricity has been introduced and developed
by Schweppe and his group [8] for an early paper and [9] for
a complete treatment and extensively discussed by several
other authors. By definition the spot price at a given node of
the network at some moment of time is equal to the sum of
the instantaneous marginal supply (generation and losses)
cost at that node and of a system congestion charge.
Assuming without much loss of generality that this latter is
computed on the basis of the cost of unsupplied energy, the
spot price is equal to an instantaneous short run marginal
cost. For this reason and in order to unify terminology in the
course of this paper, we shall not distinguish here between
spot prices, instantaneous marginal costs or short run
marginal costs. Even if these notions may refer to different
implementations in practice, it suffices to note for our
purpose in this paper that they can all be computed using the
same tool. The extension of instantaneous marginal cost
pricing to network services and hence to transit transactions
has been introduced in [9] and extensively discussed by these
authors and others. According to this principle a transit
service is priced at the instantaneous marginal system cost
that it implies. It can be shown that the short run marginal
cost of a point to point transit service is equal to the
difference of the short run marginal cost at the relevant entry
and exit points. Marginal cost pricing can also be applied to
zone to zone services at the cost of some additional
complexity. Two major drawbacks of instantaneous marginal
cost pricing of transit services are often mentioned in the
literature. One is the possible lack of coverage of the access
deficit, the other the extreme variability of the price signal
that may make it unsuitable in practice. Various methods
dealing with the first point have been discussed. The
introduction of hedging contracts has been proposed by
Hogan [10] as a way to handle price variability and
uncertainty. Other drawbacks have been less extensively
discussed. Some are briefly listed here.

1. The possible loss of economic efficiency

Marginal cost pricing is generally advocated in the economic
literature because of its economic efficiency. This is only
guaranteed under conditions that are seldom achieved in an
electricity system offering transit services. In particular the
existence of investment indivisibilities in the network makes
the sole notion of long run marginal cost difficult, if not
impossible, to define. In this case, the traditional equality of

short and long term marginal cost in an optimally designed
system becomes a void statement. A second problem is the
(possibly important) market power of some generation
companies and in particular of the utility operating the
network. Exerting market power may distort spot prices and
hence the transit prices computed from them. The following
section elaborates on the first point; the reader interested in
the impact of the existence of market power can consult
Laffont and Tirole [11] or some of the literature referred to in
that paper.

2. The lack of an adequate price signal.

Because of the existence of investment indivisibilities in the
network and the resulting absence of long term marginal
costs, one may be tempted to rely on instantaneous marginal
costs for pricing transit transactions. An argument justifying
this practice would be that economic efficiency is indeed
guaranteed by short run marginal cost pricing provided
network investments are optimal. Achieving this optimality
may nowadays raise problems of internalization of
externalities; we shall not deal with this issue here. In contrast
with long run marginal costs, short run marginal costs can
always be computed in an optimally designed system as
investment are now fixed and indivisibilities have
disappeared from the problem. Figure 1 illustrates the type of
situation that this reasoning may lead to. The curve represents
a stylized view of network costs as a function of the amount
of transit service. The curve contains two segments, implying
that an investment in the network is necessary in order to
economically accommodate large transit flows. One can
easily see that the high marginal costs found before the kink
of the total cost curve only reflects the difficulty of
accommodating the transaction within the existing capacities
but not a limitation of the network as this latter can be
expanded. Similarly the low marginal cost that prevails after
the kink only expresses a temporary excess capacity and not a
meaningful signal on the overall cost of providing transit on
the long run. As a result, the short term marginal cost will
thus provide the adequate signal for short run transaction but
a very bad indication for entering into long term deals. This is
true even after short term variations of marginal costs have
been smoothed out through contracts for differences such as
suggested by Hogan [10].

Told Cost
(ECU) total Cost

with investment

lotdCost
without Investment

Figure 1 : Total Cost
Annuol Transit (MW)
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It may be interesting to note that the Efficient Component
Pricing Rule boils down to short run marginal cost pricing
when the transit transaction does not deprive the utility
offering this service from a (non native) load and when no
investment is required. Indeed in this case the profit lost by
the company is null. Its marginal cost is well defined and
equal to the short run marginal cost. Needless to say this
rather trivial case is not the one which has generated the
controversies about the ECPR [12].

B. Incremental cost
The incremental cost of a transit or of a set of transit
transactions is defined as the additional cost incurred because
of this transaction or set of transactions. The average
incremental cost is obtained by dividing the incremental cost
by a measure of the amount of transit service. The use of
incremental and average incremental costs can go from the
simplest to the most complex. Consider the simplest case
first. It is encountered when one is considering a single transit
transaction that can be accommodated at least cost without
any investment in the system. Assuming as before that system
saturation is handled through a shortage cost, the average
incremental cost of a transit service is then essentially a
convenient approximation of its short run marginal cost. In
particular it can be defined on an instantaneous basis and
reflect contingencies such as demand uncertainty and
equipment failure.

The incremental cost introduces a new insight into the pricing
issue when new investments are economically justified in
order to accommodate the transit transaction. In contrast with
instantaneous marginal cost, the average incremental cost
naturally takes this new investment into account. In contrast
also with short run marginal costs it can no longer be defined
on an instantaneous basis as it is impossible to allocate the
cost of the investment to any particular period of time or
contingency in a meaningful way. The incremental cost
therefore naturally smoothes out the variability of short run
marginal costs while still taking into account all the
uncertainties and contingencies normally reflected in short
run marginal costs. Because of these two features, one could,
at least intuitively, argue that the average incremental costs
provides a better price signal than the short run marginal cost.
Because the incremental cost also accounts for part of the
investment costs, it can also be expected to better cover the
access deficit if it is applied over some interval of transaction
volume including the amount for which the investment takes
place. These are only intuitive statements though. They are
not proven by theory and can only be validated on numerical
grounds.

While incremental costs can always be defined, this is not so
for average incremental costs. This is in particular the case
when dealing with sets of transactions (whether all transit
services or a mix of transit and supply services). The
definition of an average incremental cost would then require
to introduce allocation rules, a task which is always difficult
if the result is to be economically meaningful. The theory of

cost based prices [5], with the notion of subsidy free prices,
provides a way to tackle the problem. In particular, cost based
prices explicitly deal with the access deficit and, in contrast
with fully distributed costs, they do so with reference to
various properties related to economic efficiency. Most of
what is needed in order to implement subsidy free prices is
the ability to compute the incremental cost of arbitrary sets of
transactions. This can be done taking investment
indivisibilities into account as well as a possibly detailed
description of the different contingencies that can affect the
electricity system. Needless to say the cost of these
computation is directly determined by the number of sets of
transactions considered, by the importance of the
indivisibilities and by the level of detail adopted for
representing demand uncertainties and equipment
contingencies.

The main drawbacks of cost based prices is that, except when
the theory of contestable market applies [13], they do not
guarantee full economic efficiency. As the transit market is
probably very far from contcstable, nothing can be said about
the economic efficiency of transit pricing rules derived from
this theory without resorting to numerical experiment.
Adapting the reasoning of [4] a possibility, if one wants to
stick to cost based prices, is to apply them to supplies and to
rely on the Efficient Component Pricing Rule for transit. As
already indicated before, the ECPR boils down to marginal
cost in the case of transit services when no investment is
economically justified in the network in order to
accommodate the transaction.

C. Stand alone cost
Stand alone costs are introduced as upper bounds on prices
charged by a natural monopoly. Their relevance in network
service pricing is straightforward: prices should never exceed
stand alone costs if inefficient bypass is to be prevented.
Bypass in electricity networks is generally considered highly
unlikely. This is not so in natural gas and telecommunication
networks. Like incremental costs, stand alone costs may need
to be computed for sets of transactions. The usefulness of
stand alone costs for pricing purposes is sometimes
questioned. Indeed, prices of single transit services equal to
stand alone costs are likely to be very high and hence simply
exaggerated. This may still be true when computing stand
alone costs of a small set of transactions. This is much less
clear for mixes of supplies and transit services. Here again
numerical experiment should help clarify the situation. The
computational requirements of stand alone cost are identical
to those of incremental costs.

D. Surrogate long run marginal cost
Short run marginal costs pricing may fail to cover the access
deficit. It has also been argued above that they are unlikely to
constitute adequate long term price signals. Globally short
run marginal costs are thus unlikely to provide all the
necessary elements for the pricing of transit services.
Incremental costs and their extension into cost based prices
more directly deal with the access deficit. Still, they may also
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fail to be efficient. It thus appears desirable, in order to
achieve both economic efficiency and coverage of the access
deficit to rely on more sophisticated principles such as
Ramsey/ Boiteux pricing. We shall not consider here the
difficulties of collecting the demand information necessary
for implementing this principle but will instead concentrate of
cost issues. The situation can be summarized as follows.
Were it not for the investment indivisibilities present in the
network, Ramsey/Boiteux pricing can be applied without any
difficulty to the transit of electricity. This can be done by
resorting to the recently developed access theory of Laffont
and Tirole [11] and by reformulating it in the language of
electricity. In this adaptation of the theory transit would
constitute a service that is bundled with the generation of an
other company, to form a supply directed to customers
different from those of the company providing the transit. The
Ramsey/Boiteux pricing can then be obtained by maximizing
the sum of the welfare compute over the two relevant markets
subject to the budget constraint of the company providing
transit services. The pricing of transit is thus part of the
welfare maximization problem. The existence of investment
indivisibilities makes the application of this theory hazardous
at best as soon as one wants to arrive at long term price
signals. This is simply due to the fact that one is relying on
long run marginal costs which are not defined. For this
reason, it is suggested that marginal costs could be computed
on the convex envelope of the costs function. The principle is
intuitively justified on the figure 1, already used before for
showing the inadequacy of short run marginal cost as long
term price signals. By definition the convex envelope of the
total cost curve is the curve represented in dotted line. It can
easily be seen that it smoothes out the high and low values of
the short run marginal costs. As a consequence, a price equal
to the slope of the convex envelope of the cost function does
not give a wrong signal of scarcity before the investment nor
an artificial indication of abundance after this investment is
completed.

E. Wrapping up
Various costs notions have been developed in the literature
that can be used in order to construct transit tariffs. Other
relevant cost notions can still be proposed. Whatever the
notion used two problems can be raised. One is the effective
capability to compute the relevant costs, the other is the
ability to check the economic performance of the price system
constructed on the basis of these costs. The first concern may
seem easy to deal with but it is not. It is indeed often thought
that a sufficiently well designed Activity Based Costing
system will allow one to evaluate whatever "cost" is
necessary in order to arrive at appropriate tariffs. The real
situation is much more complex and particular computational
models will often need to be resorted to in order to arrive at
the appropriate cost notions. The second concern is of equal
difficulty. Pricing rules are generally derived under
assumptions that are rarely verified in practice. Because
theory does not tell us much about the robustness of these
rules outside of the conditions where they prove to be optimal
in one sense or an other, there is no other way than verifying

their economic effectiveness through numerical simulation.
This paper only takes up the first issue.

III. A prototype model for computing
transit costs

In principle all cost notions discussed in the preceding section
can be obtained from a computational model of the system
providing the transit service. Needless to say, the model must
account for the main characteristics of the electric network
and in particular for those normally taken into account in the
computation of short run marginal cost. It must also provide
the facilities for deriving the different cost notions that can be
used in the construction of transit tariffs. The first
requirement has been dealt with as follows. The model
includes a technical description of the generation units and of
the transmission facilities, together with standard physical
constraints associated with them. In particular, the model
contains a representation of the basic operational features of
electrical networks such as availability of power plants or
transmission facilities, uncertainty on the demand of the
native load customers, electric losses during energy
transportation, outage of transmission lines and a
representation of the n-1 operation rule within a DC
approximation of the load flows. The model is conceived as a
capacity expansion problem. Investments in the network (and
possibly in generation) are represented as indivisible. The
model can be run on a short run horizon (one year) or long
run (several years). Simplifying assumptions on temporal
aggregation are made in order to be able to deal with a long
horizon without unduly increasing the size of the problem.

Two types of transit services are considered namely firm and
interruptible. The transit service is seen as a network service
defined by a multinode access to and from the network. This
is a more general concept than a point-to-point service.

Instantaneous marginal costs can easily be computed from the
model by running it with fixed generation and transmission
capacities. The short run marginal costs are obtained as the
dual variables at the different nodes of the network. The short
run marginal costs of transit can be derived accordingly. The
variability of short run marginal costs being a subject of
concern for their practical implementation, it is important to
be able to appraise it. This can be done as follows. The model
allows one to represent a set of seasons and time segments
and for each of them a set of demand realizations. The
situation can be complicated by allowing for an a priori
defined set of contingencies on equipment. An illustration of
this question is presented in the last section. Short run
marginal costs can be computed both in a static context with
fixed equipment or in a dynamic context when demand from
native load customers and for transit expands. In that case the
obtained short run marginal costs are those obtained for the
optimal capacity expansion path. This capability makes it
possible to explore the possible inadequate evolution of short
run marginal costs in the long term that has been illustrated
on figure l.This is also illustrated in the example in section 4.
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Incremental costs and average incremental costs can be
computed for any set of supply and/or transit transactions by
running the model with and without this set of transactions.
The same can be said of stand alone costs. It suffices to run
the model starting from a non existent system. As argued
before the computation of incremental costs for cases where
no investment is needed provides very limited additional
information compared to the short run marginal cost. As long
as investments are not needed, both the short run and average
incremental costs can be referred to time segments and hence
be time of the year and contingency dependent. In contrast the
incremental cost is unique and only transaction dependent
when investments are economically warranted. Marginal costs
higher than the average incremental costs indicate undersized
network. Suppose one expect the company providing transit
services to undertake the appropriate expansion of its
network, it then makes sense to impose that the average
incremental cost be used as an upper bound on transit prices
when setting tariffs. More sophisticated uses of the capability
to compute incremental cost can also be used to derive
subsidy free prices. This requires that additional
investigations be conducted in order to arrive at prices that
satisfy the various constraints needed to make them subsidy
free.

Finally the model can also be used to compute surrogate long
run marginal costs or approximations thereof. This is
presently under study on the basis of Lagrangian relaxation
methods.

The covering of the access deficit is not dealt with in the
current version of the model. The only information available
is the extent of the access deficit which can be computed for
different pricing rules and as a function of the amount of
transit transaction demanded. It should be noted that this
contribution to the access deficit can result from both supply
and transit depending on the tariff formula used in these
different segments of the market. It should however be noted
that, conditional on the availability of the adequate demand
information (in particular information on the demand for
transit services) the model can easily be extended to adapt to
the construction of Ramsey/Boiteux prices.

IV. Illustration

The use of the model is presented on two illustrative case
studies. The first one deals with the often mentioned question
of the variability of short run marginal costs. It tries to
interpret it in the context of the construction of tariffs for
interruptible transit services. The second one documents the
comparison between short run marginal and incremental costs
discussed before in the context of the adequacy of short run
marginal costs as a long term price signal. These results have
been derived on a 6 nodes / 8 lines example constructed as a
(very) stylized view of a real situation.
Short run marginal costs are examined for a model where the
year is decomposed into two time segments, each of them
leading to two possible different realizations of the demand of

the native load. The short run marginal costs observed are
listed in figure 2 by order of decreasing value together with
the expected number of hours that these values will be
observed. The large difference between periods 1 and 2 on
the one hand and periods 3 and 4 on the other is due to the
saturation of a line in both periods 1 and 2. Interruptible
transit contracts can be constructed on this basis for different
levels of interruptibility. The price of the contract is
computed from the observed short run marginal cost together
with the probability of interruption (figure 2).

Seasons

Period-1
Period-2
Period-3
Period-4

Expected
hours

438
3942
438
3942

Marginal cost
[ECU/MWhl

8.63
8.60
0.16
0.15

Probability of
interruption

0%
5%
50%
55%

Price of contract
[ECU/MWhl

4.377
4.153
0.151
0.150

Fig. 2 : Prices for contract with different degrees of interruptibility

Average incremental costs and short run marginal costs.
Figure 3 provides a comparison of the average incremental
cost and the short run marginal cost of transit services varying
between 300 MW and 1500 MW. Both the expected short run
marginal cost (Cm) and average incremental cost (AIC) in the
interval ranging from 300 to 900 MW are equal and close to
zero. No investment is economically justified in that interval
and the system remains in the same operating state (hereafter
called state 1). Both the short run and average incremental
costs basically provide the same information. In contrast the
discrepancy between the two costs becomes dramatic between
900 and 1500 MW. Two investments are economically
justified in that zone, one when the amount of transit service
reaches 900 MW, the other one for a value of 1200 MW.
Interestingly, the system returns to state 1 after each of these
investments, implying again short run marginal costs of the
same order of magnitude as those observed in that state. In
contrast, sudden jumps can be observed in short run marginal
costs between 900 and 1200 MW and after 1200 MW. These
are due to changes of systems stales. This somewhat erratic
behavior can be contrasted to »he smooth evolution of the
average incremental cost. It is submitted that the evolution of
the short run marginal costs reflected in this evolution is of a
completely different nature than the one arising from normal
contingencies observed on the system. This may make it
difficult to cover these variations by special contracts for
differences proposed by Hogan [10].
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V. Conclusion

Many questions remain pending in the construction of transit
tariffs. Economic theory generally concentrates on the
derivation of optimal pricing rules in certain contexts. It does
not really deal with the properties of these pricing rules when
conditions depart from those where pricing schemes can be
proven optimal. In other words the robustness of the different
pricing methodologies will remain largely unknown except if
it can be assessed numerically. The development of a flexible
computable model can turn out to be very important in this
respect. It allows one to get insight into this question of
robustness; it can also help define the basic features of an
operational tool for constructing transit prices. Even in a
simplified way, the most important features of power system
and of the modeling for transmission costing (short term and
long term optimization, power flows, N-l security,
uncertainty on loads and on power system components
availability,...) can be taken into account. Together with the
choice of a small but realistic network, this allows the analyst
to get precious indications on the nature of the different costs
to be considered in wheeling transactions, and on their
sensitivity to different parameters.
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Network Effects in a Competitive Electricity Industry:
Non Linear and Linear Nodal Auction Models
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Abstract-The nodal auction model is a competitive electric-
ity market model based on spot pricing theory that incorpo-
rates network effects and decentralised operation scheduling.
This paper describes the inclusion of network effects in the
algorithm for the nodal spot and technical forward markets in
the nodal auction model. The exact mathematical formulation
is inherently non linear. Two approximate formulations that
take a linear programming form have been developed in re-
sponse to the difficult and slow convergence properties of the
exact formulation. Simulations have been run using both a five-
node model and the New South Wales main transmission net-
work. Results show that network effects can be incorporated
into the nodal auction process, reducing the need for a separate
transmission pricing scheme with all its attendant problems.

i. INTRODUCTION

The nodal spot pricing concept proposed by Schweppe et
al [1] gives the basic framework for the development of
competitive electricity industry models. However this early
concept does not reflect demand side options adequately in
setting market clearing process. Recently, with the world
wide tendency to restructure the electricity supply industry so
that the transmission function is separated from the genera-
tion function, several proposals have been developed to ad-
dress transmission ~ct vice pricing [2]. Most proposals have
been based on an assumption that power flows in an electric
network from a particular generator to a particular consumer
in a way that can be separated. Hence transmission service
can be charged on top of a generated energy charge. In fact,
power flows are subject to physical laws and the energy
reaching a particular consumer will come from a mix of
generators. Therefore an assumption of a separable trans-
mission service is incompatible with the reality of power

Paper SPT PS 23- 03- 0236 accepted
for presentation at the IEEE/KTH
Stockholm Power Tech Conference,
Stockholm, Sweden, June 18-22,1995

system operation.
Recently, the 'nodal auction' model [3, 4, 5] has been pro-

posed. Its objective is to create a competitive electricity mar-
ket model that incorporates both the effects of the electric
network and operation scheduling. In the model which is
based on spot pricing theory, bids and offers by consumers
and generators are resolved by an auction mechanism such
that the maximum benefits from trade are achieved. A net-
work model is embedded in the auction process. When the
market for a certain trading period is resolved, not only
nodal market clearing prices and generation and consump-
tion schedules are defined, but also power flows in the net-
work.

Three related markets are included in the model [4], ie the
nodal spot, technical forward, and financial forward mar-
kets. The first two markets cover the operation scheduling
horizon (one day to one week, or more) while the third deals
with coordination and risk sharing associated with tasks that
require longer time horizons such as maintenance schedul-
ing, fuel purchasing, hydro scheduling, investment decision
making, etc.

This paper describes the auction algorithms for a nodal
spot and technical forward market. The time interval of in-
terest (the operation scheduling horizon) is divided into
trading periods. Participants (sellers and buyers) submit bids
to an auction process expressing their willingness to sell or
to buy electricity during a particular future trading period. A
bid is denoted by P = (t, n, q, p, x). For a seller, P implies
that during a future trading period t, s/he is willing to inject
q or less units of electric power at node n if s/he is paid not
less than p per unit of energy. For buyers, the notation
means that during the trading period t, they are willing to
consume q or less unit of electric power at node n if the
nodal price is less than or equal to p. The optimal level of
generation or consumption x (in power units), associated
with each bid, is determined by the auction process using an
optimisation tool and its level is assumed to be constant
during t. Sellers may represent a generator using several
bids. For example one bid might reflect its base load output,
and other bids might reflect its shoulder and peaking capa-
bility. Alternately, one bid might represent several sellers'
generator. The same principle applies to buyers for repre-
senting their load.

The auction process resolves sets of bids for each trading
period independently, maximising the benefits of trade as
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expressed in participants' bids and offers. Participants inde-
pendently account for any intertemporal links by appropriate
bidding strategy.

The mathematical formulation of the bid resolution proc-
ess for a certain trading period is:

maximise

subject to

where:
S —

: gk (a) + X x, = 0

h (a, \)<,0
-qi£Xi<0
0<Xi<q,

the set of all sellers' offers

V*:

vp,
vp,

= 1 K

e S '
eV

Sk = ^e set of sellers' offers at node k
t> = the set of all buyers' bids
Z>k = the set of buyers' bids at node it
K = number of nodes in the network
a = network state vector
gk(a) = the sum of power flows on each transmission

line leaving node A: expressed as a function of
network state vector a

h(a, x) = vectors expressing network constraints

The solution of (1) gives a set of Lagrange multipliers X*
associated with each equality constraint at node k. Since Xk

is the incremental value of total industry benefit for an
incremental change of generation or consumption at node k,
then Xk becomes the market clearing price at node k for the
trading period [4].

ii. THE EXACT <NON LINEAR) FORMULATION OF
NETWORK EFFECTS

The exact formulation of g and h requires reactive power
flow calculation. Therefore participants have to include re-
active power generation or consumption information in their
bids. In the model described in this paper, sellers offer their
reactive power generation and absorption capabilities into
the auction process while buyers bid the power factor of their
load blocks into the process. Loads are treated as constant
power. In addition, there is no bid or offer price for reactive
power. It is possible, however, to generalise the method
described in this section to a variety of other reactive power
bid and offer structures.

With the inclusion of reactive power issues, the ilh offer is
described by

P, = Ui. m, q» p , , mQi, MQit *, x b y>)

and i* bid is described by

P/ = (U. nlt q» Pi, *, *, <p,-, xt, *)

(2),

(3)

where:
mQi,MQi-minimum and maximum reactive power

output limits of generator(s) associated with P,
(p; = reactive to active power consumption ratio for

loads (calculated from buyers' load power factor)
y/ = optimal reactive power output of generator(s)

associated with P, at the solution
* = undefined element of p.

Constraint at the k"1 node becomes:

I VkV/Gkj cos Qkj + Bkj sin Qkj)+ L x-, = 0 (4)
j=\ V,eSkUDk

£ VkV/GkjSinQkj-BkjcosBkj)+
7=1

Vp,es

X cp,*,. = 0

-MQi<yi<-mQi

where:

efcv*
ev
mvh

Mvk

Gkj, Btj

= voltage angle and magnitude at node A;
respectively

= minimum and maximum limits of voltage
magnitude at node At

= real and imaginary components of the node
admittance matrix element associated with
the line connecting node A: and node;.

Other network constraints can also be added, such as limit
on active power flow on lines to represent thermal or
transient stability limits:

X , < -G Vk
2 + VkVj (GkJ cos ekj + BkJ sin &kj) < "U (5)

where:
"Lm, MLm = minimum and maximum limits of active

power flow in m'h line (from node k to;).

The above formulation is similar to the optimal power
flow (OPF) problem. The difference is in the treatment of
loads. In OPF, loads are assumed to be constant whereas in
this problem loads are control variables. However, various
OPF methods [6] can be employed to solve the problem. In
this study, sequential quadratic programming was used
because of the large size of the solution space [7, 8].

Simulations were run using both a 5-node power system
(the line characteristics are available on [9], p. 284) and the
New S^uth Wales 500 & 330 kV main power grid (53
nodes) [10]. Effects of thermal limits and voltage constraints
on nodal prices were studied. The five- node system used is
shown in Fig. 1 along with bids submitted (Table 1).

A thermal constraint was simulated by setting the active
power flow limit for line Li = 0.8 per unit. Minimum and
maximum voltage constrains for all nodes were set to 0.95
and 1.05 per unit respectively. The minimum voltage
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TABLE 1: BIDS SUBMITTED (IN PER UNIT, 100 MVA BASE)

Buyers'bids

Block Bus q

C,

Cj

C 3

C5

Cs
C7

P Pi
0.20 6 0.89
0.30 7 0.95
0.15 6 0.95
0.25 8 0.95
0.15 7 0.95
0.40 9 0.95

0.20 8 0.95

Sellers' bids

Block Bus q

G,

Gj

Gj

0.75
0.50
0.40

P "Q MQ
2 -0.4 0.4
4 -0.3 0.3
3 -0.2 0.3

constraint was encountered at node 5 when the power factor
of C6 and C7 were set to 0.82 lagging.

Fig. 2 shows the effects of thermal constraints as well as
voltage constraints on nodal prices. As a line flow constraint
becomes active, the sending-end nodal price decreases while
the receiving-end one increases, giving signals to partici-
pants to take actions to relieve the constraint. Voltage con-
straints on the other hand, do not have a strong effects on
nodal prices. This is due to weak coupling between active
power and voltage magnitude in the power flow equation.

The need to obtain acceptable voltage magnitudes which
is a quality of supply issue, can be addressed by imposing
voltage limits on each node. A better commercial approach
to this issue maybe to embed participants' preferences for
voltage quality in their bid or offer prices. Under this pro-
posal the element p in p would become a function of nodal
voltage. This approach can be extended to accommodate
other quality of supply attributes such as short term avail-
ability of supply, power frequency and waveform purity.
These matters are currently under study.

The power equations are inherently non-linear which may
lead to difficulty in finding a solution. For expository pur-
poses, bids in the above examples were chosen close to a
known power flow solution rather than the arbitrary combi-
nation of bids that would arise in real market operation.
Convergence will not be achieved if the bid combination
cannot constitute a power flow solution, and even when it is
achieved, convergence may be slow. The New South Wales
grid case run on a VAX6520 takes approximately 15 min-
utes of CPU time. These problems motivate the development
of simplified, approximate power system models.

m. THE TRANSPORT MODEL

This approximate model is based on the following as-
sumptions :
• voltage and reactive power are ignored,
• each line is considered as a transport element which

transports power with losses that can be expressed as a
piecewise linear function of sending end power flow,

• Kirchoff s voltage law and loop flow constraints are ne-
glected.

6T
Fig. 1: The five-bus system used in simulations

The development of the model commences from the exact
expression for active power flow from node k to nodej:

P» = -GV V? + VkVj (GV cos QkJ + Bv sin 9W) (6).v sin 9W)

The active power loss dissipated in the line is

A = -G»(V' + Vf) + 2 GkJ Vk Vjcos Qkj (7).

The objective is to express loss in the line as a function of
sending end power flow: 4 = f(P).Various levels of 7> and
their corresponding 4 were plotted in a P-A plane and a
piecewise linear curve was fitted to the data (Fig. 3). The
(P.4) points were generated from (6) and (7) using V*, Vj, Qk

and Qj as parameters and considering that in real power
system operation, Vk is close to V} and Qk is close to 6,.
Another way to collect (p.4) points would be by retrieving
historical data from SCADA facilities.

For P=P* then 4=f(P) becomes

i=\
(8)

if* = 0
ifzM = bt

if0< Zi < b,

then
then
then

zi+, = 0
Zi = b,

zM = 0

where:
Zi

<>i

b,

= i* elemental flow (measured at the sending end)
= incremental loss ratio in ilh elemental line to z-,
= the length of the projection of ilh segment in

- 7.0

j ! 6.0-

4.0-

3.0

nodel

O

node 2

node 4
DO»-fll

O ° node 5
node 3

O power flow constraint on i ;

• voltage constraint at node-5

5.5 5.6 5.7 5.8 5.9 6.0
unconstrained nodal prices (cent/kWh)

6.1

Fig. 2: Effects of power flow constraint on line Li and voltage constraint at node
5 on nodal prices. The dotted line is the locus of unconstrained nodal prices.
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0.0 1.0 2.0 3.0 4.0 5.0 6.0 7.0 8.0

power flow (per unil)

Fig. 3: A plot of various levels of power flow and corresponding line loss for a

typical line with resistance 0.0002 and reactance 0.0006 per unit

m

P-axis (see Fig. 3)
= number of elemental lines.

Another way to visualise this approach is that a set of n
parallel elemental lines, having capacities bi, bi, ..., bn

mimics a physical line. Further, if elemental lines are de-
fined to be unidirectional then one physical line must be
represented by two set of elemental lines, each set represent-
ing flow in one direction.

The bid and offer dispatch is then as follows. Let ^ =
(OU bm, Zm) denote an elemental line where am=]-am; Xv

equals the set of elemental lines with sending end node k; fr
equals the set of elemental lines with receiving end node k
and M equals the number of elemental lines in the network.
Then the problem of solving power flows in physical lines
can be transformed into a problem of solving power flows in

rr
B 5.9-

5.5 -

5.4

O itnconjtmined
Q pmerfiav constraint on L 03 nodii

nodi 4
DO/

O Q
nodt)

O:b
node 2

tadtl O:

O nodil

3.0 4.0 5.0 6.0
exact nodil prices (cenl/kWb)

0.0 I ' 2 0.0
Fig. 5: Impaired representation of loops in the transport model. Power flows

are shown as ratio of the transport solution to the exact one.

elemental lines as follows:

maximise :

subject to :

X x,p,

k = 1.....K;
0<zm<bm

X amzm+

forallm=l,. ...M

(9)

Xi = 0

t

-qi<Xi<0 E 5

Equation (9) is solved using linear programming, and the
Lagrange multipliers (dual variables) associated with the
equality constraints obtained at the solution serve as the
nodal prices.

A comparison of nodal prices calculated using the exact
model and the transport model is shown in Fig 4. In the
absence of line power flow constraints the results are quite
close. When a line power flow constraint is active, the price
difference across the line in the transport model is smaller
than that predicted by the exact model. In general, the
transport model slightly overestimates nodal prices.

The transport model can simulate thermal limits with
ease, but voltage magnitude constraints cannot be addressed.
The model inherits the speed and robustness of the linear
programming method. However it fails to represent the loop
flow phenomenon in power systems. In the transport model,
flow in the branches of a loop are independent whereas in
reality they are constrained by Kirchoffs voltage law. An
example of the loop flow problem is shown in the following
three-node system {Fig. 5). Let the impedance of path (1-2)
and (2-3) be six times higher than path (1-3). Using the
transport model, the incremental loss ratio of path (1-3)
would be less than the other paths. Then unless path (1-3) is
fully loaded, path (1-2-3) will remain zero loaded. This
inaccuracy is addressed in the next section by developing a
model which includes voltage angles in the mathematical
formulation.

rv. THE PEECEWISE LINEAR NETWORK (PLN) MODEL

This model is based on an assumption that active power
losses in a line can be lumped at its ends. Half of the losses
in a line are allocated to each end (Fig. 6). Hence using (6)
and (7), the power leaving node k for node,/ is:

% = Ptj-'/zAj ' (10)
= VkVj Btj sin % + Vi GK (Vf - Vk

2)

Fig. 4: Comparison of nodal prices for the exact and the transport model.
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It is assumed that 6*/ is small, hence sin Qq = 6/y. In addi-
tion, Vk is close to Vj such that the second term of (10) is
negligible with respect to the first. Then the power sent from
node k to nodey becomes

^^VkVjBqBtj (11)

The second assumption is that voltage magnitudes at all
nodes are given, derived or predicted using any other means.
Hence from (11) and (7), the simplified representation of
power flow and losses in lines are:

7Jy=fi'yeiJ- (12)
4tj = G'kj+G"ticos% (13)

where:
B * = VkVjBkj2 ?
G t/ /> 1*; = 21

The next step is to express line loss as a function of volt-
age angle difference across the line using a piecewise linear
function with m segments:

= V + S 'akj% (14)

-= 8*,.

if% = 0
if*% =
ifO< %

then
then

%j then = 0

where:
°J = losses at 9y = 0
'8kj = i'* segment of the voltage angle difference
'aig = the gradient of i** segment
'dig = the length of the i'h segment of voltage angle

difference (see Fig. 7)
m = number of segments

Fig. 7 shows the exact and the piecewise linear
approximation of loss in a line as a function of voltage angle
difference across the line. Since both the exact (7) and the
simplified (13) functions contain cos 0# term and cos (-fy)
= cos 0# then both curves are symmetrical in the vertical
axis. Hence as shown in the figure, 'djk = - 'dy ana1 'ajk = -
'ay for all i. In addition, in the range of normal power system
operation (-x/m < 9^ < Vi K radian) the functions are convex
SO that fly 2 fltyfa...^ Qtj.

To address the thermal limit of a line, the equivalent
maximum voltage angle difference across the line corre-
sponding to the maximum permissible active power flow in
the line is set. The limit is calculated using (12).

The dispatch of bids and offers can then be found by
solving the following linear program:

fig. 6: Transmission tine model

s.t. : S

(15)

• 'AZi ay 8y

-'/2I 'aJk%)+ 1 Xj=0Vk=l K

+ £ ('akj % -'ajk % }< %•

£ f'5*,- + V = e*-9,- Vfc;=7 K;j*k

-q;<x;<0

The accuracy of the PLN model results depends on the
quality of the prediction of voltage magnitudes. In this study,
the predictions were obtained from the solution of the exact
model. For the five-node case, the PLN model provide a
good prediction of nodal prices as shown in Fig. 8. For the
New South Wales case, the average of the difference between
the PLN and the exact power flow results at each line is
1.70%. However it slightly overestimates nodal prices (Fig.
10) since line losses are overestimated by the approximate
model.

Finally, the PLN model is better than the transport model
in representing loop flows. Solving the three-node example
in Fig. 5 using the PLN model give a result very close to the
exact solution (Fig. 9).

= exact value

Fig. 7: The exact and piecewise linear approximation of losses in a line
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v. CONCLUSIONS

Three ways to incorporate network effects in the algorithm
for nodal spot and technical forward markets of the nodal
auction model have been discussed. The exact formulation
addresses network effects without simplification. However
due to treatment of both generators and loads as control
variables, convergence can be difficult and slow. Two
approximate models have been developed: the transport and
PLN models.

The transport model is fast and robust. Line flow
constraints can be accommodated, yet it slightly
overestimates nodal prices. In addition, it fails to represent
loop flows because voltage effects are neglected.

The PLN model is as fast and robust as the transport
model. In addition, it addresses loop flows. The accuracy of
the prediction of unconstrained and constrained nodal prices
and power flows depends on the quality of the prediction of
nodal voltage magnitudes.

In general, it can be concluded that network effects can be
incorporated in the nodal spot price setting process, reducing
the need to formulate a separate transmission pricing scheme
for an electricity spot market.
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PENALTY FACTOR CALCULATIONS FOR MARGINAL PRICING

OF TRANSMISSION SYSTEMS IN A HYDROELECTRICAL SYSTEM
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Faculty of Engineering, Pontificia Universidad Catölica de Chile, Santiago, Chile
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Abstract - The development of a methodology for the
calculation of penalty factors (PF) in an interconnec-
ted hydroelectric system using instantaneous marginal
generation costs (spot prices) is presented. PF are re-
quired both for the spatial distribution of tariffs as well
as for the purpose of determining transmission margi-
nal income. A nonlinear optimization algorithm is used
and combined with a production cost simulation me-
thodology. Particularly relevant is the representation
of the effect of the operation of a multistorage mainly
hydroelectric system. Application of the methodology
to the Chilean Central Interconnected System (SIC),
with a longitudinal non meshed network, is reported
and results discussed. The need to adequately repre-
sent transmission restrictions is emphasized.

Keywords: penalty factors, tariff calculation, spot prices,
transmission evaluation, nonlinear optimization

I. INTRODUCTION

Spot prices correspond to the spatially and temporally
varying short-term marginal costs of electricity production
and transmission with respect to changes in demand. Spot
prices can be directly obtained as a simple combination
of dual variables of the solution of the optimal generation
dispatch problem, constrained by transmission capacity li-
mitations [1,2]. The mathematical formulation for spot
price calculation has received increased attention, parti-
cularly given the development of deregulated and compe-
titive electric energy systems worldwide [3], where timely
economic signals are required for energy transactions. The
need for spot price evaluation becomes even more acute in
marginally based open access transmission schemes, where
transmission services are partly paid based on spot price
differences through time [4,5].

Paper SPT PS 23- 04- 0354 accepted
for presentation at the IEEE/KTH
Stockholm Power Tech Conference,
Stockholm, Sweden, June 18-22,1995

For hydroelectric systems with significant storage capa-
bilities their calculation process is difficulted by the timely
dependence of the operation variables. Multinodal hydrot-
hermal dispatch algorithms using decomposition techniques
could be used [6], but present codes are limited by the
number of reservoirs, buses and transmission lines they can
handle. Besides, little has been reported on spot price ap-
plications in real systems.

In the Chilean central electrical system (mainly hydroe-
lectric), energy marginal costs are presently calculated
through dispatching all generation for a single bus system.
Then, as set by the electrical law, PF are used for dis-
tributing the costs geographically, setting different energy
tariffs to regulated consumers. These PF, as indicated in
the legislation, are to be calculated by the National Energy
Commission (CNE) taking into consideration only marginal
losses. The marginal costs for power/capacity are based on
the development costs for peak units in one particular bus,
with PF also used to spatially distribute tariffs; only los-
ses are considered. The PF are also used by the Economic
Load Dispatch Center (CDEC) to determine the marginal
costs of losses, as a "marginal income" for the transmission
lines. The marginal income amounts, in average, to 15% of
the investment and exploitation costs (figures vary depen-
ding on lines), leaving the rest to be paid by a toll that is
distributed among generators depending on line usage [5].
There has been much discussion in the country on the need
to reflect other effects in the calculation of the marginal
income, better reflecting network utilization. The need to
include transmission constraints, reliability effects, voltage
stability limitations, etc., has been stressed.

The paper reports on the development and application
of an integrated methodology to calculate PF that include
transmission restrictions. The methodology utilizes a de-
tailed production cost simulation of the system, incorpora-
ting generator and transmission system restrictions, as well
as losses. Models of expected water value in hydro plants,
thermal generation costs, demand functions and cost of non
served load are included. Methodologies used for the simu-
lation are a dynamic stochastic programming for a single
bus hydrothermal dispatch method, a modified relaxed li-
near economic dispatch algorithm and a nonlinear optimi-
zation package for multibus dispatch. Studies of the Chi-
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lean Central Interconnected System in a four year horizon
are reported [7], with PF calculated and compared with
those being used by the regulator. Finally, a critical dis-
cussion of the differences and their impact in deregulated
and competitive electric energy systems is made.

II. SIMULATION METHODOLOGY

Both entities, the CNE, as the regulating body and the
CDEC, as the coordinating pool, use hydrothermal coor-
dination algorithms based on dynamic programming. The
CNE uses it to determine a time varying "nodal price", a
tariff value reflecting expected marginal cost, using a single
reservoir single bus model that assumes an optimal genera-
tion investment plan for a 20 year horizon. The nodal price
is determined at the load center. A marginal cost for peak
power is also determined, based on the investment cost of
gas turbines. The CDEC calculates short term energy mar-
ginal costs for operation and for valuing transfers among
generators. Input data resultant from the CNE model is
used, and an iterative process optimizes the operation of
six reservoirs in a two year horizon. Again, only the load
center bus is represented.

The above models take into account the Chilean hydrot-
hermal restrictions, fundamental economic signal to partici-
pants in the electric market. However, they fail to represent
the conditions that in the real network give place to spa-
tially differentiated costs. The literature reports on several
methodologies for the calculation of penalty factors:

• B Coefficients: corresponds to a classic methodo-
logy, used for generation dispatch and extended to
cost pricing [7,8]. This approach, traditionally used
in Chile, fails to take into account transmission res-
trictions.

• Optimal Power Flow: OPF tools allow the full re-
presentation of the AC network and its restrictions [9],
but require much information frequently unavailable in
these type of studies. Their incorporation into simu-
lating operation for several years is restricted by the
required computation times.

• Production cost simulation: Corresponds to the
approach proposed in this work, where hydrothermal
dispatch algorithms are improved through more detai-
led system representation using DC load flows [5,7].An
evolving marginal cost busbar profile is evaluated, allo-
wing the determination of a set of PF for each profile.

The proposed approach integrates a detailed production
cost simulation process of the system and its transmission
network, through the following stages:

1. The strategic values of stored water at reservoirs over
the study horizon are obtained using the hydrother-
mal coordination algorithms of the CNE and CDEC

[10].They are based on dynamic programming and
have the general structure illustrated in Fig. 1.

(Energy and Demand]
V Forecasts J

Reservoir Strategy

U
$

MW MW

%u
MW

Values

t

kl
MW

Figure 1: Strategic values of stored water

2. A simulation of optimal operation conditions is made
for each time period in a given time horizon, consi-
dering different demand levels and water inflow condi-
tions (Fig. 2), providing time dependent spot prices for
all buses. An economic dispatch algorithm, developed
by the authors and described later in more detail, is
used. Water strategic values obtained in the first stage
are used as economic signals, with cost functions built
for the different reservoirs, plus fuel costs for thermal
plants. By including transmission losses and restric-
tions, those economic signals are improved.

[Demand Forecasts
I (3 lovels) XHydrologies^ |

(3 conditions) I U
Investment Plan ]

Generation • Transmission!

Economic Dispatch Algorithm "\
(spot price calculation) )

Figure 2: Simulation process

3. Penalty factors for all buses are obtained for each set of
time dependent spot prices. Average PF are calculated
for busbar and transmission pricing.

III. ECONOMIC DISPATCH ALGORITHM

The developed economic dispatch algorithm models genera-
tion and load shedding costs through non linear functions
and uses a modified DC load flow with representation of
losses.

A. The Generation and Load Shedding Model

The cost of generation of each individual thermal unit is
modeled as a nonlinear quadratic function. Hydroelectric
run of river plants are modeled as a null cost. Hydroelectric
reservoirs generation costs are modeled in a more complex
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form, through a two part function (Fig. 3). First, a gene-
ration base load with zero cost is included, modeling com-
pulsory water usage [2]. This requirement is justified given
typical irrigation or environmental restrictions. Second, the
economic value of stored water is modeled through a qua-
dratic cost function (linear and non linear costs). This
information is obtained from the first stage. Minimum and
maximum generating values are considered for all units,
corresponding to hard constraints for the model.

Variable
Cost

MW
Min Ig Max

Figure 3: Hydroelectric generation costs
The cost of load shedding, typically much larger than

generation costs, is also modeled through a quadratic func-
tion of power load, representing a significant growth with
the depth of the fault.

B. The Network Model

Transmission lines and transformers linking nodes are
modeled, each node having an associated load demand
and/or a set of generating units. Line electric losses are
represented with a nonlinear equation that assumes cons-
tant bus voltages /,-,/ = 2Gi,y[l — cos(0i —0j)] where Gij is
the real component of the admittance of line (i,j) and 0,-
is the phase angle of bus i. Losses in each line are incorpo-
rated as fictitious loads connected at each end node of the
line. This representation allows to calculate line flows in a
manner similar to that used in the DC load flow. Trans-
mission line capacity limits are considered.

C. The Dispatch Problem Formulation

The economic dispatch problem can be formulated as the
following electrical optimization problem:

Minimize Z= Cr,9t + Cr.gh + Cr.gr (1)

where:

• Cr,gt' total thermal generation costs

• Cr.gh'- total hydroelectric generation costs

.jr'- total load shedding costs

subject to the following equality and inequality constraints:
network load flow equations (nonlinear equations), line ca-
pacity constraints (linear equations), generation capacity
constraints (bounds) and physical load shedding limit at
each node (bounds).

Mathematically, it corresponds to a non linear optimiza-
tion problem with a quadratic cost function and linear and
nonlinear restrictions, which can be formulated as:

Min

s.a

/(*)

9i{x) = d{

ajx>bj

I < x < /i

j = l,...,2*l

(2)

(3)

(4)

(5)

where n corresponds to the number of buses, / to the num-
ber of lines and d; the load at bus i.

• f(x) corresponds to the nonlinear cost function pre-
viously formulated.

• gi{x) represents the set of nodal power balance equa-
tions. Losses are included, resulting in nonlinear cons-
traints.

• aj corresponds to the linear constraints that repre-
sent transmission line capacity limits. Two linear cons-
traints have to be included for each line, representing
power flow limits in both directions.

• / y n c $tN correspond to limits for variables. Limits
for generation, non served power and voltage phase
angles, based on stability considerations, are included.

D. The Optimization Algorithm

Nonlinear optimization algorithms allow to better repre-
sent non linear system behavior, but frequently present pro-
blems of local convergence, resulting in local optima. One
way of solving this problem is to use cascade convergence
processes, starting with the solution of simplified problems
that can be incorporated as feasible solutions of a later
stage more complex problem. The objective is to locate
the region of the global optimum, within the space of fea-
sible solutions. Computer time is saved and the chances of
obtaining a solution close or equal to the global solution
increase.

Figure 4 illustrates the algorithm proposed to solve the
economic dispatch, with a cascade process in three stages.
The algorithm first generates an initial point that satis-
fies the linear restrictions, but does not consider electrical
losses. It does it through an order of merit dispatch al-
gorithm that does not take into account the transmission
system restrictions. Run of river hydro is dispatched first
and then thermal and reservoir hydro are considered ba-
sed on linearized costs. Generation limits are taken into
account. The generated initial point is used as a starting
point for the second stage, an optimization dispatch con-
sidering the nonlinear objective function but only linear
constraints. Primary estimations of variables are obtained,
as well as the multipliers of the nonlinear constraints of the
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general nonlinear problem. The optimal solution of each
stage serves as a starting feasible point for the next stage.
The resulting intermediate point guides the search for the
final solution as it provides values of variables close to the
optimum. The third and final stage obtains the final so-
lution through internal iterations. A Penalty Lagrangian
method [11], is used for stages two and three.

1)
Initial Point:

merit order dispatch

2)
Spot Prices:

without losses

f Intermediate PolntM
[ general problem I

3) Spot Prices:
with losses P Internal

Iteration

Figure 4: Flowchart of the algorithm

E. Spot Price Computation

Spot prices are mathema*'cal)y formulated as:

Pm =
dZ
6dm

(6)

Once the objective function and its constraints are defined,
and the solution is obtained (as will be explained later),
the spot price for bus m is calculated as the sum of the
Lagrangian multipliers associated to the model constraints
related to the load in that bus [1]:

Pm = Am + 6m (7)

Multipliers Am and 6m are obtained from eqs. (3) and (5)
for bus in:

gm(x) = dm

I'm < dm

where rm represents the load shedding at bus m.

IV. THE PRODUCTION COST SIMULATION

The developed economic dispatch algorithm (and resul-
tant spot price calculation tool) was integrated into a pro-
duction cost simulation process (Fig. 5). It considers:

• Predefined generation-transmission investment plan
(in the Chilean legislation it is the responsibility of
the regulator to determine an indicative power system
expansion plan).

• A time horizon of 4 years in monthly steps (based on
Chilean legislation).

• The load charge curve is represented for each node
with the mathematical expression y = l - ( l - / c 2 ) t ' c ,
where y represents the load level, t the duration and
fc the load factor. The demand is discretized in three
levels (maximum, average and minimum) and each le-
vel is weighted by its amount of energy under the load
duration curve.

• Separation between reservoirs and run of river hydroe-
lectric plants taking into account dry, average and hu-
mid conditions of hydroelectric production. Real ope-
ration criteria must be used as a reference in order to
define the data to be used for minimum and maximum
generation levels for each load and water availability
conditions. Hydrology and operation statistics were
used in this work.

Demand

Water
Ava

fa ter r
ilabilityl

Scenario Probability Weighting Process!

(Penalty Factors)

Figure 5: Penalty factors calculation

Energy PF for each scenario (defined by time period plus
hydroelectric condition plus demand level) are calculated
from resultant spot prices choosing a reference bus. Ave-
rage penalty factors over all scenarios are obtained weig-
hting their probabilities. Average power PF are obtained
in the same way but only considering maximum load con-
ditions.

A computer program was developed with the described
algorithm. Fortran 77 and C languages were used in a HP
400 workstation.

V. APPLICATION TO THE CHILEAN CENTRAL
INTERCONNECTED SYSTEM

The developed program was used to study different sys-
tems. Of particular interest is the application to the SIC,
where spot pricing of electricity is actually used, given the
existing sector regulations. Particular interest is also placed
on the assessment of the effect of the transmission system
on the spot price geographic profile [5,7]. Studies of the SIC
require a careful representation of hydroelectric contribu-
tion [10] (70% ofinstalled capacity is hydro), and specially
the large reservoirs, which motivated the research reported
in this paper. The system is represented by the main high
voltage network with detailed representation of its northern
half (particular problem had arisen in that half in relation

7 0 7



to transmission marginal income). The final model repre-
sents 60 buses, 72 lines, 11 hydraulic plants and 7 thermal
ones (Fig. 6).

D.AImagro

C. Pinto i

Cardonoi

Miltonclllo, m . J

O : Hydro plants
u

O "Thermal plant»
:110kV,154KV
:220W

_ :500kV

The studies did not show significant deviations of calcu-
lated energy PF with those being used by the regulator for
the main buses (on average they are 1% higher), with the
differences growing towards the north. This clearly indi-
cates that only transmission losses are determinant in PF
calculation, given no transmission saturation. Neverthe-
less, transmission restrictions impact significantly on PF
for secondary system buses, specially buses 1 to 25, with
values up to 28% greater. Contingencies were not included
in the simulations, which could increase differences in PF.
While the regulator uses a flat value for PF in buses around
the load center, Santiago (buses 26 to 49), the studies evi-
dence differences of up to 9% between buses.

Figure 6: SIC representation

Spot prices were evaluated, using the production cost si-
mulation, from November 1993 to October 1997. The evo-
lution of the total load and installed capacity is illustrated
in Fig. 7, while the expected strategic value of stored water
at the main reservoir for average hydro conditions is shown
in Fig. 8. The resultant averaged energy and power PF are
shown in Figs. 9 and 10, together with the values presently
used by the regulator. Buses are ordered geographically
from north to south. The regulator only defines PF at a
few main buses (indicated with marks in the figures),but
this research calculated them for all buses over 66 kV.

Figure 8: Expected strategic value of stored water
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Figure 7: Load and installed capacity

Figure 9: Energy penalty factors

The production cost simulations gave place to some cases
where energy marginal costs were zero for all buses (mini-
mum load and humid water availability, resultant in water
spillage). The PF profile in that case is flat 1.0, which are
averaged with the rest. Differences were larger between
calculated power PF and those used by the regulator. On
average they are 2% higher, with differences also growing
towards the north. This is explained by power PF being
calculated for peak demand cases, where transmission res-
trictions are more frequently activated. Again, values grow
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considerably for secondary system buses. PF values around
the load center differ up to 13%.

40 SO 60
(otdK«) but»»)

Figure 10: Power penalty factors

VI. CONCLUSIONS

The paper develops a methodology for the calculation of
penalty factors in an interconnected hydroelectric system.
A hydrothermal coordination program is coupled to a non-
linear economic dispatch algorithm for the purpose of ob-
taining spot prices in a multibus system, including trans-
mission restrictions as well as losses. Penalty factors are
derived for the purpose of bus tarification. Calculated spot
prices better reflect real system conditions, based on the
more detailed network model as well as the inclusion of
nonlinearities.

The application of the methodology to the Chilean cen-
tral system is reported. The results indicate that PF values
being used by the regulator are, in general, lower that those
resultant from the multi-year simulation, with differences
being larger for power PF. This implies that tariffs to final
consumers are not reflecting total marginal costs nor the
transmission impact on generation marginal costs.

The results also indicate that marginal income of trans-
mission lines is not adequately valued with the presently
used PF. The economic transmission investment signal is
not correctly calculated at present, particularly in the nort-
hern part of the system [5]. Nevertheless, the differences
in the main network buses are not large enough to pro-
duce severe distortions in the electrical market, given that
there are few instances of transmission saturation. This will
change in the future, as the main grid is increasingly loaded
over the four year horizon. However, at present, marginal
costs at secondary buses are distorted if no saturation is
considered, as results indicate.

Besides providing a method for PF calculations, the de-
veloped computer program demonstrates as a valuable tool
for assessing transmission systems, identifying weaknesses
in a global network perspective. Its potential in opera-
tion and planning, providing information on generator and
transmission performance, is also important.
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Area Price Based Multi-Area Economic Dispatch
with Transmission Losses and Constraints

J. Wernérus, L. Söder
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Abstract - An algorithm for solving the multi-area economic
dispatch problem (MAED) is proposed. The transmission losses
are represented by quadratic formulas. Analytical expressions
for optimal transmission, as a function of marginal cost based
area electricity prices, are derived. The MAED is then solved by
iteratively updating the price in each area. This is performed by
solving a system of non-linear equations with Newton-Raphson's
method. The algorithm can be used to calculate optimal active
power exchange between interconnected areas in a power system,
together with short range marginal cost based area prices. The
method is illustrated by application to a four area test system.

Keywords - Economic Dispatch, Multi-area economic dispatch,
Marginal Cost Pricing, Spot pricing.

I. INTRODUCTION

In Sweden, as in many other countries all over the world,
the electric power system is subject to major structural
changes with the main goal to achieve higher efficiency in the
operation of the electric power system. Competition will be
allowed within generation, selling and buying of electricity,
whereas transmission and distribution will still be monopo-
lized. However, the national transmission grid and all the
regional and local distribution networks must be made availa-
ble to anyone who wishes to transport electric energy.

One problem is to construct tariffs for the national transmis-
sion grid. There are many requirements on the tariffs, for
example they shall reflect the costs of transmission services,
be fair, transparent, promote competition on the electricity
market and cover the costs for the transmission company. The
construction of network tariffs for the national transmission
grid will affect the operation of the power system. Tö perform
a qualitative evaluation of different tariff structures it is neces-

Paper SPT PS 23- 05- 0377 accepted
for presentation at the IEEE/KTH
Stockholm Power Tech Conference,
Stockholm, Sweden, June 18-22,1995

sary to simulate the operation of the power system. It can be
assumed that the power system is operated in a rational and
efficient, i.e. optimal, manner. For this purpose, a multi-area
economic dispatch with calculation of power flows and spot
prices is useful. Different solutions to these problems already
exist. For example [4], which uses direct optimization meth-
ods and an extended DC network model, or [5], which iterates
between marginal node prices and active power flows. A third
possibility presented in [6] is to use network flow models. The
modelling of the power system in [4] and [5] is unnecessary
detailed for the purposes intended here, and a network flow
formulation with linear constraints as in [6] does not capture
the physical properties of the transmission system. In this
paper transmission losses are represented by quadratic func-
tions. Analytical expressions for optimal tie line flows with
respect to marginal cost based area prices are derived. Finally,
these expressions are used to solve the MAED as a nonlinear
system of equations.

It deserves to be pointed out, that the proposed algorithm is
not supposed to be used for real time economic dispatch. The
intention is instead to present a rather explicit and clear model,
connecting relevant power system properties with economic
theory, for qualitative simulation and evaluation of power sys-
tem pricing, operation and planning. The modelling of the
losses presented below should be satisfactory for the purposes
mentioned, and facilitate the interpretation of their influence
on obtained results. The problem formulation is presented in
section II, the proposed solution in section III, and some test
results in section IV.

II. PROBLEM FORMULATION

Fig. 1 shows two interconnected areas in a power system.
The losses between area i and area k can be approximated by:

P = P- +P • = &. (P- —P -)2 (1)

where: Pi0Ss-ik = active power losses on the interconnection

between area / and area k.

Pik = active power flowing from area i towards area k.

Ptf = active power flowing from area k towards area /.

kik is a constant.
kj/i depends on resistance, voltage level and reactive power
balance. See below Appendix for further details.
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Dividing (10) by (11) yields:

Figure 1. Two interconnected areas.

The multi-area economic dispatch problem can now be for-
mulated as:

min

subject to:

,k V '

Pgi-min- gi~ Pgi-max

(2)

(3)

(4)

(5)

(6)

where:

Kj = set of indices for areas connected to area i.

Pfi = active power demand in area /.

Pgi = active power generation in area /.

Pgi-min = minimum allowable active power generation

in area i.

Pgi-max = maximum allowable active power genera-

tion in area /.

Cj(Psi) = total production cost in area /.

III. DESCRIPTION OF THE PROPOSED METHOD

To solve the problem defined by (2) to (6), a Lagrangian
relaxation can be applied to the equality constraints (3) and
(4). The inequality constraints, (5) and (6), are considered
later.

min{L) (7)

(8)

The optimality conditions for (7) consist of (3) and (4)
together with the following expressions, which are found by
taking the derivatives of (8) with respect to Pgi, Pik and Pkj

respectively and setting them equal to zero:

(9)

X.
(12)

Combining (3) and (12) gives:

P A- P — _ _ (13)

Solving the system of equations defined by (12) and (13)
with respect to Pjk and Pkj for fixed values of X. and Xk

results in the following expressions for the optimal injected
power at given area prices:

(14)
\
X.

] + h
A i y

+ 2

• H]
{'4
\ A.- /

+ 2 (15)

For simplicity, consider a case where the production cost
function in each area is approximated with a second order pol-
ynomial. This implies that the marginal cost curve becomes a
linear function. Other cost functions could of course be con-
sidered. Thus the production cost in area / is given by:

The marginal cost function for generation in area / is the
derivative of (16) with respect to P •.

mCi(Pgi) = 2a,Ptl + b, (17)

According to (9), the optimal generation in area /, at area
price Xjt can be calculated from the inverse function of (17).

The active power mismatch in area /, F., is now defined as:

(10) Here the load is supposed to be constant, but loads respond-
ing to variations in the price of electricity can also be consid-

(11) ered. Note that (19) is a function of area prices only. Solving
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the problem defined by (2) to (4), is equivalent to solving the
nonlinear system of equations defined by (20).

F,(X) = 0 V/ (20)

Here X is a vector of area prices. The MAED-problem can
now be solved with Newton-Raphson's method, i.e. step A to
F in the flow chart presented in fig. 2.

A. Calculation of Initial Area Prices

The method requires initial values of the area prices. One
way to find good starting values is to neglect the losses and
solve the much simpler single area economic dispatch prob-
lem defined below.

minYciPA (21)

START

A: Calculate initial area prices.

B: Calculate optimal power line flows
at current area prices, regarding
active power losses.

C: Calculate local active power mismatch
at current area prices.

D: Calculate Jacobian matrix, containing
sensitivities of local power mismatches with
respect to changes in area prices.

E: Update area prices.

H: Change set
of active
constraints.

No! G: Inequality
constraints
fulfilled?

Yes!

/: Print the results.

i_
( S T O P )

Figure 2. Flow chart of the proposed NR-algorithm.

subject to:

(22)

With line losses and capacity limit constraints on generation
and transmission neglected, all area prices will be equal to
each other at the optimal solution. Further, generation in all
areas will be carried out at a marginal cost equal to this price.

B. Calculation of Optimal Power Line Flow

Optimal inter-area exchange of active power, at given area
prices, is computed according to (14) and (15).

C. Calculation of Local Power Mismatches

Local power mismatches at current area prices are calcu-
lated according to (19).

D. Calculation of Sensitivities of Local Power Mismatches

The resulting change in local power mismatch for area i
from changes in the area prices can be expressed as:

where ^r- is the sensitivity of power mismatch in area i
j

due to a small change in price in area j , i.e. element (/,;') of the
Jacobian matrix used in Newton-Raphson's method.

Analytical expressions for the sensitivity coefficients can be
found by taking the derivatives of (19) with respect to all area
prices. There are two different cases. One for the derivative
with respect to the price in the studied area, and one for the
derivatives with respect to the prices in all other areas.

i. 2a, 2*»

y-xk)

+ 1 (24)

i
If area i lacks generation capability, — = 0

2ai

1

2*tt

f l - ' )

K A . . ;

+ 1
X.

K-,

(25)

^- = 0,keKi

E. Update of Area Prices

The idea is to update the area prices in order to find prices,
such that the local active power mismatches, f., are driven
towards zero. The active power mismatch equations, (19), can
be linearized around the current area prices according to (24)
and (25). This will produce a system of linear equations,
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which can be solved to give area price corrections. On vector
form, (23) can be written as:

(26)

where:
is a vector of local power mismatches.

iS a v c c t o r °f a r e a P r ' c e corrections.

d n is a Jacobian matrix containing the sensitivity
\dXj coefficients defined by (24) and (25).

_ Assume that the current area prices are given by the vector
X , where q denotes the iteration step. The new area prices in
step q+1 can be calculated as:

K+\ = K~AK (27)
F. Convergence Check

The iteration process continues until one or more conver-
gence criteria are met. The criterion used here is that the
change in area prices between successive iteration steps are
below a specified threshold value. Other possibilities is to
check the local power mismatches or the quadratic sum of all
power mismatches.

G. Check the Solution with Respect to Inequality Constraints

During step A to F the inequality constraints (5) and (6)
have been neglected. When the solution process has con-
verged, the calculated generation and transmission arc
checked against (5) and (6).

//. Changes in the Set of Active Constraints

The inequality constraints, (5) and (6), arc handled with a
technique similar to active set strategies for primal solution
methods, [3]. If any inequality constraint is broken at the cal-
culated area prices, that particular constraint is set to be active,
i.e. R,,- or Plk arc fixed to their upper or lower limits. If any
active inequality constraint is found to be non-binding at the
current area prices, that particular constraint is set to be inac-
tive, i.e. Pp or Pik are free to vary again.

/. Results

The results from the calculations above are:
• Area prices at optimal transmission of active power with

respect to line losses, line constraints and generation con-
straints.

• Active power exchange between all areas.
• Transmission losses.
• Optimal active generation in all areas with respect to gen-

eration constraints.
• Total system operational cost.

IV. TEST SYSTEM STUDIES

To illustrate the algorithm it has been applied to a four area
test system. Each area contains a fixed demand and four gener-
ating units modelled with quadratic cost functions. The maxi-
mum tie line transfers are all set to 100 MW. This test system
has been taken from [6]. However, in [6] a network flow for-
mulation was used, and tie line transfer costs were modelled as
linear functions of the tie line power flow. In this paper, tie line
costs are not specified as inputs to the algorithm. Instead they
are computed, based on the assumption that tie line losses are
quadratic functions of tie line power flow. This explains the
numerical differences between the solutions below and in [6].
In the examples below, kik has been set to 2*10'4 for all tie
lines. According to (33) this corresponds, for example, to a
220 kV line with R = 22 n and cosip = 0,75.

Case 1

The results from case 1, the base case, are shown in fig. 3.
Note, that the power flow is always directed from an area with
a lower price towards an area with a higher price. Within an
area, the marginal cost for a generating unit equals the area
price, unless the generating unit operates at its minimum or
maximum limit. The price differences between the areas arc
caused by transmission losses and capacity limit constraints.
However, in case 1 none of the tie lines operates at its maxi-
mum limit. Note, that the intcr-area power flows shown below
are the fiows out of the exporting areas. The actual amount of
power reaching the importing area is smaller due to transmis-
sion losses. The losses arc calculated by the algorithm, but
here they are not shown individually for each line. Total cost
has been computed as the cost for generation plus the cost for
transmission, where the transmission cost is defined as the
power How times the price difference over a line, summed up
overall lines.

AREA1
price: 9,83 $/MWh
generation: marginal cost:
150MW 7.00$/MWh
100 MW 8.00 $/MWh
68.35 MW 9,83$/MWh

100 MW 9,00$/MWh
demand: 400 MW

<
I1.83MW

AKEA2

price: 9,65 $/MWh
generation: marginal cost:
56,51 MW 9,65$/MWh
95,64 MW 9.65 $/MWh
41.57 MW 9.65$/MWh
72,09 MW 9.65 $/MWh
demand: 200 MW

53,63 MW

AREA 3
price: 10,70 $/MWh
generation: marginal cost:
50,00 MW 14,00 $/MWh
36,24 MW 10.70 S/MWh
38.49 MW 10.70 $/MWh
37.30 MW 10,70 $/MWh
demand: 350 MW

65,93 MW

24,02 MW

12,07 MW

78,58 MW

AREA 4
price: 9,47 $/MWh
generation: marginal cost:
150 MW 7.00$/MWh
100 MW 8.00 $/MWh
64,67 MW 9,47$/MWh

100 MW 9,00S/MWh
demand: 300 MW

Total losses: 10.84 MW Total cost: 7463 $/h

Figure 3. Results from case 1.
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purchase: 18,50 MW al 9.50 S/MWh

AREA I
price: 9,50 S/MWh
generation:
I50MW
100 MW

65 MW

100 MW

marginal cuii:
7.00 S/MWh
8.00 S/MWh

9.50 S/MWh
9,00 S/MWh

demand: 400 MW

5,81 MW

58,59 MW

A REA 3
price: I0.41 S/MWh
generation: marginal cost:
50.00 MW 14.00 S/MWh
35.05 MW 10,41 S/MWh
37.06 MW 10,41 S/MWh
.16,20 MW 10,41 S/MWh
demand: 350 MW

AREA 2
price: 9,41 S/MWh
generation:
54,12 MW
92,65 MW

40,08 MW
70,10 MW

marginal cosl:
9,4l$/MWh
9.41 S/MWh

9,41 S/MWh
9,41 $/MWh

demand: 200 MW

64,65 MW

19.52 MW

13,65 MW

78,94 MW

AREA 4

price: 9,21 S/MWh
generalion: marginal cosl:
150 MW 7.00 S/M Wh
100 MW 8,00 S/MWh
62,10 MW 9,21 S/M Wh

100 MW 9,00 S/MWh
\ demand: 300 MW /

Total losses: 10.97 MW Total cost: 7456 S/h

Figure 4. Results from case 2.

Case 2

In case 2 the possibility to purchase power at area 1 at a cost
of 9,5 $/MWh has been introduced. At most, 50 MW can be
bought. The new solution is shown in fig. 4. A purchase of
18,60 MW is found economical. The price at area 1 must be
9,50 $/MWh, since the marginal power demand is purchased
at a cost of exactly 9,50 S/MWh. At the same time the import
to area 1, from area 2 and area 4, is reduced. However, the
export from area 1 to area 3 increases, which leads to higher
losses. Also, the total cost of the system has decreased.

purchase: 42.40 MW at 9.50 S/MWh A
|sell: 32,90 MW at 9,60 S/MWh |

/ A R E A 1
price: 9,50 S/MWh
generation: marginal cost:
I50MW 7.00S/MW1)
100 MW 8.00 S/MWh
65 MW 9,50 S/MWh

100 MW 9,0OS/MWh
V demand: 400 MW

64,43 MW

r

/ A R E A 3
price: 10,51 S/MWh
generation: marginal cosl:
50,00 MW 14,00 S/MWh
35.44 MW 10.51 S/MWh
37.S3MW 10,51 S/MWh
36,56 MW 10,51 $/MWh

V 'lemand: 350 MW

N

6,56 MW

/ / A R E A 2
price: 9,60 $/MWh
generation: marginal cosl:
56.00 MW 9.60S/MWh
95,00 MW 9,60 S/MWh
41,25 MW 9,60S/MWh
71.67 MW 9,60 S/MWh

J \ demand: 200 MW

\ /57.59MW '

V/ \ 13,75 MW

20.38 MW

J

78,82 MW

price: 9,29 S/MWh
generation: marginal cost:
150MW 7,00 S/MWh
100 MW 8,00 S/MWh
62.94 MW 9,29$/MWh

100 MW 9.00 S/MWh
V demand: 300 MW

\

J

J
Total losses: 10,89 MW Total cost: 7-153 S/h

AREA1
price: 9,05 S/MWh
generation: marginal cosl:
150 MW 7,00$/MWh
100MW 8,00 S/MWh
60,48 MW 9,05$/MWh

100 MW 9,00$/MWh
demand: 400 MW

50.00 MW

AREA 2
price: 8,91 $/MWh
generation: marginal cost:
50.00 MW 9.00 S/MWh
86.37 MW 8.91 S/MWh
36,93 MW 8,91 S/MWh
65,91 MW 8,91 S/MWh
demand: 200 MW

50,00 MW

30,64 MW

20,81 MW

AREA 3
price: 14,04 S/MWh
generation:
50,21 MW
50,18 MW
55.21 MW
50,16 MW

marginal cost:
14,04 S/MWh
14,04 S/MWh
14.04 S/MWh
14,04 $/MWh

demand: 350 MW J
50,00 MW

7 AREA 4
price: 8,62 S/MWh
generation:
150 MW
100 MW
56,20 MW
95,25 MW

marginal cost:
7,00 S/MWh
8,00$/MWh
8,62 S/MWh
8,62 S/MWh

^ demand: 300 MW

Figure 5. Results from case 3.

Total losses: 6,92 MW Total cost: 8128 S/h

Figure 6. Results from case 4.

Case 3

In case 3 it is possible to sell power at area 2, at most 50 MW,
at a price of 9,6 $/MWh. The result is seen in fig. 5. Now the
total system cost can be further reduced by purchasing 42.40
MW at area 1, and selling 32,90 MW at area 2. Note, that the
price at area 2 equals the sell price 9,60 S/MWh.

Case 4

In order to illustrate the effects of bottlenecks in the trans-
mission system, an additional case has been run. Compared
with case 1, the maximum transmission limit was set to 50
MW for all tie lines. The new dispatch is shown in fig. 6. Here
transmission capacity to area 3 becomes a scarce resource.
This leads to a higher marginal cost, and thus price, for trans-
mission. The price in area 3 will rise to the marginal cost for
supplying the power shortage locally.

V. CONCLUSIONS

This paper presents an algorithm for multi-area economic
dispatch and calculation of short range marginal cost based
prices. The modelling of transmission losses, as quadratic
functions of tie line power flow, makes it possible to derive
analytical relations between the primal and dual variables of
the problem. Thus, a dual programming approach becomes
equivalent to the solving of a non-linear system of equations.
This is done with Newton-Raphson's method.

The method combines power system theory with economics
and can be used for short and long term qualitative simulation
and analysis of power system operation, planning and pricing.
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IX. APPENDIX

The approximation of the losses in (1) can be justified by
studying the simple model of a transmission line shown in fig.
7. The losses on the line can be expressed as:

Ski = pki+jQki

Figure 7. Simple model of a transmission line.

If the voltage and power factor of the injected power is
assumed to be constant, it can be seen from (28) or (29) that
the line losses are proportional to the square of the injected
power.

Using (28) and (29) an approximate expression for k,0^_!k

can be derived.

Ptoss -

{ki)
loss

(30)

Since the losses on the line are small compared with the
transmitted power, the following approximation can be made:

l*/*l-\pki\=—_

Using (30) and (31) yields:

1 1
• ? ( •

A comparison between (1) and (32) shows that:

R , 1 1

(3D

<32>

(33)

In the proposed model the influence on active losses from
changes in voltages and reactive power flow is neglected,
which means that klk is assumed to be constant. Another
aspect is, that kjk determines both the distribution of power
flow and the losses. This means, for meshed networks, that the
loss model above is a good approximation, if the ratio between
resistance, R, and reactance, X, of the transmission lines in the
studied system is approximately equal for all lines. This can be
shown to be approximately true for HV-lines, [7].

p
loss

_ D /2 _ R
~ R I ~ R

R

Uf(cosif.k)'
•Pfk (28)

or as:

U\ (/2(cosq),,.)2
R pli (29)

where: cos(p = —
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ALLOCATION OF TRANSMISSION FIXED CHARGES: AN ECONOMIC INTERPRETATION

J W Marangon Lima
Escola Federal de Engenharia de Itajubå

Brazil

Abstract - The application of marginal cost in pricing the
transmission services has shown not effective mainly due to
revenue reconciliation problems. To overcome this, a set of other
methods derived from the MW-mile rule has been suggested to
allocate transmission fixed costs. This paper compares such
methods known as embedded cost methods in a centrala'd
transmission network environment. Although these methods
actually share the total cost and are very simple, they are usually
rejected due to the lack of a good economic reasoning. The
economic issue and the impact on the system expansion planning
of such allocation will be addressed in this paper. Some examples
with the Brazilian transmission system will illustrate the results
derived from this analysis.

Keywords - Transmission pricing, Wheeling Transaction, Utility
Regulation

INTRODUCTION

The new trend toward unbundling of services (i.e., generation,
transmission and distribution) and incorporating some degree of
competition in generation are becoming a commonplace in
d;ferent countries [1,2]. Transmission open access is one of the
essential issues in this process and it therefore needs some special
attention, hi this way, pricing and investments of transmission
system are frequently at the heart of regulation problems.

One of the challenges ahead is the development of rules that allow
the shared use of transmission system by utilities and third-party
generation. Besides ensuring the technical quality of the
transmission service (voltage control, static and dynamic security
constraints, etc.), these rules should satisfy other criteria,
including [3]:

no cross-subsidies
transparency of cost allocation procedure
easy of regulation
ensure an adequate remuneration of present and future
transmission investments
economic signals for dimensioning
continuity of the charge

Paper SPT PS 23- 06- 0549 accepted
for presentation at the IEEE/KTH
Stockholm Power Tech Conference,
Stockholm, Sweden, June 18-22,1995

Some methods have been proposed and may be classified as one
of the following paradigms: embedded cost, incremental cost and
composite embedded/incremental cost. Belonging to the set of
incremental methods, the short term marginal cost [4-6] has been
the most popular due to its economic basis, that is, it can provide
the economic signals for operation and dimension. Some
limitations have been observed in its application to power
transmission systems such as: not recovering all the transmission
costs, the charges obtained may be highly volatile, charges for the
transmission system are based on generation costs rather than its
own cost, the transmission system is usually not in the optimal
condition, and so forth.

On the other hand, the embedded cost methods provide, in
general, an adequate remuneration of transmission systems and
are easy to implement. These methods have been criticized due to
their economic grounds.

The combined incremental/embedded cost methods have been
proposed as a solution to this problem. The main goal of this
combination is exploiting the properties of both methods. The use
of the embedded cost methods as a supplement cost can distort the
economic signals provided by the marginal cost pricing.

This paper will focus on the analysis of the embedded cost
methods, showing their main features and their ability to provide
reasoning economic signals. The relation with the transmission
expansion planning will also be addressed. The analysis will be
extended to the peak load of the Southern Brazilian system.

MAIN EMBEDDED COST METHODS

In these methods all system costs (existing transmission system,
operation and expansion) arc allocated among the system users in
proportion to their "extent of use" of the transmission resources.
Allocation methodologies differ on their definition and measure of
this "extent of use". They can be classified as rolled in methods
(Postage Stamp, Contract Path) and load flow based methods [7].

Postage Stamp Method (PSM)

In this method, the transmission fixed charges are allocated in
proportion to the agent's served load, hi this case, an agent u is
charged by:

W
(1)

where
R(H)
TFC
W
D

allocated cost to agent u
total transmission fixed cost
agent u power
system total power
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This method has been widely used, especially in the USA. The
basic reason is related to its simplicity. The main shortcoming is
that it ignores actual system operation.

Contract Path Method (CPM)

In this method, a specific path between the points of delivery and
receipt is mutually agreed upon a wheeling transaction. This path
corresponds to a set of transmission facilities selected by the
utility company and the wheeling customer. A portion or all the
costs associated with these facilities is then allocated to the
wheeling customer.

The contract path may be interpreted as an improvement of the
PSM, but it also ignores actual system operations. Par of the
transacted power may actually flow on transmission facilities
outside the contracted path and even on neighboring utilities'
transmission system. One of the attempts to mitigate such
problems has been recently established: the General Agreement
on Parallel Paths (GAPP).

MW-mile Method (MWM)

The MW-mile method [8] is a load flow based method and tries to
alleviate the shortcomings of the previous methods. It first
calculates the flow on each circuit caused by the generation/load
pattern of each agent based on a power flow model. Costs are then
allocated in proportion to the ratio of power flow and circuit
capacity:

(3)

R(«)= 2 Ck

alH-
(2)

where:
cost of circuit k
i-circuit flow caused by agent u

A'-circuit capacity

TFC= I Ck

aU-

This method overcomes some limitations of the rolled-in methods,
but has been criticized as having no obvious grounding on
economic theory. However, considering some simplifying
assumptions this method can be interpreted as a solution to the
optimal transmission planning problem from a static point of view
[9,10],

As the total circuit power flows are usually smaller than the
circuit capacities, this allocation rule does not recover all
embedded costs. In terms of transmission expansion
interpretation, this means that the MW-mile scheme is only
charging for a "base-case" network, but not for the "transmission
reserve", given by the difference between circuit capacity and
actual flow.

Modulus Method (MM)

A simple way to ensure recovery of all embedded costs in the
MW-mile method while retaining its advantages is to replace the
circuit capacities by the sum of absolute power flows caused by
all agents:

all k

all 5

For the transmission expansion interpretation, this method also
called usage method [11] assumes that all agents have to pay for
the actual capacity use and for the additional reserve. This reserve
may be due to the need of system meeting reliability, stability and
security criteria or due to system disadjustments (i.e., due to
planning "errors" caused by the inherent uncertainties of the
planning process). However, there is no incentive to the agent that
alleviates the circuit load, improving the system performance
and/or postponing transmission investments.

Zero Counterflow Method (ZCM)

In this method, there is no charge for the agent whose power flow
is in the opposite direction of the net flow [12]. Only the agents
that use the circuit in the same direction of the net flow (which
will be denoted as the positive direction) pay in proportion to
their flow.

all*
forfA<«)>0

where
R(u) =

(4)

set of participants with positive flows on
circuit k

This method assumes that the net flow reduction is beneficial,
even if there is already an "excess" installed capacity. Moreover,
for a light loaded circuit, there is a discontinuity on the charges
when the net flow changes the direction.

Dominant Flow Method (DFM)

This method is a combination of the last two methods as part of
an attempt to overcome the drawbacks pointed out [9]. The
scheme is to divide the circuit cost allocation R(u) into two
components, /?, (u) and R2(u):

a) R^u) is related to the circuit capacity that is actually being
used, called base capacity. This capacity fraction
corresponds to the circuit net flow and the associated cost
is borne only by those participants with a positive flow,
i.e., which go in the same direction as the net total flow^.
The allocation criterion of this portion is the same as
expression (4), changing the Jt-circuit total cost C^ to (
(cost of base capacity) where:

(5)

b) R2(u) is related to the difference f^ -fy, called additional
capacity. This capacity corresponds to the circuit reserve
and as all participants take advantage of the reliability and
security associated, this corresponding fraction of total cost
is borne by all participants, according to the expression (3)
changing C .̂ to C ^ (cost of additional capacity) where:
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(6)

The total allocation /?(«) is then given by the sum Ä, (a) + E^ («).

COMPARISON OF THE METHODS

We will present some relevant features associated with the
previous methods through simple examples:

• Pool Stability
• Short-term Charge Variation
• Long-term Charge Variation
• Association Effect

2-,

1.5

1 •

0.5

Cost

MWM

DFM MM
FlowofagentA

tSI T UJ CO i— CSI T , U> CO CM

ö ö ö o r-' i-1 T-: .-:

Pool Stability

The identification of cross-subsidies can be made by the analysis
of the pool stability. An allocation rule is said to be stable if each
agent pays less as a member of the integrated pool than as a
member of any sub-pool, or as an isolated agent. In other words,
there should be no incentive for any member to leave the
integrated pool. The pool stability property is important in a
deregulated environment.

In Appendix A, the pool stabi lit}' property was analysed for each
aforementioned methods.

Short-term Charge Variation

hi this section we will analyze the charge associated with an agent
A that uses a circuit k shown in Figure 1. Without loss of
generality, the circuit capacity is 1 pu and the corresponding cost
is 1 pu. One of the objectives of the embedded cost methods is to
collect the exact amount of the transmission fixed cost which, in
this case, is equal to 1 pu. The circuit k is already full loaded by
an agent B. The agent A causes a negative flow of x pu on the
circuit. Figure 2 shows the variation of the cost allocated to agent
A accordingly to its flow. The functions were obtained using the
previous expressions [13].

Circuit k

A x pu B 1 pu

Figure 1 - Agents Using Circuit k

The MWM has a constant average charge (straight line) no matter
what is happening with the circuit. Therefore no incentive to the
counter flow agent is provided. Also it fails to collect the exact
embedded cost. In the MM the average charge decreases as the
transaction amount increases. This seems corrected from the agent
viewpoint but it does not make sense when transmission system
expansion and operation are considered. The ZCM gives an
incentive to agent A (charge equal zero) when its flow is against
to the net flow. When the net flow changes the direction the agent
A bares the total cost. One can note the discontinuity when x is
equal to the circuit capacity. This can lead to a great variation of
the charge for a slight variation of*. In the DFM, the agent A has
incentive only when x is close to zero, i.e., when agent A actually
alleviates the circuit load. When x approximates to 1 and becomes
close to the agent B flow, the incentive decreases.

Figure 2 - Cost Variation of Agent A

Although this analysis was carried out for only two agents, we can
obtain the same results changing the agent B to a group of agents
which causes a net flow of 1 pu. In this case, only the
generation/load pattern of agent A varies. Moreover, the results
can also be extended to different net flows.

Long-term Charge Variation

Up to now, only a static analysis [14] has been made supposing
that in each year it was possible to build a new transmission
system adjusted to the generation/load patterns of all transmission
users.

The methodologies will be compared considering a time horizon.
A simple example will be used to show the main differences of
the methods. Figure 3 shows the simplified network configuration.
For the sake of simplicity the circuit capacity is 1 pu and its cost
is equal to 1 pu. There is a generation at node 1 which feeds a
load at node 2. Agent A has a negative flow.

Figure 3 - Network Configuration

Assuming that the load L(t) is a linear function and not
considering the operational cost, the inclusion of the second and
third lines change the transmission cost allocated to the generator
and to the agent A. For a particular case in which A has 0.3 pu
and L(t) = 0.8+O.5t pu, we can see in Figure 4 the charge
variation of agent A as a function oft.

The ZCM and the MWM, both not included in the graph of Figure
5, have a zero charge and a constant charge of 0.3 pu respectively.
For MM and DFM there is a charge discontinuity when the
corridor capacity increases. As continuity along a time horizon is
desirable, one possible solution to that discrete variation is the
use of a levelized annual cost based on a .present worth sum
obtained from a centralized expansion plan.
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Table 2 - Charg
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Figure 4 - Dynamic Variation of the Charges

Association Effect

In a competitive environment, the agents always try to minimize
their costs and one of them is the transmission service charge. In
the embedded cost methods, as the total cost is distributed among
the transmission users, the inclusion of a new agent or even an
association of agents changes the share of this cost, that is,
changes the denominator of expressions (1), (3) and (4). An
exception is the expression (2) for the MWM, but as stated before
this method does not recover the total cost. In other words, using
the same circuit of the previous item, the sum of all agent charges
is not necessary equal to 1 pu.

It is easy to show that the counterflow agents are the ones that
promote the pool stability and then the system should encourage
them, either by granting credits or by setting lower prices. The
ZCM and the DFM follow the second alternative mainly because
the utilities feel uncomfortable to provide a service and give
credits. If no incentives are given to these agents, it is likely that
they will associate with positive flows. Figure 5 shows an
example of a possible association.

.0.9 PU

C 0.6 pu
Before Association

B 0J3 pu
A+C 0.1

After Association

Figure 5 - Example of an Association

Agents B and C are on the net flow direction and A is the
counterflow agent. Table 1 shows the charges borne by each agent
before the association and Table 2 shows the charges after it.

Table 1 - Charges Before the Association
Method
MWM

MM
ZCM
DFM

A
0.5

0.26
0

0.02

B
0.8
0.42
0.57
0.56

C
0.6

0.32
0.43
0.42

es After the Association
Method
MWM

MM
ZCM
DFM

A + C
0.1
0.11
0.11
0.11

B
0.8
0.89
0.89
0.89

One can see from the tables that for MWM and MM the agent A
will try to associate to minimize its costs. After the association,
the agent B will see an increase in its charge. This increase is
greater for the MM. There is no variation on the change of agent
B for the MWM.

The charges are the same for MM, ZCM and DFM when there is
no counterflow agent (see Table 2).

CASE STUDY

The comparison will be extended to the peak load configuration of
the Southern Brazilian system for the year 1992. An equivalent of
this system [15] with 53 buses and 86 circuits was used, as shown
in Figure 6. hi this example, only the average costs of the main
transmission lines and transformers were taken into account.

We evaluated the charges associated with three alternative
wheeling transactions, represented in Figure 6:

ttaipu
Interconnection 0HG

T1 -SO MW UL T2-50MW

3.../

T1 -50MW

T2 - 50 MW

Porto AJegre
Region

T3-50MW

T3-50MW

TV

H

TG
- 230 kV
-500 kV

HG - Hydro Generation
TG - Termal Generation

Figure 6 -Wheeling Transactions

Tl. Injection of 50 MW at bus 6 and removal at bus I.
T2. Injection of 50 MW at bus 3 and removal at bus 6.
T3 Injection of 50 MW at bus 7 and removal at bus 5.

Transaction Tl is in the counterdirection for the 500 kV lines
which interconnect the hydro plants in the North including Itaipu
with the load center at the South. Besides using the same 500 kV
with positive flows, transaction T2 also uses the lines between
buses 2 and 3 but in the negative direction. T3 is in the reverse
direction of T2 but incorporates additional lines. Table 3
summarizes the corresponding charges for each method. As
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expected, the DFM is between MM and ZCM and the charges for
MWM are the lowest one.

Table 3
Trans.

Tl
T2
T3

- Transaction Charges (US $/MWh)
MWM

2.2
3.1
3.7

MM
5.4
7.1
12.0

ZCM
1.0
5.2
8.0

DFM
3.7
5.9
10.6

Supposing an association of the agents responsible for the
transactions Tl and T2, we can see from Table 4 that the charges
of this association decrease substantially. On the other hand, an
increase is observed for transaction T3.

Table 4 - Charges for the Association (US $/MWh)
Trans.
T1+T2

T3

MWM
2.2
3.7

MM
4.0
13.1

ZCM
1.0
8.5

DFM
2.3
11.6

Assuming a substantial increase in the amount of transaction Tl
(case 1 with 1200 MW and case 2 with 1300 MW) we can see
from Table 5 a huge deviation on the charges for the ZCM.

Table 5 -
Case

1
1
1
2
2
2

Tras.
Tl
T2
T3
Tl
T2
T3

Charge Variation (US $/MWh)
M W M

2.2
3.1
3.7
2.2
3.1
3.7

MM
2.4
4.5
7.9
2.7
4.4
7.7

ZCM
0.7
3.6
6.5
3.4
1.5
8.3

DFM
2.7
3.4
7.8
2.7
3.2
1.1

CONCLUSIONS

This paper has presented some interesting features of the main
embedded cost methods showing their advantages and drawbacks.
Special attention was devoted to the load flow based methods
which better represent the actual operation of power transmission
systems. Some points should be emphasized:

• an agent association changes the charge of others not
involved with it. The association can be minimized giving
incentives to the counterflow agents.

• the postage stamp and original MW-milc method does not
hold the pool stability property.

• the pool stability of the embedded cost methods depends on
the optimality of the planned transmission system. A
centered expansion and operation planning can ensure this
optimality or at least reaches it as closely as possible.

• as the generation/load pattern has inherent uncertainties,
small deviation on the line flows should not represent great
changes on the charges as observed in the ZCM.

• when a long-term analysis is developed, we can observe
charge discontinuities caused by new investments. The use of
long-term incremental cost approaches can minimize such
discontinuities.

Designing a cost allocation rule which encompasses both the
complexities of power transmission business and the economic
and regulation requirements is a topic still open to much
discussion.
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APPENDIX A

We will verify the pool stability property for each embedded cost
method. Firstly some assumptions will be made to simplify our
analysis:

1. no new rights-of-way are allowed, only those corresponding
to existing circuits

2. the unit investment cost in each right-of-way is equal to the
embedded costs of the actual circuits in that right-of-way
divided by their capacities

3. circuit capacity can be continuously adjusted
4. the expansion problem is solved separately for each year of

the study horizon.

Let L(M) be the charge of agent u operating in the pool. Let Z(H)
be the cost of agent u operating as an isolated agent, and by
assumption 3:

= Z
a l l A-

where ck = Ck/Jh

MWM

From expression (2) we can obtain the charge of agent« operating
in the pool:

which shows the pool stability property. It is important to mention
that this is only possible due to the assumption 3. It is easy to
realize the importance of the counterflow agents and hence the
incentives necessary to be given to them,

ZCM

Assuming that part of the circuit flows caused by agent « are in
the counter direction and the other part in the same direction of
the net flow;

due to negative flows

due to positive flows

Z) A C O w e can see tna^:As L(«) = L. (M) + L+ (M) and fy:

U H ) 5 Z ( H )

It was shown that the pool stability still holds even giving
incentives to the counterflow agent.

DFM

As the capacity can be continuously adjusted there is no additional
capacity and hence this method becomes the same as the ZCM,
which has the pool stability property.

PSM

L(«)= S C ^ Zck\fkiu)\
all k J all k

(A2)

which is the same if u operates alone. Therefore, there is no
incentive for agent u to remain in the pool.

MM

From expression (3), we can obtain:

(A3)

a l l jr

where

i s toe net flow
all 5

Applying the absolute value to the net flow:

alii

(A4)
alls

To show that the PSM is not stable, we will use the example of
Figure 7. Two agents use a transmission line that connects bus 1
to bus 2 and is seccionated in bus 3. The transmission line cost is
equal to 1 pu. Two agents A and B uses the line with a 1 pu flow.
Bus 1 is y miles away from bus 2 and bus 3 is x miles.

1 pu
Agent A

1 pu
Agent B

1 pu
Agent A

pu
Agent B

Figure 7 - Postage Stamp Instability

Using the PSM, both A and B will pay 0.5 pu. Not including the
ending equipment costs, agent A spends xly pu to build a new
transmission line between bus 2 and 3. As this relation varies
from 0 to 1, it can be less than 0.5 and hence not satisfying the
pool stability property.

With expression (Al), the inequality (A4) and expression (A3) we
can obtain:
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An Efficient Approach for Reconfiguration Problem in Distribution Systems
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Abstract — In this paper the network reconfiguration problem
together with optimal settings of switched capacitors for loss
reduction is solved by genetic algorithms. The genetic string
structure as well as efficient crossover and mutation schemes
that can effectively speed up the solution processes are
proposed. The remarkable feature of this paper lies in that it
can quickly provide a global optimal or near optimal solution
for the network reconfiguration problem. To demonstrate the
prominent effectiveness of the proposed method, comparative
studies are conducted on a test system.

I. INTRODUCTION

The purpose of network reconfiguration is to provide
the minimum loss possible under the capacity constraint of
circuits. Generally, there are two kinds of switches in
primary distribution systems, namely normally closed
switches that connect line sections, and normally open
switches that connect primary feeders, substations, or loop-
typc laterals. The former are called scctionalizing switches,
and the latter are called tie switches. Both are network
structure switches and designed for fault isolation or
network reconfiguration. To reduce the reactive power flow
of feeders, fixed and switched types of compensation
capacitors arc often installed in the planning stage of
distribution systems. The size of switched capacitors
mounted to the feeders can be varied by switches of
capacitors. Capacitor coordination also plays an important
role in distribution system loss minimization, since
reconfiguration without consideration of switched capacitor
setting may result in unnecessary losses.

Conceptually, the reconfiguration problem belongs to
the class known as the combinatorial optimization with
multiple constraints problem. The possible combinations of
the system grow dramatically as the number of switches
increases. It is computationally intractable to deal with this
problem by exhaustive search. Since the problem can be
modeled as mathematical programming formulations, much
previous research [1-3] has employed mathematical
programming algorithms to this problem. In recent years,
many heuristic methods have been proposed [4,5] to find
the optimal or near optimal solution with less
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computational effort. The search space is reduced through
heuristic rules that are strongly based on the experience of
operators in substations, and hence the search in a finite
time is possible. The solution quality by heuristic search
depends significantly on the heuristic rules. Although the
above-mentioned algorithms can solve the problem in an
effective way, they often get stuck at local optimum rather
than global optimum.

Very recently, global optimization techniques such as
genetic algorithm (abbreviated GA) [6] and simulated
annealing [7,8] have aroused researchers' interest to solve
the real-world problem due to their flexibility and efficiency.
Limitations regarding the form of the objective function
employed and the continuity of variables used for the
classical greedy search technique can be completely
eliminated. Also, constraints of practical systems can be
easily taken into consideration. The main advantage of
simulated annealing lies in its potential to find the global
optimal solution. However, as the problems increase in size,
the prohibitive amount of computation time required to
achieve a near-global optima! solution may preclude its use
in real power system applications. By contrast, the GA can
approach the global optimum of the optimization problem
in a parallel way such that the computation time is greatly
reduced.

Due to the tremendous increase in computational
complexity, most previous researches [1-8] tackled the
reconfiguration problem without consideration of setting of
switched capacitors. As mentioned before, this may result in
unnecessary losses. In view of this, this paper first attempts
to optimally determine both network reconfiguration and
capacitor switching for loss minimization. In addition, an
effective genetic string structure as well as a novel crossover
and mutation technique which result in an efficient solution
procedure of radial distribution systems are also proposed.
Experimental results on a test system show that the
proposed method can quickly achieve a global optimal or
near optimal network configuration with optimal sizing of
switched capacitors in distribution systems.

II. THE SOLUTION ALGORITHM

GA is a search algorithm based on the mechanics of
natural genetics and natural selection [9]. It combines the
adaptive capacities of natural genetics or the evolution
procedures of organisms with functional optimizations. By
simulating "the survival of the fittest" principle of
Darwinian evolution among chromosome structures, the
optimal 'chromosome'(solution) is searched by randomized
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information exchange, In every generation, a new set of
artificial chromosomes is created using bits and pieces of
the fittest of the old ones. While randomized, GA is not a
simple random walk. It efficiently exploits historical
information to select on new search points with expected
improved performance.

GA is essentially derived from a simple model of'
population genetics. The three prime operators associated
with GA are reproduction, crossover, and mutation.
Reproduction is simply an operation whereby an old
chromosome is copied into a "mating pool" according to its
fitness value. It means that chromosomes with a higher
value have a higher probability of contributing one or more
offspring in the next generation. Crossover is a structured
recombination operation. This operation is similar to that of
two scientists exchanging information. Mutation is an
occasional random alternation of a chromosome. This
provides background variation and occasionally introduces
beneficial materials into the population. Fig. 1 shows the
flowchart of the conventional GA.

Read in data

Initialize a population of chromosomes

Evaluate each chromiome

Rank chromoionici according to their Fitness

Select "belt" parenU for reproduction

Apply crossover and perhaps mutation

Evaluate new cliromosomes and insert best into
population, displacing weaker chromosomes

Fig. 1. The flowchart of a simple GA.

III. IMPLEMENTATION

In this section, the GA is adapted to solve the network
reconfiguration problem. Detailed discriptions of each step
in implementing the GA are shown as follows.

A. Genetic String Structure

During the course of network reconfiguration, the
number of tie switches is fixed, irrespective of the change in
the system's topology or the lie switches' positions. The
fixed type capacitor of a distribution system can be seen as a
pure reactive load that cannot be changed. Therefore, the
parameters that determine the minimum loss configuration
are the position of the normal open tie switch and the
settings of switched capacitors. Fig. 2 shows the hybrid
string structure for system reconfiguration. It is mainly

divided into two parts. The string structure representing the
tie switch (abbreviated TS) number is expressed in decimal
digits in the left part of Fig. 2, where "N" is the total
number of tie switches. The settings of switched capacitors
are depicted in binary representation in the right part of Fig.
2, where "M" is the total number of capacitors' switches in a
radial distribution system. Each switch of capacitor
(abbreviated CS) is represented by a bit that is either 1
(closed) or 0 (open). Because the number of tie switches is
not only fixed but also a small portion of the total switches
in a system, it is an efficient way to memorize only the
switch number corresponding to the tie switches. This
hybrid string structure is convenient for programming and
can produce a feasible solution (radial structure) efficiently
when crossover and mutation are performed. For ease of
explanation, Fig. 3 and Fig. 4 show a simple distribution
system and the corresponding string structure, respectively.

|TS no. (1)|TS no. (2)|.. | TS no. (N)|CS no. (1)|CS no. (2)|.,.|CS no. (M)|

Fig. 2. Hybrid string structure.

Feeder 3

i witched
capeciton

Fig. 3. A simple distribution system.

rrnT3H6i 11 o 10 , o 11101
Fig. 4. The string structure for Fig. 3.

The representing schemes between tiie left and right
parts of the string structure mentioned above are different,
so the crossover and mutation processes of the genetic
algorithm are separated into two parts. Because the right
part of the string structure is the same as the simple GA,
one point crossover and mutation [9] are applied. The left
part of the string structure is different from the
conventional GA. The crossover and mutation techniques
will be discussed in more detail later.

B. Fitness Function

The fitness function of the G A is given below.

0)

To convert the minimi7.ation problem of network
reconfiguration into the maximization problem used in the
GA, the constant C in (1) is set at 106 in our study.

Fitness^S) = C - Loss(S)
where:

5
C
Loss(.)

present configuration,
constant,
the function of total line losses
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C. Crossover

To keep the best configuration in every generation and
improve the quality of the next generation, we reserve the
four best parents directly to the next generation without
crossover. Then, the roulette wheel method with slots sized
according to fitness values [9] is used for parent selection.
After that, crossover is made in both parts of the selected
strings. In the right part of the strings representing the
settings of switched capacitors, one point crossover is
employed. For the other part representing the tie switches of
the system, we use a two-step crossover technique. First, the
children inherit the common genes from their parents.
Second, the different genes of parents are randomly
distributed to the children. As an illustrative example, the
radial distribution system shown in Fig. 3 has 16 switches
of network structure numbered from 1 to 16 and 6 capacitor
switches denoted Cl to C6. Three of the former should be
tie switches to maintain a radial structure. Fig. 5 shows the
crossover process. Comparing parent 1 and parent 2, we
find that gene 16 is the common one and hence both child 1
and child 2 inherit gene 16 from their parents. Then, genes
14, 15, 5 and 11 are randomly distributed to child 1 and
child 2. In Fig. 5, child 1 inherits genes 11 and 14, and
child 2 inherits genes 5 and 15. On the right side of the
string, assume that the crossover point is randomly selected
at bit 2 as indicated in Fig. 5. The generated offspring are
also indicated, i.e., child 1 and child 2.

parent 1:
parent 2:

childl:
child 2:

14

5

16
16

15
11

11
5

161 1
161 1

1 4 | 1

0
1

\
0
1

0
0

0
0

0
1

1
0

1
0

0
1

0
1

1
0

Fig. 5. Crossover process.

1 2 3 4 5 6 7 8 9 10 II 12 13 14 15 16 cl c2 c3 c4 c5 c6
Switch

number*,
parent 1: #1 HI HI 01 01 01 01 01 »I 01 • ! »I «l 00 *0 '<\u\ 00 »0 »0 »1 »0;

parent?: 1 •! •! •] I *1 • ] "1 • ) 00 #1 #1 •) 01
•op

1 •) 00 01 »0 »1

child 1(0):

child 2(«):

1
1

1 1

1

1

1

1

1

0

1

1

1

1

1

1

1

1

1

1

—

0

1

1

1

-

1

1

-i
0

1

1
1

0 1
0

1

0

0

1

0

0

1

1

0

Fig. 6. Crossover process in full binary view.

In fact, the crossover technique mentioned above has
the same characteristics as the multipoint crossover method.
Fig. 6 shows the full binary representation of Fig. 5. Each
position represents "closed" or "open" status of the
corresponding switch, where "1" represents the closed
switch and "0" represents the open switch. Child 1 and
child 2 inherit their parents' genes and are marked as "#"
and "•", respectively. It is obvious that child 1 and child 2
both inherit from parent 1 and parent 2 and the crossover
points are placed on bits 8, 15 and C2.

In this crossover technique, by applying the string
structure of Fig. 2, it is expected that one or both of the

children may present a loop configuration or deencrgized
sections. In such a situation, infeasible string(s) will be
discarded and another mate is selected for crossover until
the number of children is the same as the population size.

D. Mutation

In this paper, we propose an efficient mutation
technique to generate a new state that remains a radial
structure. First, randomly select a tie switch from the string
and then close this tie switch. The system becomes a loop
type comprising the two main feeders that are connected by
the tie switch. Second, choose one of the sectionalizing
switches which form the loop and open it as a new tie
switch. For simplicity of illustration, revisit the simple
distribution system shown in Fig. 3. Fig. 7 shows the
mutation process. If switch 16 is randomly chosen to mutate,
the loop that is comprised of switches 1,4,6,16,13,12 and
3 is formed. Again, randomly choose one of those switches
as the tie switch. For example, switch 13 is chosen. Also,
the right part of the string is mutated by a fixed mutation
probability (say 0.1). In Fig. 7, it is assumed that bit 6 of the
right part is mutated.

Before mutation:
After mutation:

Switch
number: 1 2 3 4 5

B e f o r e : | l l l I i l l | l

14
14

15
15

•16 | 1
M 3 | 1

0
0

0
0

0
0

1
1

•0
•1

Fig. 7. Mutation process.

6 7 8 9 10 11 12 13 14 15 16 cl c2 c3 c4

. | . | . | o | . | . | . | . . 1 0 It 0 0

c5 c6

>|.o|
1 \ 1

'It •M'l'l" • 1 ° "It o|o

Fig. 8. Mutation process in full binary view.

The corresponding binary representation of the string
structure is shown in Fig. 8. It is obvious that bits 13, 16
and 21 that are marked as "•" are mutated.

E. Initial Generation and Temperature

To determine the initial generation and temperature,
the mutation technique described above is applied to the
original configuration. The initial generation is determined
after K trials of mutation, where K is the population size.
During each trial the difference in fitness values between
two successive trials is cumulated as:

, - fitness,_x\
i=2

(2)

Calculate the mean value of fitness difference E(&fitness).

K. ~* J
(3)

To have about 0.95 accepted probability at the beginning,
let

(4)
'begin
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we have,

where

20 xE(Afitness)
(5 )

• initial temperature.

For each new generation, the temperature of the
simulated annealing mutation operator is reduced according
to

where
Tj : the temperature of generation i,
a : the cooling rate of the simulated annealing mutation

operator.

F. Convergence Criterion

If one of the following conditions is achieved, the
genetic algorithm process is considered converged and the
program stops,

(i). After consecutive generations (20 in our study), the
best configuration does not change,

(ii). The total generations exceed the limit (1000 in our
study).

IV. TEST STUDIES

The proposed algorithm has been implemented into a
software package coded in C language, and run on an IBM
compatible PC-486 computer. It was tested on a
hypothetical example system [7,11] for three different
loading conditions that are normal, heavy and light load
conditions. The system consists of 69 normally closed
sectionalizing switches and 5 normally open tie switches.
The schematic structure of the system and the data for the
normal load can be found in [10], and the data for the tie
switches can be found in [7]. For simplicity of illustration,
the schematic structure is renumbered in Fig. 9, where
dashes and solid lines represent tie and sectionalizing
switches. The heavy and light load data are 1.8 and 0.5
times the normal load. To illustrate the performance of the
proposed method, two different installations of switched
capacitors are performed. In each test run, three different
cases of solution processes are made for comparison. Case 1
is where the network structure remains unchanged but the
settings of switched capacitors are optimized by exhaustive
search. Case 2 considers network reconfiguration for loss
minimization, ignoring the effect of switched capacitors. It
was the usual case that has been performed [1-8]. Because
the possible combinations of the system are tremendously
large, it is impractical to find the optimal solution by
exhaustive search. Instead of exhaustive search, the genetic
algorithm described previously is used. Since capacitors are
ignored, the capacitors' settings part of the string structure
is omitted. Case 3 considers both network structure and
capacitors' settings together by the proposed method. In our
study, we choose 50 as the population size, 0.8 as the

crossover rate and 0.1 as the mutation rate. The capacity of
each capacitor bank is 300kvar.

[6 27

bml

Fig. 9. The schematic structure of test system [7,10].

A. Test run 1

In this test run, the switched capacitors are be placed
on buses 21 and 62, and each bus has six banks of switched
capacitors. In total, there are 74 switches in the network
structure and 12 capacitors' switches that should be
determined for ON/OFF status for loss minimization.
TABLE I shows the numerical results of the normal load
condition. Note that the losses in row 3 are calculated by the
exact line flow method. The reduction rate in row 4 is
defined by the following formula.

Reduction rate--
Original loss- New loss

(7)Original loss

In TABLE I, column 2 is the original configuration of
the system, and columns 3 to 5 are the simulation results
corresponding to three different cases. It is obvious that the
reduction rate of loss shown in Case 1 is 34.4%, and that is
reduced through the optimal settings of switched capacitors.
Also, the simulation results of Case 2 show that the
reduction rate of loss is 55.7%, which is greater than in
Case 1. This means that the loss to the system can be also
reduced by proper reconfiguration of the system. Since these
two actions discussed above can help the system in loss
reduction, it will be better to consider them together to
cause better performance. Case 3 shows that if both network
structure and capacitors' settings are considered, the loss to
the system can reach the minimum value among these
different cases and the reduction rate of loss is as high as
68.8%. In comparison with our previous work [8] , the
proposed method can yield the same optimal solution but
with far less execution time than the simulated annealing
method.

Comparing Cases 2 and 3 in TABLE I, the only
difference in tie switches is that switch 62 has changed to
switch 63. The load at bus 61 is the heaviest load of the
system, 1244kW+j888kvar. When the effect of capacitors is
ignored (Case 2), the reconfiguration process decides to
separate buses 61 and 62 for loss reduction. Once the
switched capacitors of bus 62 are considered (Case 3), the
reconfiguration process decides to compensate the load of
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bus 61 by using the switched capacitors of bus 62. To justify
the necessity of considering network reconfiguration and
capacitors' setting simultaneously for achieving maximum
loss reduction, the test using exhaustive search to find the
optimal capacitors' settings for Case 2 are performed with
the results shown in Case 2*. Apparently, when the
reconfiguration process of the distribution system is
performed, the benefits of considering both network
structure and capacitor settings simultaneously are greater
than considering them separately.

TABLE I
THE NUMERICAL RESULTS OF NORMAL LOAD FOR TEST RUN 1

Tie
switches

Loss(kW)
Reduction rate

Vmax (p.u.)
Vmin (p.u.)

Capacitor

Original
configuration

70,71.72,
73.74
225.0

1.000
0.909

Casel

70,71,72,
73.74
147.7

34.4%
1.000
0.930

B,,=300
BÄ?=1200

Case2

15,59,62,
70,71
99.6

55.7%

1.000
0.943

Case 3

15,59,63,
70,71
70.1

68.8%
1.000
0.963

B2 i=30O
BÄ?=900

Case2«

15,59,62,
70,71
93.9

58.3%
1.000
0.943

B, i=300
BÄ?=300

TABLE II

THE NUMERICAL RESULTS OF HEAVY LOAD FOR TEST RUN 1

Tie
switches

Loss(kW)

Reduction rate

Vmax (p.u.)
Vmin (p.u.)

CPU time (s)

Capacitor
settings (kvar)

Original

configuration

70,71,72,

73,74

867.3

1.000

0.820

Casel

70,71,72,

73,74

553.1

36.2%

1.000

0.859

B21=600

BÄ7=I800

Case 2

15,59,62,

70,71

352.6

59.3%

1.000

0.891

24

Case 3

15,59,63,

70.71

236.6

72.7%

1.000

0.934

29

B2i=900

BÄ?=1800

TABLE III

THE NUMERICAL RESULTS OF LIGHT LOAD FOR TEST RUN 1

Tie
switches

Loss(kW)

Reduction rale

Vmax (p.u.)
Vmin (p.u.)

CPU lime (s)

Capacitor
settings (kvar)

Original

configuration

70.71,72,

73,74

51.6

1.000

0.957

Casel

70,71.72,

73,74

35.4

31.4%

1.000

0.967

Bj i=300

BÄ?=6O0

Case 2

15,59,62,

70,71

23.7

54.0%

1.000

0.972

25

Case 3

13,59,63,

70.71

17.1

66.8%

1.000

0.985

31

B21=300

Bfi1=600

The numerical results of heavy and light load
conditions are shown in TABLES II and III. Compared
with the original configuration and Case 3 in TABLES I, II
and III, considerable improvement in loss reduction as high
as 68.8%, 72.7% and 66.8% can be achieved by proper
network reconfiguration that considers both network
structure and capacitors' settings. Note that the reduction

rate is larger when the load of the system is heavy. This
effect will be more remarkableant as the scale of systems
grows.

B. Test run 2

TABLE IV

THE NUMERICAL RESULTS OF NORMAL LOAD FOR TEST RUN 2

Tie
switches

Loes(kW)

Reduction rate

Vmax (p.u.)
Vmin (p.u.)

CPU time (s)

Capacitor
settings (kvar)

Original

configuration

70,71,72,

73,74

225.0

_ _ _ _ _

1.000

0.909

_ _ _ _ _ _

Casel

70,71,72,

73,74

147.7

34.4%

1.000

0.930

_——__—

B J J = 3 0 0

B46=°
BÄ1=!200

Case 2

15,59,62,

70.71

99.6

55.7%

1.000

0.943

22

Case 3

14,59,63,

70,71

69.8

69.0%

1.000

0.963

30

B J J = 3 0 0

B ^ O O

B,7=900

TABLE V

THE NUMERICAL RESULTS OF HEAVY LOAD FOR TEST RUN 2

Tie
switches

Loss(kW)

Reduction rate

Vmax (p.u.)
Vmin (p.u.)

CPU time (s)

Capacitor
settings (kvar)

Original

configuration

70,71,72,

73,74

867.3

—_———-

1.000

0.823

_ _ _ _ _ _

Case l

70,71,72,

73,74

553.1

36.2%

1.000

0.859

—_-_——.

B 2 ] =60O

B 4 6 = «
B f i ,=1800

Case 2

15,59,62,

70,71

352.6

59.3%

1.000
0.891

24

CaseS

15,59,63,
70,71

236.3

72.8%
1,000
0.934

30

B21=600
B ^ O O
BÄ?=1800

TABLE VI
THE NUMERICAL RESULTS OF LIGHT LOAD FOR TEST RUN 2

Tie
switches

Loss(kW)

Reduction rate

Vmax (p.u.)
Vmin (p.u.)

CPU time (s)

Capacitor
settings (kvar)

Original

configuration

70,71,72,

73,74

51.6

__—_—-

1.000

0.957

Casel

70,71,72,

73,74

35.4

31.4%

1.000

0.967

—_——_.

B ^ O O

846=0
BÄ,=600

Case 2

15,59,62,
70,71

23.7

54.0%

1.000
0.972

25

Case 3

13,59,63,
70,71

17.1

66.8%

1.000
0,985

32

B J I - 3 0 0

B«;=O
B/;,=600

In this test run, the switched capacitors are assumed to
be placed on buses 21, 46 and 62; that is, the additional
switched capacitors compared with test run 1 are installed
at bus 46, and each bus also has six banks of switched
capacitors. Including 74 switches of network structure and
18 capacitors' switches, the total number of switches that
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should be determined for ON/OFF status is 92. TABLES IV,
V and VI show the numerical results of normal, heavy and
light load conditions, respectively. Comparing these tables
with test run 1, further improvement of loss reduction is
achieved.

From the test study, one by-product of network
reconfiguration is that the voltage profile of the systems is
improved. For example, in TABLE V of test run 2 the
voltage magnitude at each bus is between 0.82 p.u. and 1.0
p.u. before the network reconfiguration and is greatly
improved to between 0.93 p.u. and 1.0 p.u. after
reconfiguration. More significantly, computational
experience shows that the presented method is attractive in
computing speed. The dimension of the search space is
double when the switches of a system are increased by one.
The results in TABLES I and IV show that the computation
time involved in feeder reconfiguration for the 86-switch
and 92-switch systems arc 28 s, and 30 s. If TABLE I is
selected as the base case, the execution time of TABLE IV
is about 1.07 times that of TABLE I. In contrast, the
dimensions of search space for TABLE IV is 26=64 times
that of TABLE I. In view of the tremendous increase in the
dimension of search space, it is obvious that the presented
method is very efficient and demonstrates great potential for
practical distribution system applications.

V. CONCLUSION

A GA has been applied to network reconfiguration for
loss minimization. The settings of switched capacitors are
also taken into consideration for practical purposes. The
genetic string structure as well as crossover and mutation
techniques which can provide an efficient procedure in
radial distribution systems are proposed. The solution
methodology has been implemented in a software package
and tested on a distribution system of varying load
conditions and capacitors with rather encouraging results.
From the studies, several interesting and important
observations can be deduced as follows:

1. The line loss of distribution systems can be greatly
reduced with proper feeder reconfiguration. The
effect is more remarkable as the settings of switched
capacitors are considered.

2. Considering both network structure and capacitor
switching together can produce the maximum loss
reduction than considering them separately.

3. The voltage profile of the system after
reconfiguration is considerably improved in
comparison with the original configuration.

4. The proposed method can consistently yield global
optimal or near optimal network reconfigurations
with consideration of switched capacitor setting.
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LOSS CALCULATION IN DISTRIBUTION
SYSTEMS BY A NEW PROBABILISTIC

METHOD

Abstract :

Loss calculation in distribution systems by probabilistic load flow
methods can be defined as being a technique which recognises the
probabilistic nature of the input parameters and takes account of the
uncertainties and random variations of generation and load within
one computer run.

Many formulations have been presented in order to overcome
this problem. All of these methods are suitable for interconnected
systems. Th; majority have used a simple linear model to represent
the load flow equations. In this paper a completely new algorithm for
the probabilistic load flow of radial distribution systems is
developed. By using this method, the loss density function in all lines,
can be calculated. " '

Key Words :

Loss calculation, probabilistic load-flow, distribution system.

1. INTRODUCTION

Losses occur in all parts of a power system. They adversely affect
sysiem performance through added fuel cost as well as extra
capacity. The latter effect is significant if the system is operating
under tight capacity constraints. At peak loading condition, losses
increase as the square order function of the load. Any reduction in
the losses results in energy saving from the most expensive peak
syslem capacity.

In calculating the power losses of a distribution system, it is
necessary • to perform power flow studies, in order to determine, for
a certain system topology, the bus voltage and the power flows for
a specific loading condition. There are many efficient, accurate, and
fast techniques [3-6] to perform the load now calculations. Most
techniques are inherently deterministic in which the input parameters
are defined by single values, estimated from the available
information,

Paper SPT PS 24- 02- 0014 accepted
for presentation at the IEEE/KTH
Stockholm Power Tech Conference,
Stockholm, Sweden, June 18-22,1995

To assess accurately the stale of die system using deterministic
techniques, it is necessary to calculate the power flows for all
combinations of possible loads at each bus. Considering a system
of N buses and K different load values at each bus, KN load flows
are required and the computational time would be astronomical and
the analysis would be impossible.

This problem can be overcome by performing power flow
calculations only for expected values, maximum values, or some
other arbitrary values at each bus. For this purpose, the input
variables of the system are represented by probability density
/unctions, requiring modificaiion'of the. load flowbasic equations. The
main difficultycncountered by using this probability technique is the
non-linearity of the load flow equations.

In this paper the active power loss density function in each
branch of a distribution system is calculated by a new method. The
power flow equations are linearised and the expected values of input
data are calculated.

2. POWER DEMAND DENSITY FUNCTIONS-PDF

The first step in the probability process is the transformation of the
daily load demand data in to probabilistic density functions. The
daily load curve at a bus can be formed by the points set :

{(Pj.'i)} i = l , - n p

Where pj is the value of power demand at time tj
The density function curve for the load at the bus will be calculated
in a discrete way as [2].

{(pk,nk)} k=l , . . .n f

Where p k is the power nalue and n k is the probability of occurence
ofp k

2.1 Approximation to Normal Density Function (NDF)
As described, the power demand at each bus can be represented
by a discrete density function (PDF). Manipulation with PDF's takes
a lot of computer memory and time, but sometimes it is worth
approximating the discrete density function with a normal density
function having the same mean value and standard deviation. A
normal density function can be expressed as [8] :

EXPi-
2o2
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Where u. is the mean nalue and a the standard deviation of the

density function.

3. MATHEMATICAL TECHNIQUES IN PROBABILISTIC

ANALYSIS

In conventional power system analysis a load flow is computed by

means of a system of equations of the form.

Z = AX

Where vector X is formed by " single valued " quantities. Therefore

the solution of such an equation system, assuming that the matrix A

is known, is trivial.When vector X is formed by random variables

(each one with a density function assigned to it), the solution

techniques of the equation system must be modified.

3.1 Addition of Random Variables

LetXand Ybe two independent random variables which may be two

different branch currents. Let their PDF's be f(x)and g(y). Let Z be

another random variable which represents addition of Xand Y.Then

18].

Bus before branch j

=/,'BUS, I-End bus.

The computations proceed from one branch to the next in a

systematic way till all the branch current density functions are

calculated. This require logical numbering so that the branches of the

system are correctly traced and the load flow method discussed in

Ref [1] is used for the purpose. The branch current density functions

thus computed are used to evaluate the active power loss density

function in each branch as follows:

Where

: Real part of lBRi

: Imaginary part of lBRf

The active power loss in branch i can be expressed as

The process, mathematically represented by these equations is

known as "convocation "and it is normally written as [8J. Using the linearisation method [7] gives

The above equation can be generalised for n independent random

variables as

Where
f,g,h sare the density function of each random variable

4. NEW FORMULATION FOR RADIAL DISTRIBUTION

SYSTEMS (RP)

This formulation technique is suitable for radial systems. First,the bus

current density functions are calculated from power demand density

functions at each bus as

'BUS,'

PrjQ,

As the voltages along a distribution feeder do not change very much

when the demand power varies, we assume a single value for each

bus voltage, i.e.

'Busr~ (P,-P)

The current in different branches can be calculated by the following

equations.

Where I io and I io are the expected .value of the real part and

imaginary part of IBRj respectively. To calculate the i th branch active

i f i hpower loss density function we have :

And by adding active power losses in all the branches, the total

active power loss density function can be calculated.

PLOSST
/ • I

4.1 Error of the New RP Linear Model

The probabilistic load flow (plf) model which has been developed

may be interpreted as an infinite number of linear load flows

combined appropriately (probabilistically) in a practical way by

convolution techniques. The question that arises is how welldoes this

linear model perform ?

There are two main sources of errors in a probabilistic load flow

calculation. The first is due to linearisation of the load low equations

around the expected value of the input quantities. Any movement

away from this region produces a linearisation error. The second

source of error is the finite number of density function point

respresenting each input quantity.
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One way of estimating the error of the linear model is to perform

a large number of load flow studies for different possible load/time

curves at each bus of the network.

Another method to estimate the accuracy of the results is the

calculation of the confidence limits of the resultant density

functions,by computing the standard error of the mean values [9-11].

The standard error of the mean value of a density function with

standard deviation o can be calculated by the following equation :

Standard Error = —

Where n is the number of points of the density function. This means

that with a probability of 68% the mean value lies in the interval In -

o/Vn , ii + oMi) called the confidence limits. So the narrower the

interval, the more accurate the results.

4.2 Normal Formulation (NRP)

Defining power demand at each bus in a discrete way as described

in the precceding sections leads to a discrete probabilistic function.

As manipulation with density functions defined in a normal way is

simpler than fordiscrele functions, some times the discrete density

functions are approximaied with normal functions with the some

mean value, Now we wish to know what error occurs, if the power

demand density functions arc approximaied to a normal distribution.

The next section answers this question by comparing some

.discrete and normal density function. . •

5. CASE STUDY AND RESULTS

In this study two formulations were considered:

The new formulation (RP) for radial distribution systems, and the

normal formulation (NRP). Two computer programs have been

developed to carry out the calculations.

Three 5-bus, 11-bus and 47-bus networks shown in Ref |2] were

employed as test systems for the different formulations. The main

difference between the three networks are their complexity and

different daily load demand curves.

The new discrete formulation (RP) and the normal formulation

(NRP) are based on the same theoretical principles, but the discrete

power demand density functions at buses in the NRP formulation

are approximated to normal functions with the same mean value

and standard deviation as the discrete ones. No difference exists

between the mean value and standard deviation of results calculated

by using the two formulations. The comparison has to be refered to

the density function shape and computer time.

Figs.2 show the output results of a probabilistic load flow study

for the three networks using the normal formulation method. The

results are compared with the results given in Fig 1. Refering to the

Central LimitTheorcm (CLT)(9-11], the result of the probabilistic load

flow study (i.e. active power losses in each branch of the network)

using die normal function is a good approximation of the results

calculated by considering the density functions in a discrete way.

Table 1 compares the computer lime required to calculate the losses

in each of the networks by using the NRP and RP methods. As

shown, the computing lime in using the NRP method is much less

than when the RP method is used. As the size of each array in the

program based on NRP method is smaller than in the RP method,

the computer storage used in the NRP is less than RP method.

In Fig. 3 the active power loss density function in branch number

2 of each network by using the RP method is shown and compared

with the associated normal density function curve calculated by the

NRP method. Similarity in shape to the normal curve can be

appreciated, especially when the amount of manipulation for

calculating the density function is large and the two curves become

very close to each other (e.g. 47 bus network).

To estimate the accuracy of the model, 512 load flowstudies on

the 5-bus network for different load profiles at each bus have been

run.and the total active power losses in the network calculated. They

were then transformed to a probability density function and drawn in

Fig.4.

In comparison, the density function calculated by plf using the

linear model has been shown on the same axes. It can be seen that

the deterministic load flows are very variable but lie around the plf

result which itself is very smooth. At present, the large variations

around the peak probability arc unexplained but are thought to be

a function of the load profiles employed. In addition, the long tail is

due to the linearisation error, because ihe equations are linearised

around the mean values.

6. CONCLUSION

This paper has studied the active power los* in different branches of

a radial distribution feeder, when the lond at each bus varies during

the day.

To calculate the power losses, probabilistic load flow techniques

are used. The curve, power vs time, at each bus has been

transformed in to a density function, power vs probability. In other

words, the simple variable pwhich defines the power demand at a

bus, has been transformed in to a random variable.

To calculate the mean losses (i.e. power losses in the lines), a

deterministic load flowhas to be performed. Here, a special load flow

technique for radial distribution systems has been developed which

is very straight forward and fast compared to conventional load flow

techniques.

Differenttechniques of probabilistic load fiowanalysis have been

discussed and a special technique forprobabilistic load fiowanalysis

of radial systems was developed. It was shown that this technique

is much faster than other techniques. The discrete and normal

formulation of the density functions were presented. In the discrete

formulation, the density functions were represented by a series of

steps, whereas in the normal fromulation the discrete functions have

been approximated by a normal curve.

The big disadvantage of the probabilistic load flow is the

computation time and storage requiring the manipulation of discrete

density functions. The normal formulation reduces the computer

requirement compared to discrete formulation and the accuracy

obtained has shown to be acceptable.

The computational cost of any probabilistic load flow formulation

is much larger than ils equivalent deterministic version. However, the

additional cost of the probabilistic load flow is well justified by the

amount of information it produces.
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BRANCn NUMBER 2

The 5-bus

Active Power Losses

(KWH/DAY)

222.61

299.24

375.87

452.50

529.13

605.75

682.38

759.01

835.64

912.27

988.90

1065.53

1142.16

1218.78

1295.41

1372.04
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1525.30

1601.93

Network
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.05561
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.05273

.04706

.04462

.04312

.03883

.03107

.02200

.01547

.01269

The 11-bus

Active Power Losses

(KWH/DAY)

3207.06

3707.01

4206.96

4706.91

5206.35

5706.80

6206.75

6706.70

7206.64

7706.59

8206.54

8706.49

9206.44

9706.38

10206.33

10706.28

11206.23

1.1706.17

12206.12

Network

Probability

.00114

.00346

.00873

.01887

.03556

.05639

.08473

. IIOJJ

.12902

.13509

.12683

.10619

.07878

.05119

.02895

.01410

.00574

•00i92

.00051

The 47-bus Network

Active Power Losses Prob

(kwh/Day)

134.11

291.86

429.44

577.22

725.12

872.78

1020.56

1168.33

1315.83

1463.61

1611.39

1759.17

1906.94

2054.72

2202.51

. Abilitj

.0000

.0000

.0000

.0010

.0111

.0625

.1878

.3063

.2675

.1266

.0325

.0044

.0003

.0000

.0000

EXPECTED VALUE = 1210.56

EXPECTED VALUE = 769.17

STANDARD DEVIATION = 433.24

EXPECTED VALUE = 7626.45

STANDARD DEVUTION = 1445.34

STANDARD DEVIATION = 187.78

Fig.l. Results using the RP method

D : RP method
O : Diieel method

•- « l t u rn«i« tosses . ! « • - •

Fig. 4 Comparison between lolal active power loss density functinns in the 5-bus network
calculated by RP formulation and direct metod

7 3 2
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IN RADIAL DISTRIBUTION SYSTEMS
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Abstract:

In this paper, a new method for load-flow study of redial

distribution system has been presented. The method is

completely different from conventional ones. As the size of matrix

used is very small compared to conventional methods, the

amount of memory used is very few and the number of buses

in the system become more.

The method has been applied for study of some networks

and the results show the priority of it to conventional methods.

Key words :

Radial load-flow, distribution, load-flow

1. INTRODUCTION

The load flow study forms an essential prerequisite for the

reduction of power and energy losses in a distribution system.

Considerable research has already been done in the

development of digital computer programs for load flow studies

of large power systems [1-8]. However, these general purpose

programs may run into difficulties of convergence when a radial

distribution system with large number of buses is studied and

developement of a special program for redial distribution studies

becomes necessary. The different methods of load flow, which

Paper SPT PS 24- 03- 0021 accepted
for presentation at the IEEE/KTH
Stockholm Power Tech Conference,
Stockholm, Sweden, June 18-22,1995

can be catagorised as, the Admittance matrix method, the

Impedance matrix method, and Newton Raphson method are

analysed and a new technique suited for the radial distribution

systems on account of its minimum memory requirements and

faster convergence of the iterations is developed.

2. ANALYSIS OF EXISTING METHODS

Different load folw techniques can be considered in three groups

as follows:

2.1 Admittance Matrix Method

The admittance matrix method employs the well-known bus

admittance network equation to define the performance of the

system.

Where YBUS is the admittance matrix formed using the slack bus

as the reference.

The Y-bus matrix method has the advantage of relative

insensitivity to initial boltage estimates, and programming

simplicity. Its major weakness is the slow convergence rate,

especially in radial system application, requiring large number of

iterations for voltage convergence, The slowness is primarily due

to the sparse nature of the YBUS matrix : voltage changes

between iterations affect only the adjacent buses, resulting in

slow propagation of the solution improvement to the total

system.

2.2 Impedance Matrix Method

This method is similar to the Y-bus method described above.

Here the bus impedance equation is used.
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Where 2BUS is the impedance matrix formed using the slack bus

as the reference. The method is faster than the Y-bus but the

required memory storage is greater, because ol the ZBUS

approach is highly dependent on the number of P-V (generator)

buses in the system. If the only voltage controlled bus in the

system is the swing bus, the rale of convergence is comparable

to the Newton-Raphson approach; but as the number of voltage

controlled buses increases, the Z-bus approach encounters

significant difficulty. For this reason, the method had only limited

applications in transmission power flow studies. In a distribution

feeder, however, the network model typically contains only one

voltage controlled bus, which represents the feeder substation.

2.3 Newton-Raphson Method

The Newton-Raphson algorithm is Known for its excellent

convergence characteristics. Given a set of reasonable initial

estimates, the converged solution can be obtained normally in

less than ten iterations. Its major drawback is the requirement of

the Jacobian matrix, which is approximately four times the size

of the YB-US matrix and needs to be recalculated (in theory) for

every deration. In the transmission system positive sequence

network applications, because of the high X/R ratios associated

with the smaller conductors, the jacobian matrix cannot be

simplified. This (act makes the Newton-Raphson approach rather

unattractive.

3.A NEW ALGORITHM FOR LOAD FLOW STUDY

(NRD)

In this method, the analysis proceeds fjom one branch to the

other in a systematic way till all the branches in the system are

exhausted. First the voltage at all the buses except the source

bus (where the exact value ot the voltage is known)are assumed

as one per unit. Based on these voltages and the specified

active and reactive power, simultaneously, the branch currents

are also calculated and stored in the memory. This of course

requires a proper logic to ensure that Ihe branches of the

system are correctjy traced so a branch incidence table is used

for the purpose. The branch currents thus computed are used

to evaluate the active and reactive power losses in each branch

and hence the total losses in the syslem. the current at the

source end is now calculated as.

I - (E

,, Where EP and 2Q are the sum of system loads, S P ^ and

• S QIOM a r e to*^ system tosses, and E8* is the conjugate of the

source voltage. The computation then proceeds to find the

voltage drop, current and losses in each branch of the feeder in

a systematic maner from the source back to the ends of feeder.

The branch incidence table is again used to facilitate proper

retracing of the branches of the network. Once this process is

computed, the total losses are calculated and compared with the

values initially obtained by assuming one per unit voltage at all

the buses. II the difference is not within the specific tolerance

limit, the source current is recomputed from the equation (1),

using the newely obtained values for losses and the path _

retracing operation is repeated. This process contimues until the

difference in losses assumed for calculating source current and

that obtained finally is within the tolerable limit.

3.1 Ejranch Incidence Table

The branch incidence .table is required to describe the topology"

of the network and hence aid systematic tracing and retracing

of the branches of the network. The method developed for this

purpose was to make the code number of each branch to

coincide with that of one ot its terminal buses and then to

identify that branch by the code number of the other terminal

bus. The resuft was a list of bus code numbers, completely

defining the incidence of all the branches. Incidence table,

developed on this principle for a typical radial system shown in

Fig. 1 would be as in table 1. The calculation of load currents

usually starts from the bus listed last, in Fig. 1, i.e. bus 11.

Since branch 11, by assumption is incident on bus 11 this

current necessarily flows through branch 11. The branch

incidence table is consulted at this stage to determine the code,

number of the sending-end bus ol the branch 11, which in this

case is 10. The branch incidence table also gives the indication

lhat branch 10 is directly connected to branch 11 and hence, in

order to get the current in branch 10, Ihe current in branch 11

should be added to the load current at bus 10. the current in
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branch 11 should be added to the toad current at bus 10.

Similarly, the bus number against branch 10 in the branch

incidence table is 8, which means that in evaluating the current

in branch 8, the current in branch 10, should be added to the

toad current at the bus 8. This principle is followed in computing

currents for all the branches of the system. In the systematic

calculation ol currents, voltage drops, and losses in the various

branches after calculating the source current, the branch

incidence table is used to identify the code number of the bus

at the sending -end of the branch.

A computer program has been developed to carry out the

load flow studies of radial distribution systems by this method.

The flow-chart for the computer program is given in Fig.3.

4. CASE STUDY AND RESULTS

Three different radial distribution feeders have been studied [9].

The feeder configuration for one of them is given in Fig. 2

andthe relevant data given in table 2 respectively. Three different

load flow methods were used to study the distribution feeders.

The first method uses the bus Admitance matrix method using

the Gauss-Seidel algorithm. The second method based on the

Newton-Raphson algorithm, with sparse Admittance matrix and

LDU factorisation. The third method is the NRD method. The

above methods were used to study the feeders on a cyber 180-

855 CDC computer and the computing times are given in table

3. The bus voltages calculated by the three methods described

are compared for the 11-bus network in table 4. The superiority

of the NRD method in studying the radial systems is apparent.

5. CONCLUSION

In this paper a special method for load-flow study of redial

distribution feeders has been presented. The method does not

use any large matrix so the computer memory used is very few

comparing to conventional ones. As the formulation is very

simple the speed of the method is high (e.g. it is 500 times the

Gauss-seidel method for the 47-bus feeder for the same output

accuracy).

The method is completely different from conventional ones

and has been applied for the study some practical networks and

the results show its superiority.
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feeder (TLOStk))

CaJcJate the source current

Caicula-.i the buses voltage irom the
tk)

source to the end buses V. , i=2,....n

Fi£.3 Flow chart for
ibe new load How
method (NRD)

1

Fig.2 An It-bus radial distribution feeder
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•

Branch
•

2

3

K

5

6

7

8

9

10

t i

Resistance
Q

0.0U1

0.137

0.153

0.183

0.015

O.0U3

0.135

0.019

0.060

0.187

Reactance
•

0.022

O.Okl

0.032

0.038

0.012

0.013

0.02S

0.01 ̂

0.012

0.039

Load at bus
(MW)

0

1.9

9

0

K.5

6.75

0

1.5

ii.5

1.5

Table'2 Data for feeder shown In Fig. 2

Distribution feeder

Tne 5"Bus feeder

The ll-jxjs feeder

The «7-öua feeder

Coiputer tlae (asconda)

Method 1
(Ciul-Seldel)

0.038

1.070

70.010

IHthod 2
(Ke*ton-A»pn3on)

0.1*9

0.730

35-23

Hethod 3
(NKD)

0.005

0.018

0.167

Table 3 Cooputer tlae used to rim the prop1*» by the
different aethods

LOAD FLOW STUDY FOR RADIAL SYSTEMS (NRD METHOD)
No. BUS VOLTAGE BUS POWER DEMAND

ABS.(PU) AND.(DG) ACTIVE (MW) REACTIVE(WVAR)

2
3
4
5
6
7
8
9
10
11

.9815

.9756

.9274

.8788

.8760

.8680

.8481

.8457

.8423

.8331

-.0696
-.0130
.6717
1.3977
1.4226
1.5180
1.8396
1.8695
1.9360
2.0908

.000
4.500
9.000
.000
4.500
6.750
.000
4.500
4.500
4.500

.000
2.179
4.359
.000

2.179
3.269
.000

2.179
2.179
2.179

THE LOAD FLOW METHOD BY NEWTON-RAPHSON HAS
CONVERGED WITH 9 ITERATIONS

IUS

1

2
3

4

5

6

7

8

9

10
11

VOLTAGE

(PU)

1.0000
.9815

.9756

.9271

.8764

.8763

.8677

.8478

.8453

.8419

.8327

ANGLE
(DG)

.0000

-.0698
-.0141

.6792

1.4057

1.4305
1.5259

1.8476

1.8766

1.9441

2.0989

BUS
ACTIVE

43.779
.000

-4.500

-9.000

.000

-4.500

-6.750

.000

•4.500

-4.500

-4.500

POWER

REACTIVE

19.961

.000
-2.179

-4.353

.000

•2.179

-3.269

.000

-2.179

-2.179

-2.179

GAUSS-SEIDEL ITERATIVE TECHNIQUE CONVERGE*
IN*289 ITERATIONS

y

2
3

4

5

6

7

8

9

10

11

BUS VOLTAGE

ABS.(PU)

.9816

.9756

.9273

.8788

.8766

.8691

.8483

.8458

.8424

.8332

ANG.(DG)

-.0694

-.0137

.6783
1.4024

1.4273

1.5225

1.8432

1.8721
1.9395

2.0942

BUS POWER

ACTIVE
(MW)

.000

4.500

9.000

.000

4.500

6.750

.000

4.500

4.500

4.500

DEMAND

REACTIVE

(MVAR)

.000

2.179

4.359

.000

2.179

3.269
.000

2.179

£179

Z179

Table 4 Comparison between power Row output results for

11-bus network by the different methods
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DISTRIBUTION FEEDER REACTIVE POWER COMPENSATION BY SHUNT CAPACITOR

M.Y. Cho, member IEEE
Department of Electrical Engineering

National Kaohsiung Institute of Technology
Kaohsiung, Taiwan, R.O.C.

ABSTRACT- A practical capacitor planning strategy to
reduce system resistive losses and improve voltage profile
for distribution feeders has been proposed in this paper.
The objective function is consisted of peak load loss, energy
loss, and capacitor cost, while the operation constraints such
as bus voltage profile and discrete capacitor size are
considered throughout overall solution procedure. A three-
phase load flow program, which includes the mutual
coupling effect between conductors, unbalance loading
among phases, and the feeder with configuration of
laterals, is applied to enhance the accuracy of computer
simulation. According to the typical daily load duration
curve of the study feeder, the practical capacitor planning
by considering both fixed and switched type capacitors are
developed to determine the proper size, location, and
switched time of capacitors so that the resistive loss
introduced by the reactive power flow can be effectively
reduced.

To demonstrate the effectiveness of the proposed
method, one practical feeder in Taipower distribution
system is selected for computer simulation. The real power
loss and the voltage profile are solved and the operation
efficiency of the study feeder is determined to estimate the
cost benefit of the proposed capacitor planning strategy. As
compared with the present strategy adopted by Taipower for
reactive power compensation, it is found that the proposed
method does provide more efficient and practical tool for
distribution engineers to achieve better reactive power
control and planning.

Nomenclature

Kp : the annual cost of per unit power loss ($/kw-year)
Ke : the cost of per unit energy loss ($/kwh)
Kc : the annual cost of per unit fixed type capacitor

($/kvar-year)
Kcw : the annual cost of per unit switched type capacitor

($/kvar-year)

Paper SPT PS 24- 04- 0148 accepted
for presentation at the IEEE/KTH
Stockholm Power Tech Conference,
Stockholm, Sweden, June 18-22,1995

C.S. Chen, member IEEE
Department of Electrical Engineering

National Sun Yat-Sen University
Kaohsiung, Taiwan, R.O.C.

pi*

pon
•Mot!

: system peak power loss with fixed type capacitors

: system peak power loss with fixed and switched
type capacitors

: system hourly power loss

Pjoss(t): system power loss during hour t

E] o s s : total system energy loss

Eff , ( t ) : total system energy loss with switched capacitor
off period

E°o
n

M(t): total system energy loss with switched capacitor
on period

n : total phase buses
Qc : total installation capacitor

Qj Qj : installation capacitor at bus i, j

Icj, Ic; : bus load injection current after compensation

Vcj, Vc;: bus voltage magnitude after compensation

VRJ, VR; : capacitor rated voltage
ymin yn

j : bus voltage before compensation

AVj : bus voltage change after compensation

8jj, 6j; :bus current angle after compensation

8yj, 6yj :bus voltage angle after compensation

I. INTRODUCTION

The purpose of the capacitor planning provides the
reactive power compensation to reduce reactive power flow
so that the real power loss reduction and improvement of
bus voltage profile can be achieved [1]. Although the SVC
(static var compensator), which uses power electronic
technique for adaptive reactive power compensation, has
been applied to ensure power quality for the large change of
reactive power demand such as rolling mill in steel plant, it
is still not cost justified to be considered in distribution
systems. In the otherhand, capacitor banks have been
verified to be with satisfactory cost benefit and widely used
for the passive reactive power compensation in distribution
systems.

Up to now, many methods concerned about the
capacitor planning have been proposed [2,3,4,5]. For
instance, dynamic programming technique [6], mixed-
integer linear programming technique [7], and simplified
nonlinear programming technique [8], etc. have been
applied for the development of capacitor planning strategies.
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These methods are derived based on the assumptions of
homogeneous reactive power load distribution and unique
conductor size along the feeder. Recently, J.J. Grainger, et
al. [9-13] consider the distribution system more practically
by normalizing the different size of primary feeder with
uniform conductor size to derive the equivalent feeder [9]
and then considering the feeder with lateral configuration
[10-13]. The variables such as the size and installation
location for both fixed and switched type capacitors, and the
operation time period for switched type one are all taken
into account. The initial value for the state variables are
assumed and proceed to solve the nonlinear equations
iteratively until all variables are converged to the final
solution. Although this method considers the actual feeder
condition, the solution procedure becomes very complicated
and more computation effort is required due to the large
amount of variables involved for a practical distribution
system. For this reason, it is necessary to develop more
practical method to solve the reactive power compensation
so that distribution engineers can determine the proper
location and size of shunt capacitors to be installed more
effectively.

In this paper, the following works are proposed to
improve Taipower criterion. 1. An objective function
consisting of peak loss, energy loss, and fixed/switched type
capacitor cost as well as the operation constraints of bus
voltage profile and discrete capacitor size are formulated
with nonlinear programming technique. 2. A three-phase
load flow program is then developed to accurately calculate
the system power losses to enhance the simulation results. 3.
The typical load patterns of residential, commercial, and
industrial customers are used to simulate the variation of
daily reactive power demand at each load bus. Based on
these procedures, a practical capacitor planning strategy is
solved to find the proper fixed and switched type capacitors
planning. During solution procedure, load duration curve
obtained from the typical daily load pattern of the study
feeder is applied to decide the proper operation time period
of the switched capacitors. Besides, sensitivity index of
system loss is solved by three-phase load flow to determine
the proper capacitor installation location. The optimum
solution for capacitor planning is achieved when total cost
defined in the objective function is minimized and the
operation constraints are satisfied.

2. MATHEMATICAL MODELING OF
DISTRIBUTION FEEDERS

The mathematical modeling of distribution feeder
components will influence the accuracy of computer
simulation for capacitor planning. The detailed models of
line conductor including mutual coupling effect, distribution
transformers, voltage regulators, customer load patterns as
shown in references [14,15,16], are used in this paper. The
daily load profile of the study feeder is determined by field
test to represent the reactive power variation and the daily
load duration curve is derived for the capacitor planning.

To solve the distribution feeder capacitor planning
more practically, the feeder typical daily load curve for
each season is derived by the field test. The power
recorders are installed at substation to collect the energy
comsumption of the study feeder during each 15 minute
time interval over one year. Fig. 1 shows the typical daily
load curve of Taipower feeder LI42, which is located at
suburban area in Kaohsiung and serves the mixture of
residential, commercial and small industrial customers.
The peak loading occurs at 11AM and 15PM.

The hourly reactive power in feeder daily load curve is
sorted in descending order to derive the daily load duration
curves as shown in Fig. 2. The base loading, peak loading
and corresponding time interval are then used to support the
design qf fixed and switched type capacitors for optimum
var compensation.

1000 • • .oad

H—I—I—I—I—I—I—I—I-

1 6 11 16 21

Fig. 1 Daily load curve of feeder LI42

Fig. 2 Reactive power load duration curve of feeder LI42

3. FORMULATION OF CAPACITOR
PLANNING PROBLEM

In this paper, both fixed and switched type capacitors
are used to compensate the reactive power flow along the
feeder. The fixed type capacitors is determined according to
the base loading and supply the reactive power all the time,
while the switched type capacitors are installed and
switched on and off to supply the reactive power according

7 3 9



to the feeder load duration curve. The objective function for
these two type capacitors are formulated separately.

3,1 Fixed Type Capacitor Planning

The objective of capacitor planning is to find the
proper capacitor size, and installation location along the
feeder so that (1). the real power loss during peak load
period, (2). the total energy loss over study period, (3). the
capacitors equivalent installation cost can be minimized
while the operation constraints are met. The objective
function for the fixed type capacitors is therefore expressed
as Eq. (1). The coefficients in the equation are summarized
in Table 1. Here, the coefficient Kc is approximated by
taking the fixed type capacitor cost divided by its
expectation lifetime, which is assumed to be 15 years in
this study.

With respect to the constraints in this paper, the bus
voltage limit can be simplified by the voltage variation after
reactive power compensation, AVi, which is related to the
capacitor injection current and may be expressed as Eq. (4)

(4)

From view point of practical implementation, the
capacitors rating in the objective function is confined to be
the actual discrete size.

3.2 Switched Type Capacitor Planning

In this study the objective function of reactive power
planning by including the switched type capacitors is
expressed as Eq. (5).

Minimize : F = KP& + K.EUa + KCQC

Subject to;

t/tmn ^

(1)

Table 1. Cost coefficients in ob ective function
Kp($/KW-year)

110.6
Ke($/KWH)

0.04
Kc($/KVAR-year)

0.36

The hourly power loss can be expressed as function of
capacitor rating as shown in Eq.(2) and the energy loss is
defined as the summation of the hourly real power loss
during study period in Eq. (3).

=1 j=i

At I

V.
-VTS

rRi Li-»

(2)

(3)

i-l t-NT+l

where NT is the time duration when the switched capacitor
is committed.

4. PRACTICAL CAPACITOR PLANNING
4.1 Sensitivity Index

The solution procedure for the optimization of
capacitors planning will become very complicated and
difficult to solve if all the variables (size, location, and
switched time of capacitors) are considered simultaneously.
In this paper, the sensitivity index is applied to select the
locations where the capacitors should be installed to achieve
the largest loss reduction. The sensitivity index is obtained
by placing one unit capacitor (300kvar) at each bus along
the feeder and examining the amount of real power loss
reduction.

Since the daily load curves of distribution feeders
differ from each other and vary in a wide range, a practical
capacitor planning is proposed to properly compensate
reactive power flow over daily load curve. The proposed
method is divided into two solution stages. The first stage is
to solve the size, location of fixed type capacitors according
to the base load of reactive power curve while the second
stage is to determine the size, location, and switched time of
switched type capacitors according to the reactive power
duration curve.

4.2 Procedure of Fixed Type Capacitor Planning

step 1. Derive the reactive power load duration curve by the
typical load curve.

step 2. Based on the minimum reactive power load,
(LDC)min> t n e P° s s i b l e alternatives of capacitor
rating may be determined. Four types of capacitor
rating - 300, 600, 900, and 1200 KVAR are available
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for reactive power compensation in Taipower
distribution feeder. Hence the required compensated
rating are the multiple N of 3 00 KVAR.

N =
300

(6)

From (LDQnjjn and N obtained, the possible
alternatives for fixed type capacitor ratings can be obtained
as shown in Table 2. For example, if 3.5 < N < 4 .5 , it
requires 1200 KVAR capacitors rating for reactive power
load compensation. There are two alternatives with two sets
of (600, 600), (900, 300) KVAR, and one alternative (600,
300, 300) KVAR if three sets of capacitors to be installed.
step 3. For each alternative in Table 2, three-phase load

flow is executed to calculate sensitivity index of
system loss to determine the installation location for
each set of fixed type capacitor.

step 4. Compute total system cost for each alternative and
select the one with the lowest cost.

Table 2 Possible alternatives for fixed type capacitors planning
N

N<0.5
0.5gN<1.5
1.5^N<2.5
2.5gN<3.5
3.5^N<4.5

4.5SN<5.5

5.5 SN

Total
rating

(KVAR)
0

300
600
900
1200

1500

1800

One set
(KVAR)

0
300
600
900

1200

-

Two sets
(KVAR)

(300,300)
(600,300)
(600,600)
(900,300)
(1200,300)
(900,600)
(1200,600)
(900,900)

Three sets
(KVAR)

-
-

(300,300,300)
(600,300,300)

(600,600,300)
(900,300,300)
(600,600,600)
(900,600,300)
(1200,300,300)

4.3 Procedure of Switched Type Capacitor Planning

step 1. Applying sensitivity index to select installation
location for each switched type capacitor,

step 2. Adding one unit set capacitor to calculate the cost
change of the objective function, A cost and to
determine the switched time duration. If Acost < 0,
go to next step, else repeat the process of reactive
power compensation.

step 3. Calculate the total system cost TOTALCOST(k) for
the k-th set capacitor during the time period
obtained in step 2. If the change of total cost is
larger than zero, return to step 1 for further
compensation, else stop compensation process and
the size, location, and switched time of switched
type capacitors are obtained.

Fig. 3 shows the overall solution process to achieve
the optimum planning of reactive power compensation by
using the switched type capacitors.

5. NUMERICAL RESULTS

In this paper, a Taipower distribution feeders LI42 as
shown in Fig. 4 is selected for computer simulation to
demonstrate the effectiveness of proposed methodology. The
simplified lateral branches have been derived and whole
feeder is represented by 10 primary line segments. By
executing the computer simulation, the optimum size,
location, and switched time of shunt capacitors as well as
the cost saving are determined.

Table 3 shows the computer simulation results of
capacitor planning for the study feeder. There are two sets
of fixed type capacitors with ratings of 1200 and 600 KVAR
are installed at bus 6 and 10 respectively to fulfill the
reactive power compensation for the minimum reactive

Executing three-phase load flow to calculate sensitivity
index and determine the location of svMtchcd capacitors

Adding 1200KVAR unit capacitor and calculate
the cost chage of objective function ACOSTfJ)

YES

Calculate TOTALCOST0O after adding
1200 KVAR capacitors from t= 1 to t=t-l

TOTALCOST(K>
TOTALCOST(K-1)X)

, YES

Obtain the optimal size, location, and switched
time of k-1 sets of switched type capacitor

Fig. 3 Procedure of switched type capacitor planning

s/s
2

(

<

(

> 9

'10

• 11

3 4
Q

5 6 7 8

Fig. 4 Simplified equivalent configuration of feeder LI42
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power load period. Moreover, one set switched type
capacitor of 1200 KVAR rating is installed at bus 4 to
compensate the reactive power flow from 8 AM to 24 PM.
Table 4 represents the loss reduction and cost benefit of
feeder LI42. It is found that the system peak load loss is
decreased from 125.7 KW to 89.6 KW, and the
corresponding cost is reduced from $38,537 to $28,452,
which means that the annual cost reduction $10,085 has
been obtained by the proposed reactive power compensation.

In this paper, Taipower reactive power planning is
executed for comparison. The capacitor installation, power
loss and the corresponding cost are solved as shown in
Tables 3 and 4. Three sets of fixed type capacitors with each
600 KVAR at bus 6, 7, 10 and one set switched type
capacitor with 1200 KVAR at bus 3 are required. Besides,
the amount of loss reduction is 26.9 KW, and the
corresponding cost is reduced from $38,537 to $31,626.
From Table 4, it is found that proposed method does provide
better reacrive power compensation than Taipower method.

Table 3 Capacitor planning for feeder LI42

better reactive power compensation has been achieved by
the proposed strategy.

Proposed
method

Taipower
method

Capacitor
type
fixed

switched
fixed

switched

Capacitor
size (KVAR)

1200, 600

1200
3*600

1200

bus

6,10

4
6.7.10

3

switched on
time

8-24

9-17

Table 4 Comparison of power loss and cost saving by
proposed reactive power compensation for feeder LI42

peak power

loss(KW)
(equivalent

cost(S))

energy loss
(KW1I)

(equivalent

cost(S))

capacitor
cost(S)

total cost

without
compensation

(1)
125.7

(13,901)

615,894

(24,636)

0.0

38.537

Taqiowcr
strategy

(2)

98.8

(10,927)

485,235

(19,409)

1,290

31,626

Proposed
strategy

(3)

89.6

(9,910)

431,311

(17,252)

1,290

28,452

loss reduction and
cost saving

OM3)
36.1

(3,991)

184,593

(7384)

-1,290

10,085

Fig. 5 shows the power loss of the system without
compensation and with reactive power compensation by
both the proposed method and Taipower method. It is found
that the system loss is varied with the typical load pattern of
the test feeder. A significant loss reduction has been
obtained by reactive power compensation. By comparing the
power loss and cost saving of two compensation methods,

(KW) pow«r lo»«
140, g w / o compensation

pT*ipow«r sathod
QPropoa«d ia*thod

1 2 3 4 5 S 7 8 9 101112131415161718192021222324
(HOUR)

Fig. 5 The system real power loss of feeder LI42

6. CONCLUSION

This paper has developed a systematic procedure for
practical feeder capacitor planning to determine the optimal
reactive power compensation strategy for distribution
systems more effectively as compared to the present strategy
adopted by Taipower system. More precisely modeling of
distribution systems has been derived so that the mutual
coupling effect between phase conductors, feeder
configuration with different laterals and three-phase
unbalance loading are all included in the three-phase load
flow analysis to enhance the accuracy of proposed reactive
power compensation. The objective function, which consists
of peak power loss, energy loss and capacitor cost, and the
constraints of bus voltage profile and practical discrete
capacitor size are formulated as the quadratic ninction of
capacitor rating at each bus. The typical daily reactive
power profile of the study feeder is derived by field test and
applied to find the load duration curve. In the first stage of
solution procedure, the size and installation location of
fixed type capacitors are determined according to the
minimum reactive power load. After that, the size,
installation location, and switched time of switched type
capacitors are solved to properly compensate the reactive
power duration pattern. During the problem solution
process, sensitivity index is applied to determine the
installation location where the lowest real power loss can be
resulted by reactive power compensation.

To verify the effectiveness of the proposed reactive
power compensation, one of the practical Taipower
distribution feeders has been selected for computer
simulation. Furthermore, the present Taipower strategy has
also been executed for comparison. The daily power loss of
the study feeder without compensation and with reactive
power compensation by the proposed method and Taipower
method respectively are solved. It is found that significant
loss reduction can be achieved by proper reactive power
compensation. By investigating the power loss and cost
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saving, it is concluded that the proposed method does
provide better reactive power compensation than Taipower
method by considering the actual feeder reactive power
duration curve and load characteristics of lateral branches of
distribution feeders.
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Abstract - In the absence of sufficient remote load
measurements, load models are needed in distribution network
analysis. There are nowadays specific measurement programs to
produce these models. The integration of the utility's various
computer systems for real time state estimation provides
valuable data for load modeling and forecasting purposes. This
paper first presents a load estimation method using typical load
measurements of the SCAD A and network modeling to estimate
the load models for a feeder. An artificial neural network
(ANN) approach to load modeling and forecasting is then
presented. The ANN analyzes the data from load estimation and
forms new load models for a utility or a district of a utility and
short term load forecasts for a feeder. The main benefit of the
ANN comes from the self learning and continuous retraining
abilities, which can be used to make the load models adaptive
to slow changes in electricity usage patterns. The results have
been tested in a utility by integrating the ANN approach to load
flow analysis.

I. INTRODUCTION

Distribution system analysis and planning are as a rule
done with the help of monitoring calculations that aim to
determine the electrical state of all the distribution networks
of the utility during peak hours of the year. Because there
are still very few remote on-line load measurements available
in modern electricity distribution networks, the loads have to
be modeled according to their annual energy consumptions.
In the past, load modeling in these load flow studies was
based on simple energy to power transformations like
Velander's formula. Nowadays customer load models (load
curves) are used. This is the case in Finland. These models
determine the load variation during the year for typical types
of customers. The Association of Finnish Electric Utilities
has carried out a long measurement program in Finland that
has made it possible to determine load curves for hourly
demands during the year for 46 customer groups. However,
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these models are general and nationwide and thus cannot
include the effect of local conditions. These local conditions
include the differences in outdoor temperatures and in the
daylight length in a country as geographically large as
Finland. For example, in Lapland the load curve for a
domestic customer should differ from the one in southern
Finland because of the great difference in the need for
lighting during the year.

Distribution management systems (DMS) that require the
integration of various computer systems are coining into use
in distribution utilities. The DMS requires integration of the
SCADA, customer information system (CIS) and network
database system (AM/FM/GIS). This integration potentiates
real time load estimation and short term load forecasting
where the measured load information can be combined with
the customer load modeling. The load information and
system analysis are needed in the DMS, the most important
functions being fault management, switching planning and
normal state optimization. [1, 2, 3, 4 and 5]

So far the enhanced knowledge of the loads in distribution
networks that comes from using typical measurements of the
SCADA system and network modeling in real time load
estimation has not been used to improve the accuracy of load
modeling and long term load forecasts. However, better
knowledge of load behavior potentiates component
dimensioning with smaller margins between the rated loads
and actual peak loads. The resulting savings in network
investments are among the most important benefits of
distribution automation. In addition, a knowledge of loads is
needed in distribution network operation planning. These
functions include network reconfiguration and capacitor
switching sequence optimization. [6, 7, 8, 9 and 10]

The objective of the paper is to present methods for using
the available load measurements to provide the utility with
more accurate load models for use in network analysis and
long term load forecasting. In the system developed each
feeder and hour is studied separately in load estimation using
the load current measurement of the feeder. As a result,
adjustments to the load curves for a specific hour and feeder
are obtained. The resulting volume of data is considerable
but it must be analyzed to find the reasons for errors in load
modeling, e.g. to distinguish the effect of outdoor
temperature from other factors. This analysis is made with
the help of an ANN. This paper presents the load estimation
method for feeders and the ANN architecture used to
determine the utility specific load models. A version of an
ANN using the estimation data for short term feeder load
forecasting is also presented.
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II. ESTIMATION OF THE LOAD CURVES

A. Network Configurator

The load estimation is implemented as part of the
distribution management system. In order to analyze the
loads of the network and to link the loads of distribution
substations to the right feeder load measurements, the real-
time topology of the radial distribution network has to be
constructed. The switching status of the circuit breakers and
disconnectors is here used together with the information on
nodes and branches available from the network database. The
states of remote controlled switches are monitored by the
SCADA and the system operator updates the states of
manually controlled switches to the support system direct.
The network configurator uses information on the
connections of network components and the switching status
of the network to update the "is-fed-from" member variable
of the network objects based on a depth-first search
algorithm.

110/20 kV

-CS)

Fig. 1. A zone of load points studied in load estimation of
one feeder.

B. Load Modeling

The types and numbers of customers at each distribution
substation and their annual energies are obtained from the
customer information system. The apparent power Sj(t) of a
customer belonging to group i at hour t can be calculated
according to (1)

S,(t) w, p, • AT(t)) (1)

where Ws is the total annual energy of customers belonging
to group i, Wj ref is a reference energy for that group, Pj is
the temperature coefficient, AT is the deviation from the
average temperature of the month and X;(t) is the model
index (KW/kWh) for group i at hour t.

C. Load Estimation

In the load estimation each feeder and hour is studied
separately. First the load flow is calculated for the feeder
according to the modeled customer group loads. As a result
the losses Si0M and total load of each customer group Sj are

obtained. In the estimation the measured apparent load of the
feeder, Zg and calculated loads of groups S: are used to find,
in the sense of weighted least squares index, the best values
for model indexes x:. In this approach only the model
indexes are estimated using the given load temperature
dependences P,. However, a linear model for load
temperature dependence is inadequate. One of the tasks of
the ANN is therefore this modeling based on the estimation
data. For simplicity, the losses Siou are assumed to remain
constant in estimation (2).

= Si + S2 + .- SB + S ^

(2)

Zfl = measured feeder load
z^.-z,, = load of customer group according to load curves
v0 = error of load measurement
v,...vn = errors of load curves

Substituting all S, with (1) and presenting the equations in
matrix form, we get the following equation for the estimated
variables xs using weighted least squares estimation (H e
Rn+Ixn, b e R 0 + 1 ) .

z = Hx + h => X* = (H^Hr'tH^-'fe - fe))

H =

W.
W . I

rtfil

W,

w.

w_
0 . , 0

txt,l

w,
().„ 0

(3)

nip

Vectors z and x consist of the measurements z, in (2) and
HKXM indexes x, in (1), respectively, and matrix R 6 Roxn is
a diagonal weight matrix having the standard errors of feeder
measurement and loads of customer groups on the diagonal.
The load curves used include the standard deviations a. that
are a measure of reliability of the modeling and a result of
measurement data analysis. The number of customers in each
group and the type of group determines the relative
uncertainty of load modeling. In the estimation, the standard
deviations are assumed to include all error sources as errors
in the classification of customers and errors in the load-
temperature dependency modeling.

D. Test Arrangements

Although our test utility, Koillis-Satakunnan Sähkö Oy
(Ltd.), has a real time DMS-SCADA interface, the load
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estimation was not done in real time. Instead, the SCADA
system collected measured information in a database for
developing and testing the load estimation methods. The data
included time stamps, measured currents of MV-feeeders,
open disconnectors and circuit breakers, bus bar voltages and
outdoor temperatures. All these values were recorded at the
same moment once an hour. The recorded load currents were
values stored in the process database at that moment. Using
average load current values would in practise have required
that the switching state remains the same during the hour, or
all changes in the switching state would have to be stored
with an exact time stamp, which would have made the
analysis very tedious.

III. THE NEURAL NETWORK LOAD MODELING

The task of the artificial neural network is to study the
data available from load estimation and find the effect of
various causal factors on the electrical load. One major
advantage is the ability of Multi-Layer Perceptron with back-
propagation learning to model complicated non-linear
relationships [11]. With the general load curves, the load-
temperature dependences of customer groups are handled in
a quite simple way using a linear model, which is the same
for each month. Using an ANN, the nonlinear dependence
can be modeled separately for different days and times of
day.

A. Utility-specific load models

Since there are always differences between feeder load
measurements and modeled feeder loads, only the systematic
errors should be detected in adjusting the load curves. This
is done using a weighted average of the relative adjustments
y, made to the same customer group load index Xj in various
feeders at hour t.

(4)

W.j is the total energy of group i at feeder j and x^ and x.
are the estimated model index and original model index of
group i, respectively. Using the weights, different load
compositions of feeders can be considered and the average
adjustments y; to customer group loads differ from each
other.

In determining the utility-specific load models, erroneous
measurements, i.e. bad data among feeder load
measurements, must be detected and these feeders cannot be
included in the study. The same is valid for feeders with big
customers that cannot be reliably categorized in any of the
customer groups used.

1) The ANN Architecture: The neural network architecture
is Multi-Layer Perceptron with two hidden layers in addition
to input and output layers. The network has 9 inputs that

J-'

consist of the following. To make learning as easy as
possible, the integer inputs are presented as binary numbers.
To present the day of the week (7 values), 3 bits are needed
and so there are 3 inputs for the day. The hour of the day
(24 values) is likewise presented using 5 inputs. The ninth
input is the outdoor temperature presented as a deviation
from the average temperature of the month and scaled to fit
the range from zero to one. Causal factors other than outdoor
temperature would increase the accuracy of load modeling
but the significance is quite small, and applying the ANN in
utilities would become too complicated. In long term
forecasting no temperature forecast is obviously available. In
this case, the average temperature can be used simply by
setting the deviation from the average temperature to zero.
However, the outdoor temperature is needed in training to
distinguish the remarkable effect of temperature from other
factors. Fig. 2 illustrates the fully connected ANN-
architecture used. In addition to inputs presented, threshold
values or biases were used for each neuron in all layers.

Input Hidden layers
nr of neurons

Output

Fig. 2. The fully connected multi-layer perceptron.

The temperature information is scaled so that a deviation
of 15 degrees gives the input value 0.9 and zero deviation
the value 0.5. The sigmoid function used in scaling is
presented in (5).

y = K (5)
1 +e -0.14«5i

Scaling the input values helps the learning process because
the activation function used in the output layer is a standard
sigmoid function giving an output from zero to one. In fact
the binary inputs do not consist of zeros and ones but of
values 0.1 or 0.9. The reason for this is that at the points
where sigmoid gives zero or one, the derivative of the
function is approximately zero, which makes the learning of
the network slow.

The output values of the ANN were chosen to be relative
modifications for each customer group load at a specific time
and temperature. This way the ANN results can easily be
utilized in existing applications using the general load curves.
In the test utility 9 customer groups were used, so the
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number of outputs was 9. The output scaling function of the
ANN is unsymmetrical because the smallest value is zero
since negative loads are not acceptable and the maximum
output is not limited. In principle the output can reach
infinite values, but output was scaled so that in normal
circumstances a very big adjustment, i.e. doubling the load
of a customer group i.e. x = 2, gives the output y = 0.9.
For this reason the output is scaled using a function
consisting of two parts, a linear part and a sigmoid part, (6)
and Fig. 3.

y = OS when x e [0,1)

1 +e-xm»
x e

0.9

0.3

I^I—i

1 ~7^ ir / 1

7
/]:::::: —

Fig. 3. The scaling function for the outputs.

Each month is handled by its own ANN so that one
model week will be generated for each month. The input data
thus contains the same weekday and hour of the day four
times at different outdoor temperatures. This makes it easier
to model the temperature dependence.

2) Training: Supervised learning is used in ANN training,
i.e. input data and correspondent known outputs are
presented in training and the weights giving the smallest
error in the outputs are searched. The error is defined using
the sum of squares of the errors of output nodes and the total
error is the sum of the error values of each training set (7).

(7)
k=l

where dk and yk are the desired output and real output of
node k with training set p. Error back-propagation is used in
training. The back-propagation is a generalized training
algorithm for multi-layer networks based on the steepest
descent method. The iterative procedure to find the optimal
weights a^ in matrix A using the partial derivatives of error
E with a momentum factor a reducing the variation of
weights is presented in (8).

T, ( - J | ) T a (Ak- (8)

In back-propagation training the error is propagated from
the output layer to hidden layers one by one. A more
comprehensive presentation can be found in references [12,
13 and 14].

Though a trained ANN can solve its task very fast,
training it with the large volume of data necessary can be
very time consuming even with modern microprocessors.
However, some methods with back-propagation learning can
be used to drastically shorten the training time. In our tests
we have used a random searching method to find good values
for the initial weights when the ANN is trained for the first
time. Normally all weights of all the layers of the perceptron
have been assigned a random value between zero and one.
Because the learning proceeds with quite small steps, the
initial weights have a considerable effect on the learning. Our
decision was to generate 50 sets of weight values, calculate
the total error of the training data with each and choose the
set giving the smallest error as initial weights.

Another method used is an adaptive learning rate by
which the learning rate is adjusted at each step to make the
learning as fast as possible without large error increases (9).

(9)

IJ+, = 1.05 • i), when -A^ < 1.00
EJ

E
J+1 = 0.70 • Tjj when ^ i > 1.04

J

Also, the weights w^ are not updated at all if the total error
grows too much so that Ej+1/Ej > 1.04. This means that the
next step taken in this iterative process is shorter than the
earlier ones.

Figs. 4 and 5 present the total error and learning rate
durinj the 4000 iterations used in training.
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Fig. 4. The total error E during training.

In the beginning the learning rate increases considerably
and the error is fast reduced. In the end the learning rate is
reduced, i.e. the step size is lessened to find the best values
for the weights. If the learning rate were constant, it would
have to be small enough to ensure convergence and learning
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would be slow. In this case the error curve would be quite
smooth, without the spikes found in Fig. 4.

Fig. 5. The learning factor r| during training.

3) Continuous retraining: One major benefit of the neural
network based load modeling is that the self learning abilities
of ANN can be utilized to make the modeling adaptive to
slow changes in electricity usage patterns. Adaptivity is a
good alternative to a long measurement program organized to
update the load models. This is quite expensive and cannot
be justified very often. The adaptivity is achieved by
retraining the ANN year by year as new load measurements
of a month become available. In retraining, the weights
determined in previous training can be used as initial values,
which makes the retraining quite effective. The appropriate
amount of training data is the data for the past two years. In
other words when a new set of data for January 1995
becomes available, the oldest set for January 1993 is
removed from the training data.

B. Short term forecast for a feeder

Almost the same ANN is used to form a short term load
forecast for a feeder. This kind of forecast can be used to
optimize capacitor switching sequences, etc. For operational
planning a one week forecast (168 hours) is needed. To be
applicable, the load forecast should also be usable when there
are some changes in the switching state of the feeder, e.g.,
some branches are to be fed by another feeder, since the
switching state is quite dynamic in MV-networks. For this
reason direct load measurements cannot be used in this
forecasting either. However, in short term forecasting the
recent feeder specific load mesurements can be used to
achieve greater accuracy when the estimated load of a feeder
S" divided by modeled load S (x = S'/S) at the respective
hour of the past week is used as input. The only output of
this ANN is the adjustment needed to the modeled load of
the feeder. Naturally the accuracy is proportional to changes
in the numbers of customers fed by the feeder.

The inputs of the ANN are as follows:
• day of the week 1...7, 3 inputs
• hour of the day 1...24, 5 inputs
• forecasted temperatures T(t), T(t-l), T(t-2), T(t-6)

• load estimation results of last week x(t-168), x(t-169) and
respective temperatures T(t-168), T(t-169)

Above t is the hour of the week to be forecasted.

D. Test results

The ANN load modeling results are integrated to load
flow analysis implemented in C+ + language. The loads of
the customer groups at each distribution substation (20/0.4
kV) are calculated with the general load curves in the
ordinary way. The only difference is that the model index Xj
of a group is adjusted by the ANN of the respective month.
The modeling accuracy was tested with a week that naturally
was not part of the training data.

si
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-*-Load curves
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Fig. 6. Test results of utility specific load models.

1) Utility-specific load models: In this test only
information on the day, hour and outdoor temperature was
used. Real temperature information measured in the area was
used, thereby avoiding the effect of errors in temperature
forecasts. Fig. 6 presents the test results of load flow
calculation for a feeder called Purula. The average absolute
relative error for the week was 19.17% with the general load
curves and with models adjusted by ANN 10.78%.

2) Short term forecast: In these tests the load and
temperature measurements from the respective hours the
previous week were also used. The forecasting accuracy as
an average absolute relative error during the week improved
from 19.17% (with load curves) to 8.03%. The error is only
a little less than in the utility-specific models. One main
reason is that the random component of the load is quite
remarkable and cannot be forecasted. However, because the
training data consents only the feeder considered, there are
none of the systematic errors that seem to occur in the
mornings in Fig. 6.

IV. CONCLUSION

Distribution load estimation is an automation function that
requires the real time or near real time integration of the
utility's computer systems. When the integration and real
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time estimation methods are implemented, the results can be
used b a distribution management system to support
distribution network operation. However, the data of load
estimation is very valuable for many functions in which a
better understanding of load behavior can be utilized. Among
these functions are pricing and tariff planning, and network
investment planning. Load estimation and modeling are very
profitable for a utility since they can be done with existing
load measurements. Of course, additional measurements in
distribution networks can be used and will increase the
accuracy.

This paper presented artificial neural network based
methods that process the estimation data to a form that can
be used in network planning and operation tasks. The
methods are designed so that applying the results is as easy
as possible with the existing AM/FM/GIS systems used for
network planning. The most challenging part in implementing
the methods in distribution companies is, in addition to
computer system integration, storing the data from real time
load estimation and training the artificial neural network year
by year.
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Abstract—Today's electric power distribution systems are
complex large-scale systems changing in time and area.
Physical phenomena occurring in a distribution system during
transmission and distribution of electrical energy are caused by
many different processes proceeding in the system and its
environment. Quantitative description of the phenomena
occurring in the system by analysis of all possible relationships
between these phenomena and processes is, in practice,
impossible. The principles describing the behavior of random
phenomena may be determined by probabilistic and statistical
analysis only. The purpose of this paper is to demonstrate the
method of probabilistic analysis in radially operated power
distribution systems.

I. INTRODUCTION

Physical phenomena occurring in a power distribution
system during distribution and utilization of electrical energy
are caused by many different processes proceeding in the
system and its environment. Quantitative description of the
phenomena occurring in the system by analysis of all
possible relationships between these phenomena and
processes is, in practice, impossible. The principles
describing the behavior of random phenomena may be
determined by probabilistic and statistical analysis only.

As is known, power consumption is a time varying process
of random nature hence the mathematical model used for
system calculations must express quantitatively the
probabilistic nature of load variation. In such models the use
of random variables is advisable. The parameters of such
models are obtained from data acquired by observation of
load variation and the application of statistical methods.

The purpose of this paper is to demonstrate the method of
probabilistic analysis in radially operated power distribution
systems.

Paper SPT PS 24- 06- 0662 accepted
for presentation at the IEEE/KTH
Stockholm Power Tech Conference,
Stockholm, Sweden, June 18-22,1995

II. BASIC ASSUMPTIONS

The loads at the buses of the power distribution system
vary in time as a result of both periodic changes of human
activities and the influence of many factors which may be
considered to be random phenomena. The theoretical
analysis of the process of load generation at the system buses
as well as empirical research lead to the conclusion that the
density of the joint probability distribution of the active and
reactive load received at the system bus can be, at a given
moment of time, approximated by two-dimensional normal
distribution [3]:

1 1

(P, -£[/>])2

V[P,]
— Ir

(P, -

V\Q,)
(1)

Where:
Pj - active load received at the bus /,

Qi - reactive load received at the bus /,

E[Pj] - expected value of active load at the bus i,

~ expected value of reactive load at the bus /,

- variance of active load at the bus /,

V[Qj] - variance of reactive load at the bus /,
r - correlation coefficient between active and reactive

load at bus».

If a joint distribution of two random variables is described
by two-dimensional normal distribution, in the general case
the probability density of a module of those variables is not
submitted to a normal distribution. Nevertheless if one of
those variables is much less than the other, the distribution
function of a module of those variables can be also
approximated by a normal distribution with sufficient
precision. The reference [3] indicates that such
approximation for a module of complex power is adequate
for practical calculations if the quotient of the reactive power

7 5 0



to the active power tg9 <, 0.54, as is usually fulfilled in power
distribution systems.

AS,)"-
1

•x exp
S, -E[S,})2

lV[St\
(2)

Where:
S; — the module of the complex load received at the

bus/,
E[Sj ] - the expected value of the module of the complex

load at the bus /,
V [Sj ] - the variance of the module of the complex load at

the bus i.

Taking into consideration the above mentioned
assumptions the expected value and the variance of the
module of complex power received at system buses can be
described by the following equations [1,2,3]:

where

and

where a

(4)

(5)

PitQi (6)

is the covariance of active and reactive load

received at the bus /.

Load flow computations are a major tool for analysing the
performance of power systems. They involve evaluation of
active and reactive power flows in the system elements and of
bus voltages. For operational engineers power flow is the
basis for system calculations and for optimisation of system
control. For planing engineers, power flow influences various
factors such as transformer and cable ratings, peak load
demand periods, and capacitor bank requirements.

The load flow in a radial system is a function of system
component connections and loads. Distribution system
components are modelled by their equivalent circuits in
terms of resistance, reactance, conductance and susccptance.
Under balanced conditions a distribution system can be
represented by a single phase model. The component
interconnections constitute the equivalent circuit of a
distribution system. Loads are normally specified by their
active and reactive power requirement assuming that they are
unaffected by small variations of voltage and frequency
during normal steady-state operation. Taking into
consideration the above mentioned circumstances the power
flow in a radially operated system can be calculated with

satisfactory accuracy for practical implementation from the
following relationship [4]:

s ' = D r S (7)

where:
S'-nxl-dimensional vector of complex power flow

in system branches,
S - nx 1-dimensional vector of complex power received

at system buses,
D - nxn-dimensional branch-path incidence matrix,
n - the number of system buses (without the root node).

With the assumption of a constant value of the power
factor in power distribution systems of medium voltage [4] it
is possible in (7) to replace the vector of complex power S
received at system buses by a vector of modules of those
powers S.

S '=D T S (8)

In many cases of power distribution system optimisation
calculations, active load losses are assumed as a criterion
function. The optimisation is to reduce power and energy
losses in lines and transformers. An extensive review of
optimisation methods in power distribution systems is
contained in the reference [4], Active load losses in a radially
operated distribution system can be approximately calculated
from the following equation:

U2
(9)

where:

AP - total active load losses in the system,
Un - rated voltage of the power distribution system,
R -- nxn-dimensional matrix of system branch

resistances.

III. PROBABILISTIC ANALYSIS OF POWER FLOWS
AND LOAD LOSSES

It is evident from (8) that power flows in system branches
are a linear combination of loads received at the system
buses. Taking into consideration results shown in Section II
of this paper it is acceptable to assume that power flow in a
given branch of the distribution system can be described by
normal distribution with the expected value E[S'O and
the variance V[S*il. The parameters of the probability
distribution of a power flow in branch j are given by the
following equations:

(10)
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(11)

/=1 *=/+!

where:

E\Sj I - the expected value of the module of the complex
. , power flowing in the branch /,
iJ J ~ ^ e exPected value of the complex power module
, ,, received at the bus/,

V\Sj - the variance of the module of the complex power
, , flowing in the branch /,

V\Sj J - the variance of the complex power module received
at the bus/,

asi,Sj ~ the covariance of modules of complex power received
at buses / and/ at the same moment of time,

dij - the element (i, j) of the matrix D.

According to (9) active load losses in the system are
a function of the random vector of complex power flow in the
system and system branch resistances. For each branch of the
system the active load losses can be calculated from the
following equation:

n —Ui
-Ri (12)

where Ri is the resistance of branch /.

Taking into account (8), (9) and (10) the expected value
and variance of active load losses in the given branch / of the
system can be stated from the following equations:

320

D-
550

220
•93

480

1890

(13)

(14)

The active power loss in the whole distribution system is
the sum of the losses in the particular branches. Hence the
expected value and the variance of active load loss in the
whole system can be calculated from the following equations:

(15)

y=i
Z-r (16)

where a^ ^ is the covariance of active load losses in

branches / and/.

The main difficulty in operational practice is the accurate
determination of the loads at receiving buses and the
parameters of their probability distribution.

IV. COMPUTATIONAL EXAMPLE

The application of probabilistic approach to the analysis of
power distribution systems is demonstrated by solving a radial
power flow problem. The load flow study was tested on a simple
radial network (Fig. 1). This network includes 17 nodes and
16 branches.

800

11

450

450 6 390

360

600

I 570

13 15

570

330

• 8 1 0

840\

16

L J - supplying bus

7 520 W 9

- receiving bus 111 • length of line in m

Fig. 1. Diagram of sample radial distribution system of 15 kV
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TABLE 1.
ACTIVE AND REACTIVE LOAD RECEIVED AT SYSTEM BUSES

Bus

3
4
5
8
9
12
13
14
15
16

^ }
[kW]
180
365
94
54
135
3C0
460
230
390
155

o Pi [kW]

v = 0,l
18,0
36,5
9,4
5,4

13,5
30,0
46,0
23,0
39,0
15,5

v = 0,3
54,0

109,5
28,2
16,2
40,5
90,0

138,0
69,0

117,0
46,5

£[Qi]
[kvar]
69

146
39
21
54

126
175
92

163
59

(TQI [kvar]

v = 0,l
6,9

14,6
3,9
2,1
5,4

12,6
17,5
9,2

16,3
5,9

v = 0,3
20,7
43,8
11,7
6,3

16,2
37,8
52,5
27,6
48,9
17,7

TABLE 2.
COMPLEX LOAD RECEIVED AT SYSTEM BUSES

Bus

3
4
5
8
9
12
13
14
15
16

E[St] [kVA]*

v=0,l
rPi,Qi

0
192,99
393.59
101,90
58,01

145,57
325,80
492.71
248,01
423.23
166,03

0,5
192.88
393,35
101.83
57,97

145.49
325,59
492,44
247.87
422.96
165,94

1
192,77
393,12
101,77
57,94

145,40
325,39
492.16
247.72
422,69
165,85

v = 0,3
rPi,Qi

0
194,77
397,44
102.95
58,55

147,00
329,22
497,20
250,44
427,64
167,55

0,5
193,80
395,34
102,38
58,25

146.22
327,36
494,75
249,12
425,24
166,72

1
192,77
393,12
101,77
57,94

145,40
325,39
492,16
247,72
422,69
165,85

erst ikVA]

v = 0,l
rPi,Qi

0
16,98
34,30
8,81
5,09

12,69
28,07
43,42
21,61
36,51
14,63

0,5
18,16
36,88
9,51
5,45

13,64
30,38
46,40
23,24
39,48
15,63

1
19.28
39,31
10,18
5,79

14,54
32,54
49,22
24.77
42,27
16,58

v = 0,3
rPi,Qi

0
50,71

102,42
26,28
15,19
37,88
83.79

129,69
64,54

108,97
43,70

0,5
54,29

110,24
28,43
16,29
40,77
90,78

138,72
69,47

117,98
46,74

1
57,83

117,94
30,53
17,38
43,62
97,62

147.65
74,32

126,81
49,75

The expected values and standard deviations of active and
reactive power demands at each of the receiving nodes are
presented in Table 1. It was assumed that the quotient of the
reactive power to the active power is closed to 0.4 (tgcp « 0.4).
The standard deviations were calculated for two values of
variation coefficient (quotient of the standard deviation and
the expected value): v = 0,1 and v = 0,3.

The expected values and standard deviations of the
modules of the complex power received at the system buses
were calculated for three different values of the correlation
coefficient of active and reactive load received at the given bus i:

%Qi~ 0> rPj.Qi= 0 > 5 a n d r P - Qi=l' T h e reSultSOf c a I c u l a u o n s

are presented in Table 2.
On this basis the power flows in each branch of the system

were calculated. The standard deviations of the power flow in
system branches were calculated for three different values of
the correlation coefficient of load at different buses i and./:

/•„ e = 0, rc <. = 0,5 and rc c = 1. It was assumed that the cor-

relation coefficient of active and reactive load received at the
given bus / is equal to 1 (rp 0, = 1). The results of calculations
are presented in Table 3. " '

As a result the power losses in each branch and the total system
losses were calculated. To calculate the standard deviations it
was assumed that the correlation coefficient of load at different
buses equals 1 (rs s = 0). The results of calculations are pre-
sented in Table 4 and 5.

This example is used here only to illustrate the output from
calculations where the probabilistic approach is applied. The
effect of altered values of variation coefficient and coefficient
of correlation between different quantities can be clearly seen
in the calculation results.

The probability concept underlines the influence of
uncertainty in input data on the outcome of the calculations
and indicates the possible effect on the accuracy of the power
distribution systems analysis.
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TABLE 3.
COMPLEX LOAD FLOW IN SYSTEM BRANCHES

Branch

0 - 1
1 - 2
2 - 3
2 - 4
1 - 5
5 - 6
6 - 7
7 - 8
7 - 9
6 - 10
10-11
11-12
11-13
13-14
13-15
10-16

£J5;] [kVA]

v = 0,l

rPi,Qi

0
2547,84

586.57
192,99
393,59

1961,26
1859,37
203,58
58,01

145,57
1655,79
1489,75
325,80

1163,95
248,01
423.23
166,03

0,5
2546,33

586,23
192,88
393,35

1960,09
1858,26
203,46
57,97

145,49
1654,80
1488,86
325,59

1163.26
247,87
422,96
165,94

1
2544,81

585,89
192,77
393,12

1958,92
1857,15
203,34
57,94

145,40
1653,81
1487,96
325,39

1162,57
247,72
422,69
165,85

v = 0,3

rPi,Qi

0
2572,75

592,21
194,77
397,44

1980,54
1877,59
205,55
58,55

147,00
1672,04
1504,50
329,22

1175,28
250,44
427,64
167,55

0,5
2559,19

589,14
193,80
395,34

1970,05
1867,68
204,48
58,25

146,22
1663,20
1496,47
327,36

1169,11
249,12
425,24
166,72

1
2544JS1

585,89
192,77
393,12

1958,92
1857,15
203,34
57,94

145,40
1653,81
1487,96
325,39

1162,57
247,72
422,69
165,85

as<, [kVA]

v = 0,l rPi>Qi=l

rsi,sj

0
91,77
43,78
19,28
39,31
80,65
80,01
15,65
5,79

14,54
78,46
76,69
32,54
69,44
24,77
42,27
16,58

0,5
148,73
47,92
19,28
39,31

120,30
115,86
16.94
5,79

14,54
107,03
99,73
32,54
83,64
24.77
42,27
16,58

1
189,27
51,72
19,28
39,31

149,80
142,99

18,14
5,79

14,54
129,44
118,37
32,54
95,76
24,77
42.27
16.58

v = 0,3 rPi Q; = 1

rSi,Sj

0
275,31
131,35
57,83

117,94
241,96
240,03
46,96
17,38
43,62

235,39
230,07

97,62
208,33
74,32

126.81
49,75

0,5
446,20
143,75
57,83

117,94
360,90
347,58

50,83
17,38
43,62

321,08
299,19
97,62

268,68
74,32

126,81
49,75

1
567,80
155.16
57,83

117,94
449,39
428,97

54,43
17,38
43,62

388,31
355,10
97,62

287,27
74,32

126,81
49,75

TABLE 4.
LOSSES OF ACTIVE LOAD IN SYSTEM BRANCHES

Branch

0 -1
1 -2
2 - 3
2 - 4
1 - 5
5 - 6
6 - 7
7 - 8
7 - 9
6 -10
10-11
11-12
11-13
13-14
13-15
10-16

E[jSPt] [kW]

v = 0 ' l ip i > Q i = l
rSi,Sj

0
13,50
0,63
0,03
0,19

27,51
5,89
0,06
0,01
0,04
4,05
3,78
0,23
4,11
0,14
0,39
0.03

0,5
13,53
0,63
0,03
0,19

27,57
5,90
0,06
0,01
0,04
4,06
3,79
0,23
4,12
0,14
0.39
0,03

1
13,56
0,63
0,03
0,19

27,62
5,91
0,06
0,01
0,04
4,06
3,80

L _ 0 , 2 3

4,12
0,14
0,39
0.03

v = 0,3 rPiQi = l

rSi,Sj

0
13,65
0,66
0,03
0,20

27,88
5,98
0,06
0,01
0,05
4,12
3,86
0,25
4,23
0,15
0,42
0,04

0,5
13,90
0,66
0,03
0,20

28,40
6,08
0,06
0.01
0,05
4,19
3,93
0,25
4,31
0,15
0,42
0,04

1
14,16
0,67
0,03
0,20

28,91
6,19
0,06
0,01
0,05
4.26
3,99
0,25
4,34
0,15
0,42
0,04

o-Aft- [kW]

v = 0,1 rPi>Qi=l
rSi,Sj

0
0,973
0,093
0,006
0,038
2,262
0,507
0,009
0,002
0,008
0,383
0,389
0,046
0,490
0,028
0,077
0,007

0,5
1,578
0,102
0,006
0,038
3,376
0,734
0,009
0,002
0,008
0^523
0,506
0,046
0,590
0,028
0,077
0,007

1
2,009
0,110
0,006
0,038
4,206
0,906
0,010
0,002
0,008
0,633
0,601
0,046
0,676
0,028
0,077
0,007

v = 0,3 rPi iQi=l
rSi,Sj

0
2,927
0,283
0,019
0,115
6,810
1,525
0,026
0,007
0,026
1,156
1,174
0,140
1,479
0,086
0,237
0,021

0,5
4,766
0,311
0,019
0,115

10,205
2,219
0,029
0,007
0,026
1,583
1,532
0,140
1,918
0,086
0,237
0,021

1
6,093
0,336
0,019
0,115

12,765
2,751
0,031
0,007
0,026
1,923
1,826
0,140
2,054
0,086
0,237
0,021
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TABLE 5.
TOTAL LOSSES OF ACTIVE LOAD IN SYSTEM

E[AP] [kW]

cjtf [kW]

v = 0,1 rP i i Q i=l

rsi.sj = 0

60,60

rsi.sj = 0,5

60,72

r S i , S j = l

60,84

v = 0,l rP i j Q i = l r s i S j = O

rAPi,APj=0

2.62

rAPi,APj~°>5

4,19

rAPi.APj~ '

5.32

v = 0,3 rPKOi=l

*Si,Sj = 0

61,58

rsi,sj = 0,5

62,69

• S i . S j = l

63,73

v = 0,3 rpiQj = l rsiSj=O

rAPi.APj=0

7,90

rAPi,APj-°'5

12,64

rAPi,APj~ *

16.03

V. CONCLUSIONS

It is seen from the considerations and relationships
mentioned above that the analytical determination of values
of the basic parameters of probability distributions describing
both the power flows and load losses in the system branches
and the whole system may be difficult for real power
distribution systems. A knowledge is required of many
statistical characteristics describing the properties of loads
and of elements of the power distribution system and many
simplifying assumptions arc required on load properties and
on forms of probability distribution.

The deficiency of measured data to be used in the load
models is often very apparent in distribution systems. In
order to express the uncertainty in such situations the use of
the statistic compensation of the deficiency' of measurement
is applied.

It must be noted that although the probability theory
provides a good framework for analysis of power distribution
systems, the practical application of models presented in this
paper needs extensive sets of the statistical data from the past
or alternatively some subjective probability distributions for
the data concerned must be assigned [5]. In many cases there
is no historical or empirical data available. Also the concept
of subjective probability may be somewhat difficult for utility
engineers to understand. However, the probabilistic approach
assists in providing better comprehension of the processes
occurring in distribution systems and in improvement of the
quality of the input data used in system calculations.
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Application of Decision Support Systems to
Power Distribution System Planning

M. El-hami
Iran University of Science & Technology
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Abslract-This paper is concerned with a decision
support system for distribution system planning
(DSS for DSP). It begins with an overview of
evaluation and decision making problems facing a
distribution system planner in relation t o
distribution substation site selection. The
implementation of the system based on well known
multiple objcctivesfmuUiplc attributes method for
the purpose is then discussed. The system makes use
of a multi screening procedure utilizing different
requirement specifications. The DSS for DSP can
assist distribution system planners, using graphical
results, to choose an optimal solution out of a
given set of alternatives.

I. INTRODUCTION

Artificial Intelligent (AI) methodologies such as expert
systems (ES) and knowledge-based systems (KBS) have been
effectively applied and used to tackle a host of problems in
power systems. Protopapas et al [ 11 have developed an expert
system for substation fault diagnosis and alarm processing. A
protective device coordination expert system software which
helps electric distribution engineers correct miscoordinated
protective device Pairs has been presented by Hong et al [2).
The important role of human experts in locating distribution
system faults has motivated recent work on the application of
expert systems to this field |3-6|. However, decision support
systems (DSS) have had little or no application in power
systems and in particular distribution system planning which
this paper is concerned about.
Electrical distribution system planning is essential to ensure
that growing demand for electricity in terms of increasing
growth rates, high load densities etc. can be satisfied in
optimum way by additional distribution systems from the
secondary conductors through the bulk power substations.
These factors and many others such as service continuity,
power losses, service reliability, load predictions, substation

Paper SPT PS 24- 08- 0420 accepted
for presentation at the IEEE/KTH
Stockholm Power Tech Conference,
Stockholm, Sweden, June 18-22,1995

expansion etc. put the problem of optimal distribution system
planning beyond the resolving power of the unaided human
mind [7,8]. In this connection, many electrical distribution
system planners in the industry utilize computer programmes
such as load flow programmes, total surge impedance
calculation programmes as well as other tools for load
forecasting, voltage regulation, etc. to perform the tedious
calculations necessary for system analysis. However, in
general the overall concept of using the output of each
programme as input for the next programme in not in use. It
should also be noted that at certain points, the human
engineer must evaluate the information generated, balance
judgements about uncertainties and add his or her preferences
for possible consequences or outcomes. Therefore, in this
paper the development of a decision support system applicable
to distribution system planning is discussed. The system
would ease the important task of evaluation and decision
making involved in distribution substation site selection. The
implementation of the DSS for DSP based on multiple
objectives/multiple attributes [9| is detailed. A multi
screening procedure based on a systematic and convenient
classification of requirement specifications has been adopted
throughout the evaluation and decision process. Finally
graphical results to demonstrate the degree of assistance that
can be offered to distribution system planners are presented.

II. DISTRIBUTION SUBSTATION SITE SELECTION

One of the most important and major activities involved in
any distribution system planning process is distribution
substation site selection. The number and complexity of the
coasiderations affecting substation siting has considerably
increased the need for industries for better tools to evaluate the
consequences of various proposed sites. Fig. 1 shows some of
the factors influencing substation siting. The distance from
load centres, availability of land and feeder limitations as well
as other factors, not shown, such as locations of existing
subtransmission lines and other substations are important.
Fig. 1 also shows how some of these factors are further
affected by other considerations and limitations. For instance,
as one would expect, load forecast is very much dependent on
the community and its development. Geographical factors,
alternative energy sources, etc. all serve as essential input to
the forecast procedure. Therefore, it should be appreciated that
in order to select a substation site from a set of candidates, a
large number of factors should be considered.
The substation siting process adopted here is based upon a
two-screen procedure as shown in Fig. 2. For this reason, the
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factors influencing substation siting have been categorised as
functional and non-functional considerations. The latter
category which is concerned with quantitative evaluation
includes considerations such as safety, economics, engineering

anil the like. The former category is concerned with qualitative
evaluation and consists of load forecast, closeness to the load
centres etc. The initial screening as shown in Fig. 2 is applied
by using the non-functional considerations, resulting in
elimination of some candidates. The remaining candidates are
next evaluated according to functional considerations by
passing through the second screen. This would result in
candidate sites proposed for further and detailed studies. The
emphasis put on each category of consideration considered
may change from level to level and utility to utility. Hence,
the categories may be applied to any screening level in any
preferred order.

111. EVALUATION AND DECISION MAKING OVERVIEW

Evaluation is the determination of the degree to which a
candidate fulfils and satisfies the required objectives. A
common method used for evaluation is the part/whole
percentaging method know as P/G% [10]. A leading
alternative to this approach is the Analytic Hierarchy Process
(AHP) [11], and another widely used method is that offered by
Bui which is called the Electre method [12]. However, a
world-wide and extensively used method is MultiAttribute
Utility Theory (MAUT) [13]. This arises from the classical
precepts of perfect rationality, utility maximisation and
predictability of aggregate phenomena. The human preferences
can be taken into account and expressed in terms of real
numbers rather than in linguistic expressions. The decision
problem that normally meets a distribution system scanner is
characterised through multiple conflicting attributes which
may be poorly measurable and uncertain in their outcomes.
Decision aiding software can take a variety of forms. The
most common list includes decision-tree software, linear-
programming software, statistical software, spreadsheet-based
software, rule-based software and Multi-Criteria Decision
Making software (MCDM).

IV. DECISION EVALUATION PROCESS

In previous section various evaluation methods and decision
making softwares were described. For this work it is deemed
that any spreadsheet-based programme (Lotus 123, excel or
even a self-written progranuue) can best suit the application.
The procedure used lias been adopted from the well known
multiple objectives/multiple attributes method [9] and
operates as follows. An evaluation matrix as shown in Fig. 3
in which alternatives or candidates occupy the columns and
the attributes (functional and/or non-functional considerations)
occupy the raws is produced. The input to this matrix is the
output from other numerical programmes after being
converted into utility points via an interface programme. The
utility points represent the preference of one candidate over
another with respect to each attribute. Utility points for
different candidates in relation to each attribute are calculated
with respect to the highest preference with a utility point of
10. For instance, in the case of attribute economics, the least
expensive candidate is allocated the highest utility point and
other candidates arr valued accordingly. Utilizing such an
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evaluation matrix, the user can be provided with graphical
results illustrating a full comparison of all candidates with
respect to different attributes. Graphical results are very useful
in the sense that users can visualise data in a more efficient
and quick way. Moreover, whether an individually tailored
programme or a spreadsheet-based software is used, the user
can be given the option of inputting a weighting factor for
any particular attribute to represent any personal degree of
preferences, e.g. company policy etc. These weighting factors
are then used to calculate new utility points and consequently
produce new results. The total or resultant utility point for
each candidate, taking all attributes into account, is calculated
using the equation (1).

Tx. = W X.
J

m (1)

In (1), Tx corresponds to total or resultant utility point, x
represents individual utility point and w is the weighting
factor.

A. Example

In order to demonstrate the degree of usefulness of the DSS
for DSP, five substation site candidates named site 1 to site 5
have been considered. The attributes chosen are safety,
engineering and economics for non-functional considerations
and load density, load forecast and closeness to load centres for
functional considerations. Fig. 4 shows the comparison of
candidate sites with respect to non-functional considerations.
This clearly illustrates that site 2 is the most economic
candidate and from engineering point of view site 1 is the
least preferred substation site. In Fig. 5, taking all attributes
into account, all candidate sites are compared with each other.
It is clearly seen that, sites 2 and 5 are preferable to sites 3
and 4 and site 1 is the least preferred candidate. The
corresponding results of those of Figs 4 and 5 according to
functional considerations are shown in Fics 6 and 7

12.5
Site 1

Site 2

Safety Engineering Economics

Non-functional attributes

Fig. 4. Comparison of candidates with respect
to non-functional attributes

25-1

Sitel Site 2 Site 3 Site 4 Site 5

Fig. 5. Evaluation of candidate sites with respect
to non-functional attributes

respectively. Fig. 8 illustrates the comparison between sites
with all functional and non-functional considerations taken
into account. In this case, the user can see that sites 5 and 2
are the two most preferable sites and site 3 is the least
preferred one. To include and demonstrate the degree of human
preferences, consider certain circumstances under which "ist is
not an over-riding factor. In this case, the corresponding
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site 1

Load density Load forecast CLC

CLC = Closeness to load centre

Functional attributes

Fig. 6. Comparison of candidates with
respect to functional attributes

Site 1 Site 2 Site 3 Site 4 Site 5

Fig. 8. Evaluated candidate sites with
respect to all attributes

2 0 -

S
PS

1 0 -

5 -

Site 1 Site 2
r

Site 3 Site 4 Site 5

Fig. 7. Evaluation of candidate sites with
respect to functional attributes

20-i

3
£4

Site 1 Site 2 Site 3 Site 4 Site 5

Fig. 9. Evaluated sites with respect to non-functional
attributes and elimination of cost effect

results of those of Figs 5 and 8 are shown in Figs 9 and 10 suitable candidate and site 3 is the second most preferred one.
respectively. Comparison of Figs 9 and 5 clearly demonstrate Similarly, comparing Fig. 8 with Fig. 10 yields that with
that with elimination of cost effect, site 5 is now the most elimination of cost effect site 4 is now preferred to site 2.
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Site 1 Site 2 Site 3 Site 4 Site 5

Fig. 10. Evaluated sites with respect to all
attributes and elimination of cost effect

V. CONCLUSIONS AND DISCUSSION

In this puller, the need for computer support and its
application in distribution system planning has been
discussed. A decision support system based on multiple
objectives/multiple attributes theory has been implemented
using a spreadsheet-based software. The system would ease
the important task of evaluation and decision making
associated with distribution substation site selection. The
various factors influencing distribution substation siting have
been categorised as functional and non-functional attributes.
Based on this systematic and logical classification a two-
screen evaluation and decision process for substation site
selection has been adopted. The system takes the results of
other programmes used to perform numerical analysis as its
input and allows the user to enter any degree of human and
personal preferences. Graphical outputs provided by the
system are useful in the sense that users can visualise data in
a more efficient and quick way. A prospective advantage of
such a system exists in relation to providing useful assistance
for unskilled users faced with multiple conflicting attributes
when evaluating and making decisions.
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Optimal Allocation of Sectionalizers in Radial Distribution Networks

G. Levitin Sh. Mazal-Tov D. Elmakis
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The Israel Electric Corporation Ltd.

Haifa, Israel

Abstract - A procedure for optimal allocation of
scctionalizing switches in radial distribution systems is
proposed. This procedure is aimed at minimizing
unsupplied energy caused by network failures.
Opportunities for alternative source supply made
possible by network reconfiguration arc considered.

The procedure is based upon the Genetic
Algorithm, a search technique motivated by natural
evolution. The basic operators of GA is adapted to solve
the problem considered.

I. INTRODUCTION

In an effort to improve customer service,
electrical industries have focused upon reliability. New
standards have been introduced that guarantee the quality
and reliability of electricity supply. In response to the
pressure of new requirements, companies have embarked
upon an overall strategy to improve system performance.

Failure statistics show that medium voltage
distribution systems make the greatest individual
contribution to the unavailability of supply to a customer
[1,2]. Hence, in order to significantly improve overall
system performance, investment emphasis should be on
distribution networks. Considerable effort has been
devoted to the reduction of unsupplicd energy (UE) in
these networks including optimal system reconfiguration
and distribution automation [3,4,5].

A typical radial distribution system consists of a
number of single feeder trec-likc networks interconnected
through tic-lines. Tic-lines contain switches that arc
usually open and are used in supply restoration or line
reconfiguration. The single feeder network consists of a
series of lines and cables connecting any load point to the
single supply source. These lines and cables are divided
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into sections by connection nodes and load points. Each
section has its individual failure rate which depends on the
type of line construction, section length, and
environmental conditions. Usually, failure rates are found
to be approximately proportionate to section lengths.

Short-circuits in each system component cause
the main feeder breaker to operate. If there are no points
where part of the system can be isolated then all customers
who are supplied through the feeder will be in an outage
state until the fault is fixed. Sectionalizing switches are
used to localize damage caused by the ftult. These
switches isolate the failed subsystem while the rest of the
system is supplied normally. When an interruption occurs,
the outage duration for an individual customer depends on
his location relative to the failure and to the sectionalizers.
Therefore the allocation of scctionalizers affects the
distribution system's reliability. Since economic and
technical factors limit the number of scctionalizcrs, their
optimal allocation will lead to the greatest possible
improvement in system reliability.

An additional application of scctionalizing
switches lies in network configuration management. A
subsystem that is disconnected from its main source of
energy may be alternatively supplied through tie-lines
connecting different feeders. The faulted section must be
isolated from both sources in order to make alternative
supply possible.

2. MATHEMA TICAL FORMULATION

The radial distribution system containing K
sections may be represented by a tree graph G in which
nodes Oj (0<i<K) correspond to connection or load points.
Since in such tree graphs each edge has a unique end
node, the edge (OJ.OJ) may be denoted as j . Edge j
corresponds to the distribution system section j . Let s(i) is
immediate predecessor of edge i if graph G contains edge
(°s(i)'°i)- T h e s e t of predecessors for each edge i is defined

S^öXfeOMfetf)))}
s(i)'

Sj contains all sections belonging to the path that
connects section i with the energy source (section 0). In
the example of a simple network presented in Fig. 1
S4=S9=S10={3,2,l,0}, S7=S15={8,0}, etc.

If there is no alternative supply in the system,
disconnection of any section jeSj inevitably causes
isolation of section i. The load flow interrupted by
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disconnecting the arbitrary section j may be calculated as
follows

jes,
where Pj is the average load of section i. Only the sections
directly connected to the load transformers have nonzero
values of P. These sections correspond to terminal edges
(leaves) in graph G.

To define L for all sections a simple procedure is
used:

1. For each i (0<i<K) set Lj=Pj.
2. For each i: P,*0 add P, to all Lj, jeSj

For the example in Fig. 1
L 4 = p 5 + p l l - L3=P5+pll+p10+p9>

L 2" p 5 + p l l + p 10 + P 9 + p 12. e t c -

Alternative source

Fig. 1. Example of a simple radial network

A. Effect ofsectionalizer allocation on total UE.

Suppose that sectionalizers have already been
allocated in the radial distribution system. For each section
i one can find the closest upstream section containing
sectionalizing switch D(i)e{S{,i}. Actually, D(i) points to
the section containing the disconnection site during the
repair process in section i. If the fault occurs in section j
with a sectionalizer installed, then D(j)=j. The system
main breaker is also considered to be a scclionalizcr. In
our example sectionalizers are installed in sections 2, 3
and 8. Therefore

D(2)=D(12)=2, D(7)=D(8)=D(15)=8,
D( 1 )=D(6)=D( 13)=D( 14)=0,

D(3)=D(4)=D(5)=D(9)=D(10)=D(ll)=3.
A short-circuit in section i causes the main

breaker located in section 0 to isolate the whole system.
After some time T s (detection of the fault and switching),
the sectionalizer in section D(i) is opened and the breaker
is rcclosed. During repair time tj, section D(i) will be
disconnected.

Now we can define the energy not supplied due to
faults which occurred in section i during the year:

where Xj is the annual failure rate in section i.
Annual unsupplied energy for the entire network

is

where tj=XjTj is the average annual failure time in section
i and

K

is the UE caused by the main breaker operation
independent of sectionalizer allocation D and, therefore,
may be neglected. To achieve the greatest UE reduction,
the sum of losses caused by local subsystem isolation
should be minimized:

K

t»Lixi)-> m i n - &

In order to compare different scctionalizer
allocations, one can estimate the annual cost of expected
losses as well as the average total annual interruption
duration per customer known as the SAIDI index [ 1]

(2)

Note that all the sectionalizing switches are
assumed in this model to be 100% reliable. The cases
when scctionalizers arc not fully reliable and when they
may cause additional short-circuits are investigated in
paper 15].

B. Effect of alternative supply on total UE.

Let us suppose that the alternative supply tic-line
is allocated somewhere downstream of the section m
containing a sectionalizer. Consider the failure that causes
operation of the closest upstream section m sectionalizer
located in section x=D(s(m)). This failure should be
located downstream of x but not downstream of m.
Therefore, after the switch in the section x is opened and
the faulted section is disconnected from the main source,
the switch in section m may be opened. This will isolate
the faulted section from the alternative source. The tie-line
switch may be closed and the supply restored for all
sections located downstream of m with total load Lm. The
annual reduction of UE caused by the faults followed by
operation of a sectionalizcr located in section x will be

Aem = Lm Z l i •
D(i)»x

In the example presented in Fig. 1, the tie-line is
allocated downstream of sections 3 and 2 containing
sectionalizers.
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For m=3 x=D(s(3))=D(2)=2, D(i)=2 for ie{2,12} and,
therefore, Ac3=L3(t2+ti2). For m=2 x=D(s(2))=D(l)=0,
D(i)=0 for ie{ 1,6,13,14}. Thus, Ae2=L2(ti +tg+t13+t 14)-

To calculate the total effect of the alternative
supply, the set of sections Q should be defined using the
following rule: section i belongs to Q if it contains a
scctionalizcr and if it lies upstream of a tie-line. Total UE
reduction for the entire network is

jeQ D(i)=D(s(j))

The load isolated by operating the switch located
in section m of a network containing alternative supply tie-
lines may be calculated as

L*m(Q)=Lm- £ L i - (3)
JEQ,D(s(j))=m

The total annual unsupplied energy and SAIDI
index for a distribution system with alternative supply may
be calculated by substituting L with L* in equations (1)
and (2).

C. Estimating reliability indices.

The following procedure calculates a reliability
indices for a network with alternative supply for a given
allocation of scctionalizcrs and tic-lines:

Step 1. Calculate average failure time tj for each
network section.

Step 2. Calculate load flow Lj for each section i .
Step 3. Define Q as a set of sections containing

scctionalizcrs and having
tic-lines located downstream.

Step 4. For each section i define L j=Lj.
Step 5. For each jeQ subtract L; from L rj)(jv
Step 6. Calculate UE and SAIDI as

E '=Zt,L*D(i ) and SAIDI = E*/L0.
i= l

The first two steps do not depend on the
allocation of lic-lincs and sectionalizers whereas steps 3-6
should be used for calculating E and SAIDI for any given
allocation. Steps 4 and 5 define loads disconnected after
each fault according to equation (3).

To calculate the reliability indices of the network,
its structure should be defined by presenting pairs (i,s(i))
for l<i<K. Average loads Pj, failure rates Xj , and
restoration times TJ should be known for each section.

III. SOLUTION METHOD.

The model suggested in the previous chapter
provides a definition of the reliability criterion value for
any given number and allocation of sectionalizers and tie-
lines. However, to obtain the optimal solution a search

strategy is needed. The total number of different solutions
to be examined in allocating Ns sectionalizers throughout
a network with K sections is K!/(K-Ns)!. Hence,
exhaustive enumeration does not meet reasonable time
limitations even for rather small problems. A heuristic
search algorithm should be chosen that uses only
information concerning tru, quality of the solution
produced by each specific allocation and does not require
derivative information. Such advanced optimization
techniques as Genetic Algorithm (GA), Simulated
Annealing, and Tabu Search [6] meet this requirement.
The unique advantage of the GA is that it provides the set
of solutions (optimal or near optimal) that may be
considered simultaneously. This is especially important
when the optimization problem is multiobjective. GA
application in sectionalizer allocation provides extension
possibilities to the problem. Additional criteria, such as
maintenance cost, may be considered.

GA has been successfully applied in various areas
[7,8,9] such as optimal reconfiguration of distribution
networks, optimal capacitor pla*...mcnt in distribution
systems, load flow problem solving, etc.

A. Genetic A Igorithm.

GA is a search technique originally inspired by
biological genetics. It ensures the proliferation of quality
solutions while investigating new solutions via a
systematic information exchange that utilizes probabilistic
decisions. This combination allows GA to exploit
historical information to locate new points in the search
space that promise improved performance.

As GA is motivated by natural selection and
evolution, its key components utilize "chromosomal"
representation of solutions. Therefore, solutions should be
coded as a finite length string (usually binary).

A detailed introduction to Genetic Algorithms
can be found in the book by D. Goldberg [10]. However, in
order to follow the algorithm developed in this paper, the
following basic steps of the GEN1TOR version of GA [11]
arc given:

Step 1. Generate an initial population of
randomly constructed solutions (strings).

Step 2. Select two solutions randomly and
produce a new solution (offspring) using a crossover
procedure providing inheritance of some basic properties
of the parent strings in the offsprings.

Step 3. Allow the offsprings to mutate with
probability pm , which results in slight changes in
offspring structure and maintains diversity of solutions.
This procedure avoids premature convergence to a local
optimum.

Step 4. Decode offsprings to obtain the objective
function (fitness) values. For the problem considered this
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entails calculating E* criterion for a given string
representing allocation of specified number of
scctionalizcrs. This criterion is a measure of quality used
to compare different solutions.

Step 5. Use a selection procedure that compares
offsprings with the worst solution in the population
(maximal UE), and selects that which is better. If the
population contains equivalent solutions following
selection, redundancies are eliminated and, as a result,
population size decreases.

Step 6. Generate new randomly constructed
solutions to replenish the population after repeating steps
2-5 M r e p times (or until the population contains a single
solution or solutions with equal quality). Run the new
genetic cycle (return to step 2).

Step 7. Terminate the GA after Mc genetic cycles.
Unlike the original GA technique, GEN1T0R

provides an evolution process to be performed within the
same population. Finally, the population will contain the
best solution achieved. It also contains variety of near
optimal solutions which may be of interest. This is
especially important when additional criteria are
considered in the decision-making process.

B. Solution representation.

To apply the genetic algorithm to a specific
problem, the solution representation, as well as the
generation, crossover, and mutation procedures and the
decoding algorithm, must be defined. Usually, GA deals
with binary strings. This representation is particularly
suitable for scctionalizcr allocation problems. Let each bit
a} (l<i<K) of string A correspond to section i of the
network and aj=l if section i contains a scctionalizer (aj=O
otherwise). The arbitrary binary string thus defines
scctionalizcr allocation and represents a solution. The
solution which contains more then Ns nonzero bits is
considered infcasiblc and discarded.

Solutions generation creates random binary
strings containing K elements.

The crossover operation for given parent strings
PI, P2, and the offspring string may be defined as follows:
first P2 is copied to the offspring, then all bits belonging to
the randomly defined fragment are copied to the offspring
from PI.

The mutation procedure simply inverts a random
bit in the string.

IV. SOFTWARE IMPLEMENTATION

The user friendly personal computer software
based on the presented algorithm was developed as a PC
Windows application. The program allows engineers to
find the optimal allocation of a desired number of

sectionalizcrs. An economics based optimization mode
that defines the optimal number of switches having a
specified installation cost is also available. The user can
specify sections where sectionalizers must (or must not) be
installed. The unsupplied energy and SAIDI index may be
evaluated for arbitrary user defined scctionalizer
allocation. Different categories of customers can be
considered with specified priority rates. The unreliability
of sectionalizers can be taken into account.

The running time for the practical problems
solved by the program did not exceed 1 minute. A set of
optimal solutions for a variety of parameters and
conditions can be obtained in a few minutes.

The program is currently in use in district utilities
of the Israel Electric Corporation.
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A New Approach on
Optimal Capacitor Allocation and Sizing

in Radial Networks

H - Berahmandpour
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Abstract: A new solution algorithm for optimal
reactive power compensation in radial distribution
networks is presented. Power loss reduction forms
the basic object for optimization, while capacitor
installation and maintenance costs are also taken
into account. The proposed algorithm has been
performed for a test system and the results are
compared with a sample test of the previous works.

Keywords: Reactive power compensation - Power
loss reduction - Radial network

1.INTRODUCTION

Optimal shunt capacitor allocation and sizing is
one of the most important concepts in radial distribution
network design. In ths most applications, power loss
minimization is the main object for optimization.
Improvement in busbar voltage regulation and system
capacity release are also valuable results of capacitive
current injection.

In some of the previous works on capacitor
location and size optimization, the objective function is
formulated in the basis of the active and reactive
components of node injected currents [1],[2].As the
active and reactive components of the current phasor
can be defined exactly with respect to the voltage
phasor direction at any point of the circuit, the reactive
components of the injected node currents can not be
added simply together.
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This completely holds for the active components in
the same way. For the same reason it can not be true
that the active components of currents are constant and
independent of the capacitive current injection along the
feeder. This fact is shown in Fig.1. Where V, I, la, lr and
lc are node voltage, node injected current, active and
reactive components of the node injected current and
capacitive injected current respectively. As in Fig.1, the
active components of node injected currents are not in
the same direction, as well as the reactive components
are not. Capacitive injected currents are not also in the
same direction with all reactive components.

Based on this difficulty, a new and improved
algorithm is presented in this paper. In this algorithm,
power loss function is formulated in the basis of the
injected active and reactive powers instead of the
injected currents. By this means the injected reactive
powers are selected as the control variables to minimize
the objective function.

Three basic types of constraints are considered in
the power loss optimization. These constraints are the
technical constraints (such as node overvoltages), the
economical constraints (such as capacitor installation
and maintenance costs) and the practical constraints
(such as capacitor place and size limitations).

Fig.1. Phasor diagram of voltage and current

2.POWER LOSS FORMULATION

In this algorithm, power loss function is expressed
in a closed form formula with respect to the active and
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reactive node powers. In this formulation, all shunt loads
and shunt admittances are modeled by constant power
loads. To approach this formulation, the one to one
correspondence between injected node currents and
branch currents in the radial network is used. This
correspondence can be expressed as the following two
equations:

/= CJ O"8)
J-C-'l (1-b)

Where I and J indicate the nods and branch
current vectors respectively (Fig .2). C is the network
indices matrix. Only in the radial network, C is
rectangular and invertible.

m+l P
Jm+1 Jp

s

Jl

I A
Ja

1 8 -

S

Jp+1
p+1

Jm

Ip+l-H
Fig.2. Node and branch currents

denotes the conjugate operator, "j" is also the complex
operator (V-1). Following this manner, power loss can be
expressed with respect to the node injected active and
reactive powers. By optimizing of this function with
respect to all analytical constraints, optimum locations
and sizes of the capacitors are determined.

Reactive power injection at each node can be
divided into two parts as the following equation:

Q,- Q,: (5)

Where Qn is the reactive load power injection and
Qe, is the reactive capacitive power injection at node i.

3. OPTIMIZATION ALGORITHM

In this step the objective function can be formed
with power loss function as the base of it. Two basic
cost functions form the objective function:

1- Power loss cost function:

={Kp+ KeT) Ploss (6)

Where K,, and K, are the present worth equivalent
conversion factors for system capacity release and
energy loss respectively. T is the study time period.

2- Capacitor installation and maintenance cost
function:

Power loss function can be formulated as the
following equation:

Ploss " J ' Rb J ( 2 )

In the above equation, "t" stands for the conjugate
transpose operator and Rb is a diagonal matrix. Each
diagonal element of this matrix is a network branch
resistance.

Based on (1-b), the above equation can be
changed as:

" l'(C-')< Rb(C-') lä I'RI (3)

The definition of the matrix R is clear from the
above equation. Finally, power loss can be expressed in
the basis of the injected active and reactive node
powers by substitution the powers instead of the
currents:

loss
= L L

vy,
(7)

In the above equation, K,, and \ represent the fix
and variable cost factors respectively. S is the set of
nodes with capacitor installation.

In this manner the objective function can be formed
by combining the above two cost functions:

KeT) P,
,oss

(8)

An important constraint which must be considered
in this optimization is the capacitor location and size
limitations. Therefore the above function must be
optimized with respect to the following set of constraints:

ieL (9)

(4)i K V. m Vk ' ' Q°C| is the prespecified size of capacitor at node i
' (e.g, zero for impossibility of capacitor installation). L is

P,Q and V are the node injected active and the set of nodes with capacitor size limitation,
reactive powers and voltage vectors respectively. "*"
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The conventional method for optimization of (8),
with respect to the constraints determined by (9), is
lagrangian multiplier method:

LG - (Kp + KJ) Ploss Ke - %

/e/l

a,,'s are lagrangian multipliers. By substitution of
Pl0S5 from (4) and Q '̂s from (5) into (10), the objective '
function is expressed with respect to 0,,'s. Two following
sets of equations, give the optimum point of the
objective function:

— =0 for all buses except reference,

tLG
»X,

ieL (11-b)

Extending these equations yields to the following
matrix form of the linear equations:

A1 A2

A3 A4 A.
(12)

Where:

20,
[cos(Gj-

A2ir\
A2, lM/ =0
A3S- 1
AS, IN =0

Brl ~=Si<
Ef

V 4/+ QS

(13-a)

(13-b)

(13-c)

(13-d)

(13-e)

(13-1)

(13-g)

(13-h)

(13-i)In the above equations E and 0 are magnitude
and phase angle of the complex voltage V respectively.
The sizes of the rectangular matrixes A1 and A4 are the
number of network nodes excluding reference node and
the element number of L respectively.

4.SOLUTION ALGORITHM

Linear set of equations (12), is the basic
optimization formula. Solving these equations by one of
the conventional methods such as triangular
factorization, gives the optimum capacitive
susceptances. If the optimum capacitive susceptances
are inserted in the network, voltage profile and following
it, the elements of A1 and B will change. For this reason,
the determined capacitive susceptances must be
corrected with the new voltage profile, This property
causes an iterative algorithm in solution of (12). This
iterative algorithm involves the following steps:

Step 1: Performing base case load flow to find
the initial voltage profile.

Step 2: Forming the matrix equation (12) and
finding Qd's by solving it.

Step 3: Insertion the calculated capacitive
susceptances derived in step 2 in the network
and performing a load flow to find the new
voltage profile.

Step 4: Checking for convergence (either with
the voltage profile or the susceptance
tolerances). If not converged back to step 2.

If in one of the iterations of this algorithm, the
capacitor size constraint is violated in one or more
nodes, the sizes of the capacitors in these nodes are
fixed in the up limit and these nodes are included in the
set of constraints (9). This also completely holds if the
voltage magnitude is exceeded the up limit in some of
the nodes.

5. SIMULATION TEST

The test system which is selected for performing the
proposed algorithm is used in the most of the previous
applications [3],[4]. For the better comparison,
optimization results which is presented in [4] is selected
as the base. Network topology and system data are
presented in appendix II [4]. The coefficients Kp and K,,
and the parameter T are selected in the mentioned
reference as:

Kp = 120$/kw Ke = 0.03 $/kwh T = 1 year

Also capacitor costs factors are: '

Kj, = 0 K,. = 5 $/kvar
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In [4], it has been assumed that only the set of
nodes 13,15,19,23 and 25 are candidates for capacitor
installation. All the above assumptions are considered in
this simulation for correct comparison. Table.1 shows
the comparison between the results from the algorithm
in [4] and the proposed algorithm :

TABLE.1
OPTIMIZATION RESULTS

Part 1 & 2
IEEE Trans. PWRD Vol-5,No.2,1990 pp.634-652
[6] Mestu E Baran,Felix F.Wu "Optimal capacitor placement on radial
distribution systems"
IEEE Trans. PWRD Vol-4,No.1,1989 pp.725-734
[7] Mestu E Baran.Felix F.Wu "Optimal sizing of capacitors placed on
radial distribution systems"
IEEE Trans. PWRD Vol-4,No.1,1989 pp.735-743

8. APPENDIX I

Variable Proposed Algorithm Algorithm in [4]

Qc13(kvar)
Qc15(kvar)
Qc19(kvar)
Qc23 (kvar)
Qc25(kvar)

766
795
629

1061
754

856
790
409
729
567

Total Capacitor(kvar)

Total loss before
compensation (kw)

Total loss after
compensation (kw)

Total saving(k$)

4005

1213

1024

52324

3351

1213

1042

48704

Capacitor installation and maintenance costs can be
decomposed to fix and variable costs as in Fig.3.
Because of discontinuity of this function at point Qc=0,
the function is not analytical in this point and has not
derivative.

6. CONCLUSION

In this paper a new method for optimal reactive
compensation in the radial networks was presented.
Closed form for power loss function with respect to the
control variables is an important advantage which makes
any kind of analytical constraints be added very easily.
Solution algorithm and computer programming is also
simple. The results are also very close to the actual
optimum point checked for a variety of test and real
systems. The related software is a powerful tool in radial
network reactive power planning and operation.
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Fig.3. Capacitor cost function

A practical method for overcoming this problem can
be achieved by changing the definition of the cost
function as below:

C - l—b+—c'

cc-o

(14-a)

(14-b)

In other words the capacitor cost is inversely
proportional to the size of capacitor .In this manner, the
nodes with relatively small size of capacitors are
automatically ignored.

7 6 9



9.APPENDIX II

Network one line diagram and system data for
test system:

TABLE 2
TEST SYSTEM DATA

22 23 24 25 26 27

Fig.4. Test system one line diagram
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0.4752
0.7282
1.3053
0.4838
1.5898
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0.5639
0.3432
0.5728
1.4602
1.0267
1.5114
0.4659
1.6351
1.1143
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1.7030
0.0118
0.3446
1.0214
0.4806
0.9365
0.7608
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0.7469
0.7469
2.2369
1.0499
0.4257
0.8669
0.4131
0.4102
0.7353
0.4206
1.3818
0.8669
0.5257
0.5575
0.3393
0.4979
1.2692
0.9237
0.8514
0.0251
0.9211
0.6277

= 23(kv)

P{kw)

_.
522
—
936
—
_
—

189
—
336
657
783
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477
549
477
432
672
495
207
522
1917
—
1116
549
792
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882
882

Q(kw)

...

174

312
—
...
._
—
63

_
112
219
261
243
159
183
159
144
224
165
69
174
639
...
372
183
264
294
294
294
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LOAD INFLUENCE ON MINIMUM LOSS RECONFIGURATION

OF AUTOMATED DISTRIBUTION NETWORKS

A. Augugliaro L. Dusonchet S. Mangione

Dipartimento di Ingegneria Elettrica
Universita di Palermo (Italy)

Abstract - This paper analyses the dependence of the
minimum power losses reconfiguration on the typology and
characteristics of the loads. After briefly describing a
particularly efficient heuristic reconfiguration methodology,
the influence on the reconfiguration solution of the particular
voltage dependence of the loads is evaluated. Similarly, the
incidence of the reactive power is examined; to that end
reference is made to both the situation of compensated and not
compensated loads, as well as to the case of distributed
compensation in the network. Furthermore, the influence of the
variat ion of the loads in time on the configuration is
investigated. These evaluations refer to the most usual load
models and considering MV distribution networks of such
characteristics and dimensions as to allow one to come to
conclusions of a general validity.

I. INTRODUCTION

The notable progress made in the last few years in the field
of the automation of electrical power systems, due to the
development of modern and reliable hardware, software and
communication techniques at ever decreasing costs, involves
the evolution of the distribution systems in the same direction.
The most significant advantages presented by an automated
distribution network concern the improvement of the service
quality and of the operation cost. In fact, the monitoring and
control activities on an automated network permit a better
operation of the system both in normal operation conditions
(normal state) and in the presence of fauils or outages of the
components (emergency state).

In particular, the functions which can be carried out in the
normal state are: i) network reconfiguration for losses
reduction; ii) reactive power and voltage profile control; iii)
load management; iv) control of the current capacity of the
components (lines, transformers, substations); while those to
be carried out in an emergency state could be: i) identification
of a misoperation; ii) isolation of she faulted sections; iii) load
shedding; iv) service restoration.

In the existing literature, the problems related to the above
mentioned single functions, concerning aspects of both design
and operation, have been dealt with separately. However, it is
evident that, both during the phase of the design as well as in

Paper SPT PS 25- 03- 0060 accepted
for presentation at the IEEE/KTH
Stockholm Power Tech Conference,
Stockholm, Sweden, June 18-22,1995

the operational phase, the interactions caused by the
simultaneous presence of the various functions must be
considered.

For example, if the network provides for the control of
both the configuration and the reactive power, the design of
the capacitor banks (number, location and size for the network
compensation) should take into account that, in the period
referred to, the configuration may change in accordance with
the values assumed by the load. On the other hand, the same
compensation level, changing the power flows in the
branches, forces the network towards a different configuration.
Similar considerations apply to the operational phase. In any
case, a thorough study of every single function proves to be
useful, also in order to highlight the variables which influence
it the most, and thus to evaluate the weight of possible
interdependencies with the other functions.

This paper examines the problem of the minimum loss
reconfiguration of radial networks with the specific aim of
identifying the influence of the typology and the modelling of
the loads on the configuration; in fact, on the basis of this
knowledge, simpler methodologies for the search for such a
configuration can be drawn up. The automated network is
studied both in the absence and in the presence of distributed
compensation; thus the results of the analyses allow for the
identification of the best approach for the solution of both the
design and operation problems on a compensated network with
a changeable configuration.

In the following, the technical aspects concerning the
reconfiguration of the network are illustrated and the solution
methodologies for the problem of the optimization of the
minimum loss operation of a network arc highlighted. A
heuristic solution method, developed by the Authors and the
efficiency of which has already been widely tested, is then
recalled and extensively applied in order to evaluate the
influence of the various characteristic parameters of the loads
in an optimum reconfiguration.

The results relating to applications carried out in a
systematic manner according to a pre-established exploration
plan on different typologies of both network and load
situations permit the attainment of useful indications for the
subsequent studies on automated networks in which, amongst
others, the "reconfiguration" function is provided for.

II. RECONFIGURATION OF A NETWORK IN THE NORMAL
STATE

II. 1. The general problem

Figure 1 shows a typical structure of an automated medium
voltage distribution network in which the tie-switchgears are
highlighted. The open/closed state of the tie-switchgears is
such that the network is always radially operated.
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O switchgear

Fig. I - Structure of an automated MV distribution network.

The operation problem of the optimum network reconfigu-
ration consists in establishing, for each load situation, the
open/closed state of all the tie-switchgears which gives rise to
the minimum loss configuration, taking into account the tech-
nical constraints (network radiality, current capacity of compo-
nents, bus voltages). It is a problem of combinatorial pro-
gramming, in which both the objective function (power losses
in the entire network) and some constraints are non-linear.

The solutions proposed in the vast literature of the last few
years make use of both mathematical programming methods, in
which the specific problem is suitably adapted to the
characteristics of the specific solution technique applied
([1,3,7+9,11]), and of heuristic methods ([2,4,5,6.10,12+15]).

In a previous paper ([11]) the Authors have developed a
mathematical methodology for minimum loss reconfiguration,
based on non-linear programming and using the MINOS/Aug-
mented package. The possibility of using such a solution
technique involves the adaptation of the real model of the
system (which presents integer variables) to those required by
the mathematical model (continuous variables). Increasing the
size of the system, which may become quite considerable in
the case in which the configuration may simultaneously
involve different HV/MV substations, the necessary computing
resources become excessively onerous. On the other hand, the
integer nature of the solution of the optimum reconfiguration
problem, that is the identification of the open/closed state of
the switchgears in correspondence with a given l oad
distribution at the buses, leads to the configuration solution
being the optimum also for a different load distribution both in
terms of location and value. The possibility to use simplified
heuristic methodologies based on rules and procedures which
allow for the attainment of the optimum configuration without
having to quantify the losses directly is derived from this fact.

On the basis of the above described, the Authors have
developed a heuristic type approach ([16]) which consists in a
research mechanism of solutions and of subsequent
improvements which has given excellent results compared to
the most significant methodologies, deterministic as well as
heuristic, already presented in the literature.

II.2. Heuristic reconfiguration procedure

The number of possible radial configurations that a network
can assume depends on its topology and on the number of tie-

switchgears it has. The heuristic reconfiguration procedure
developed in [16] uses the "minimum flow rule", which is
based on the principle that:

"a meshed network which feeds a given set of loads presents
less power losses compared to any oilier network with less
meshes which feeds the same set of loads and is derived from
the first by the mere opening of switchable branches".

The above rule allows the attainment of a radial network
with decreased losses through the application of an iterative
technique, of a destructive-type, applied to the meshed
network, which is obtained by closing all the switchgears
present, according to the flow chart briefly illustrated in fig. 2.

Since the radial network is attained, starting from a meshed
network, by consecutive openings, each of which is influenced
by the preceding one, the base-solution turns out to be sub-
optimal; it is further improved by using two verification/modi-
fication procedures based on criteria which are easily and
immediately applicable for the identification of the changes
which lead to the reduction of the total losses of the network.

The first procedure (RECURSIVE routine), changing ihe order
of the openings, verifies that the final solution is not
negatively influenced by the choice of the order in which the
single branches were opened during the application of the
minimum flow rule for the radialization of the network.

The second procedure (LOAD-TRANSFER routine) applies a
branch exchange technique derived, with minor modifications,
from the method developed in [2]. It consists, starting from
the radial network obtained at the end of the main procedure, in
the identification, one by one, of the open/closed status
exchange most advantageous for the reduction of the overall
losses. The methodology obtains good results because the
radial network to which it is applied is already a sub-optimal
solution.

The two routines can be applied alternatively and/or
consecutively, as shown in fig. 3, until the solution is not
further improved.

The network, in the various configurations assumed during
the development of the procedure, is solved by means of one
of the classic methodologies used for meshed networks. In fact,
as described above, the research technique of the radial
minimum loss configuration is of a destructive type and at
every step of the procedure a network has to be solved which
has a mesh less than the preceding one.

The equations of the power flows used are those expressed
in the standard form, with all the variables expressed in p.u.:

N

j=2

N

j=2

V:

Vs V jY i jsin(5 j - B, - Ojj) =

I,O

i,o

(1)

Where: Yjj and 8jj are the magnitude and the phase of the
admittance between the buses i and j ; V, and Vj are the
magnitudes of the same bus voltages; 6j and 8j are the phase
displacements of the preceding voltages compared to the
voltage of the slack bus; Pj i O and Q j o are the active and
reactive powers of the bus load when the load is fed at the rated
voltage V; i0; a and p are the characteristic parameters of the
real and reactive loads; N is the number of buses in the
network.
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READ NETWORK AND SWITCH DATA

CLOSE ALL NORMALLY OPEN SWITCH
CREATING MINDIPENDENT LOOPS

SEARCH TOR M SECTIONABLE BRANCHES |B | CAR-
RYING THE MINIMUM POWER FLOW AND WHOSE
OPENING DOES NOT VIOLATE THE CONSTRAINTS

MAIN
PROGRAM

BASE
SOLUTION

—p-

[SET CLOSED LOOP COUNTER L • 1

CLOSE BRANCH B(L)

OPEN SECnONABLE BRANCH CARRYING
THE MINIMUM POWER FLOW ON LOOP L

RECURSIVE
ROUTINE

ANY
VARIATION \ Yes

ON THE BASE
SOLUTION

- r -

- 4 -
SET LOOP COUNTER L •

CONSIDER VOLTAGE MODULES AT SENDING
AND ENDING BUS OF OPENED BRANCH B(L)

VALUE NETWORK LOSSES FOR ALL POS-
SIBLE BRANCH EXCHANGES ON LOOP L

CHOOSE THE

SEARCH
FOR FURTHER

IMPROVEMENTS

OPTIMAL NETWORK
RECONFIGURATION

Fig. 2 - Flow-chart of the heuristic reconfiguration procedure.

Fig. 3 - Flow-chart explaining the use of the routines.

HI. EVALUATION OF THE INFLUENCE OF THE LOAD

The simplified hypotheses that may be introduced into the
search for the optimum configuration must be analysed in
advance in order to consider the influence they could have on
the solution. In particular, the dependence of the configuration
on the load should be pointed out, i.e the weight that the
single characteristic parameters of the load have in the
determination of the minimum loss configuration of a network
must be evaluated. The parametric study which has been
conducted has considered the following characteristics of the
load: i) dependence of the voltage, ii) value of the real and
reactive power, iii) power factor, iv) spatial distribution.

The five networks shown in fig. 4 have been used in order
to evaluate the influence of these parameters (these networks,
already examined in [16], are those used in the examples of
application of different methodologies presented in the
literature on the subject).

The application of the heuristic procedure to each of the
above mentioned networks was prepared according to the
following research plan:
- the loads, for which the real and reactive power absorbed is

known, were subsequently simulated, using the three most
common models: constant power, constant current and
constant impedance;

- the value of the real and reactive power was considered equal,
for all the loads, to rated values and, subsequently, to 40% of
these values (these two load levels were considered the
extreme values assumed by the loads in time);

- the level of the real power having been established at
respectively 100%, 80% and at 40% of the nominal value in
all the buses, the value of the reactive power was considered

7 7 3



a)

1
18

22

2 3 *

IS

23

4

26

25

' 5

27
1

6 '

20

24 3 7

* 28

7
33

8 g

29

-,o

21

30

34

' i l
35

12" 13

31

14 15*

32
36

16*17

b)

1

s
3

s.2

4

5
9 ,

8

1

6

\

10

5

\ 7

\ 11

15

/

12

/

13

c)

e)

1 * 2 *

32

15*16

3

28

29

17

4 * 5 * 6
35

36

7 * 8 " 9

34

38 *

39
33 37

31
30

40

*18*19'20"21 22

*"10"l 1
43

4

45

41

23*24*

12*
42

25

13*14 1

46

47

26 " 27 1

Fig. 4 - Test networks used for the application in [4] (a), in [6]
(b), in [7] (c), in [9] (d) and in [11] (e).
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in correspondence with power factors, equal for all 'he loads,
successively equal to 1, 0.9, 0.8, and 0.7 (lag.); the optimal
configuration for each of the real and reactive load
combinations was identified;

- in order to establish the influence of the variations in the
spatial distribution of the loads, the real power was varied
randomly between 40% and 100% of the rated values,
maintaining the reactive power at zero, and thus evaluating
the corresponding optimal configuration; subsequently,
maintaining the distribution of the real loads constant and
equal to the previous ones, the value of the power factor at
the nodes was randomly varied between 0.7 (lag.) and 1, and,
for each load condition, the optimal configuration was
identified. In this case, more random distributions of reactive
loads have been associated at each random distribution of the
real loads.

A synoptic scheme of the various load conditions is
reported in fig. 5.

Finally, in order to study the influence on the
reconfiguration of the temporal pattern of the loads, the
reconfiguration of a network during the course of a day was
simulated. This becomes particularly relevant in the context of
problems deriving from the switching number which, per day,
can be requested of the switchge.irs in order to change the
configuration of the network, making it assume, at each step,
the optimum (in terms of power loss) depending on the load

values. In fact, if frequent and numerous requests for
open/closed switching were to be contemporary made of the
tie-switchgears, the reconfiguration process would give rise to
drawbacks such as the reduction of the lifespan of the
components and the increase of maintenance costs.

Thus the network of fig. 4 e) was considered and for all the
loads the daily real power pattern shown in fig. 6, in which
the elementary time intervals considered are equal to 15
minutes and the power is expressed in p.u. with respect to the
rated value, was assumed. In order to make the simulation more
realistic, a uniformly variable random component of ±20% of
the instantaneous value in consideration was added to each load
value. As far as the reactive powers required by the loads is
concerned, their values were calculated from the corresponding
value of the real power and of the power factor. Also the latter
was considered randomly variable, uniformly in a field of ±0.1
centred around each load's rated value. The evaluations made in
these conditions show that there are only two different
configurations (that with branches 8, 21, 33, 35, 38, 40 and
44 open and that with branches 8, 22, 33, 35, 38, 40 and 44
open) and that these differ only in the open/closed state of a
single tie-switchgear; if one were then to introduce an upper
bound to the reduction of the losses which would justify an
open/close operation, the total switching number would be
even less. Only very unrealistic values of the random
components, greater than those considered in the preceding
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Fig. 5 - Load conditions of the research plan

example, with a tendency to remove the system far from the
condition in which the loads vary conformally in space, can
give rise to a greater number of configuration changes.

Table I A) shows the instants in time which correspond to
variations of the configuration and the number of the
switchable branches which are opened.

In the case under discussion, the daily switching amounts
to 20. Fixing the difference between the value of the losses
calculated in correspondence with an instant for the optimum
configuration and the value of the losses valued maintaining
the same configuration of the preceding instant at 500 W, the
number of interventions is reduced to only 2 during the whole
day, as shown in Table I B). In this case, maintaining the
preceding configuration rather than carrying out the new
optimal configuration, involves an increase in energy loss
with respect to the minimum that one could obtain by
changing the configuration. However, this increment is not
great; for the network being discussed, the extra energy loss,
compared to the minima attainable in the course of a day, is
approximately 2 kWh.

0.30 | | | | H | | [ | | | | | | | | | | | | t | | t |
0 4 ! 16 24 32 40 48 X 64 72 80 88 96

time interval

Fig. 6 - Daily real power pattern.

IV. RESULTS OF THE INVESTIGATION

Based on the results obtained by the evaluations made, the
following can be concluded:
1) the type of load model does not influence the configuration;
2) it is the distribution in space of the loads, both real and

reactive, which has the maximum influence on the minimum
loss configuration;

3) when the reactive load has the same distribution in space as
the real loads (i.e. when the reactive power is connected to
the real power by a coefficient which is the same for all the
buses) the configuration is not influenced by the reactive
loads (in this case, the configuration can be evaluated in the
special case of completely compensated loads).

4) variations with the same rate of both the real and reactive
powers do not influence the configuration (i.e. the
configuration obtained for a certain real and reactive load
level remains the same, even if the level is greatly changed
but the rate remains constant for each load);

5) the presence of capacitors in the network, due to the
distributed compensation of the reactive powers of the
loads, involves a large modification of the distribution in
space of the reactive loads; even though the entire network's
total demand for reactive power is reduced, the non-uniform
distribution of the reactive could influence the minimum
loss configuration; in other words, the optimal
configuration of the compensated network could not
coincide with that obtained by considering the reactive
power flows zero (in any case it should be noted that, on
the basis of the evaluations made, the difference in terms of
power losses between the two reconfiguration solutions was
always very short);

6) when designing the compensation of a network with
changeable configuration, the load is assumed known, in its
distribution in space as well as in the course of time
considered for the design; in particular, as far as the
variability in time is concerned, the hypothesis of
conformally varying loads with a law which is equal for all,
is normally assumed; this leads to the conclusion that, at
the design stage, reference can only be made to a single
configuration for the entire period in time without the appro-
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TABLE I - Changes of network configuration in a day for the
exaple of fig. 4-e.

A)
Time

interval

1
33
34
39
41
42
45
48
50
51
52
53
54
59
62
69
70
74
78
81
88

8
8
8
8
8
8
8
8
8
8
8
8
8
8
8
8
8
8
8
8
8

21
22
21
22
21
22
21
22
21
22
21
22
21
22
21
22
21
22
21
22
21

Opcr
33
33
33
33
33
33
33
33
33
33
33
33
33
33
33
33
33
33
33
33
33

i branches
35
35
35
35
35
35
35
35
35
35
35
35
35
35
35
35
35
35
35
35
35

38
38
38
38
38
38
38
38
38
38
38
38
38
38
38
38
38
38
38
38
38

40
40
40
40
40
40
40
40
40
40
40
40
40
40
40
40
40
40
40
40
40

44
44
44
44
44
44
44
44
44
44
44
44
44
44
44
44
44
44
44
44
44

B)
Time

i n t e rva l

1
42
47

Open branches

8
8
8

21
22
21

33
33
33

35
35
35

38
38
38

40
40
40

44
44
44

ximation made in this manner (sec the preceding
conclusion) introducing unacceptable errors;

7) at the operation stage of the network configuration, the
actual distribution of both the real and reactive loads must
be taken into consideration; thus, in the case of the joint
operation of the reconfiguration and the compensation, the
reactive power flows cannot be neglected;

8) the total number of different configurations and the lotal
number of the switchgear operations made to realize them
can be maintained relatively low in order to avoid excessive
maintenance and damage of the components with only a
minimal reduction of the advantages inherent in the
reconfiguration.
The main conclusions about the influence of the load on

the optimal configuration are summarized in Table II.

TABLE II - Load influence on optimal configuration.

Real
power

(Pi)

iPi(Vi/Vi,0))

(Pi(Vi/Vi,c)
2}

ifLPil
(Pi)

{Pi)

Reactive
power

(Oil
(Qi(Vi/Vi,o))

(Qi(Vi/Vi,0)
2)

(fLQil
(0)

{Pi tanij)}

Optimal
configuration

base configuration

is the same one

is the same one

is the same one

may be different

may be different
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Abstract — Methods to determine electric power and
energy losses in the components of a distribution system,
such as primary and secondary systems, distribution trans-
formers, services, meters, etc., are presented. Some are new
and others have been improved from methods already used
by some authors. These methods reduce calculation errors of
average values and simplify the data base. The process
developed is integrated in such a way that the results from
one method can be used in other methods, in the same proc-
ess, and it is possible to calculate the loss contribution of a
group of components of the same kind to the utility's total
loss. As an illustration, the main results of the application to
Coelba's system are shown.

I. INTRODUCTION

The total annual energy loss of a utility is calculated from
the difference between the total electric energy purchased or
generated and the total energy delivered to the consumers.
This can be obtained from the annual energy balance. How-
ever, loss reduction management requires some other key
data, for example, the loss contribution of each group of
components of the same type to the total loss.

This paper presents a new approach to energy and power
loss calculation. This approach integrates the individual
calculation methods used to determine the loss in each group
of components of the same type. This integration is essential
in order to obtain the total power loss of the system and the
percent participation of the losses of each group of compo-
nents. Some of these loss calculation methods are new or
have been improved from methods already used by some
authors. The improvements reduce errors, inherent to the
calculations using average values, and simplify the data base.

As an illustration, the main results of the application to
Coelba's system, that provides electric energy to more than
two million consumers, are shown.

Paper SPT PS 25- 04- 0125 accepted
for presentation at the IEEE/KTH
Stockholm Power Tech Conference,
Stockholm, Sweden, June 18-22,1995

I I . GENERAL CONSIDERATIONS

A. Loss Factor

The loss factor, FL, is defined as the ratio of the average
power loss to the losses at the moment of peak load, for the
same period of time. For resistive losses, the loss factor has
been usually calculated from the empirical expression below:

FL = aF+(l-a)F2 (1)

where F is the load factor, in per unit, calculated for the
active power, and a is a constant that depends on the shape of
the load cycle. Common values of a vary from 0.15 to 0.3.

The loss factor calculated from (1) may vary greatly for
low load factors, depending on the value of a used. Low
load factors occur in some distribution transformers and
secondary systems. Thus, it is necessary to develop equations
suitable to the general characteristics of the loads connected
to the system.

In the case of Coelba's system, the load cycles, from distri-
bution substations and distributions transformers, indicates
that (2) is suitable when the constant a varies from 1.55 to 1.80
[I].

(2)

In generic applications it was found that the value 1.65 is
the most representative for night peak loads, when the power
factor is higher.

The results from (1) and (2) depend to a great degree on the
power factor, since the load factor used is based on the active
power and the values of a and a are empirically estimated
from apparent power load cycles. The apparent power load
cycles are used due to their proportionality with the current
flowing through the circuits, which produces the resistive
loss. For systems with distributed loads, it is considered, in
both (1) and (2), that the load cycles have the same shape at
each point in the system, in other words, it is assumed that the
loads vary uniformly in all buses.

B. Peak Responsibility Factor

The peak responsibility factor, FR , is the ratio of the load
of a consumer, a group of consumers or a part or parts of a
system at the time of occurrence of the system peak load, to
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the sum of the individual maximum loads of each consumer
or part of the system.

In determining the power losses of the system, the most
critical time period is during the peak demand of the utility,
as a whole, when the purchase prices of energy are higher.
Therefore, this is the best reference period for the peak re-
sponsibility factor.

C. Power Loss

The power loss calculations depend on the physical phe-
nomena involved. The RI 2 loss is responsible for the great
majority of losses in distribution systems and a small part is
due to hysteresis in the core of transformers. There are some
other kinds of losses that contribute to a small degree and
may, therefore, be disregarded such as corona, dielectric
losses, current leakage, etc.

The maximum resistive power loss, p, in a component of a
circuit having resistance R is proportional to the square of the
maximum current / flowing through it, i.e. p = RI2.

In power systems, where n circuit components are inter-
linked, the total maximum resistive power loss in these com-
ponents,/?,, coinciding with the utility's peak demand, may be
calculated by adding the loss contribution of each component,
according to:

Pi = X Ri(FKIi)Z = FK (3)

where Ri e /,-, with i =l...n, represent respectively the resis-
tance and the maximum current of each component. FR is
the peak responsibility factor.

D. Energy Loss

The energy loss, w, in a individual component of a circuit,
in the period At, can be calculated from:

w = AtpF, (4)

where p is the maximum power loss, which occurs in the
component, and Ft is the loss factor relative to the loss de-
mand of the component.

For a set of components of an electric system, the total an-
nual resistive energy loss, w,, in MWh, can be calculated
using the corresponding total maximum power \oss,pt, in kW,
from:

w, = 8.76 ptFJFR
2 (5)

where FL is the loss factor relative to the loss demand of the
set of components. Equation (5) is easily deduced when one
considers that w, is the sum of the energy losses of the indi-
vidual components, as indicated in (6).

w, = A / Y Rili Fit (6)

Substituting the value of S Ä / / < 2 =p,/FR
2 , from (3), and as-

suming that the loads vary uniformly in all buses (F t t = FL),
one then obtains:

w, =Mp,FJF2
(7)

Equation (5) is obtained by assuming that Ai = 8760h for a
period of one year. The second member of (7) is then divided
by 1000, in order to express w, in MWh and;;, in kW.

I I I . LOSS IN CONDUCTORS OF A PRIMARY SYSTEM

The loss in the conductors of the distribution system is al-
most entirely due to the passage of load current through the
resistance of the conductors. Other loss contributions in pri-
mary systems are not significant with respect to the scope of
this report.

Load flow simulations, for all feeders, are the best solution
to determine the loss in primary systems when good software,
appropriate for distribution systems, and all the data required
are easily available to run a program in a computer.

It is important to apply a suitable load model. The constant
current model is recommended when there is a predominance
of residential and commercial loads. On the other hand, the
constant power model should be avoided unless the load is
known to be insensitive to voltage changes [2].

IV. LOSS IN DISTRIBUTION TRANSFORMERS

Transformer losses can be divided into two types: no-load
loss and load loss.

A. No-load Loss

This type of loss is almost entirely due to iron loss, that is
hysteresis and eddy current in the iron core. Dielectric losses
and copper losses, caused by the exciting current,-contribute
to a minimal degree to no-load loss.

Equation (3) does not apply to no-load loss, because it is
practically independent of load current. In this case, the total
no-load power loss of n transformers of the same type can be
calculated from:

Pi = "Pom (8)

where pom is the average power loss from the no-load loss
tests of the n transformers with the same capacity, equal
number of phases and the same voltage ratings. The corre-
sponding annual energy loss, in MWh, can be determined
using (9), for p, in kW.

w, = 8.76/»/ (9)

7 7 8



Iron loss is very sensitive to operating voltage. For in-
stance, if the operating voltage is 5% above the rated voltage,
the no-load loss can increase 15% or more. However, in
distribution systems with many transformers, the effect of this
influence on the total no-load loss calculation may be
complex due to common variations in the operating voltage.
At the same time, it is believed that the voltage variations
themselves may somehow compensate for this effect. They
may become the sum of the iron losses of the set of trans-
formers practically independent of the voltage variations. If
the behavior of the operating voltage variation is known to be
different, specific studies are therefore recommended.

No-load loss in distribution transformers contributes to a
great degree to the total loss of a utility's system. The devel-
opment of transformers using amorphous steel cores may
make economical designs commercially available. The new
core material, already used in some countries, can eliminate
up to 70% of iron losses [3].

B. Load Loss

Load loss includes the copper loss due to the passage of
load current through the windings, plus eddy-current losses in
the windings and the core, tank and other metallic parts of the
transformer caused by the leakage flux.

The load loss, for only one transformer, is given by:

P = (10)

where X is the transformer loading, in per unit, and pk is the

power loss taken from the load loss test of the transformer.
For n transformers of the same type, the total load power

loss can be found using:

Pi ~ « Pkm (ID

where ptm is the average power loss, from the load loss tests
(short-circuit tests) of the n transformers, and Xq is the root-
mean-square loading, given by:

(12)

where X,, with i = l...n, represents the loading of each trans-
former. The use of a root-mean-square loading instead of an
arithmetic mean loading, Xm, is needed due to the propor-
tionality of the loss to the square of the load current. When
an arithmetic mean loading is used, the total loss is reduced.
This reduction increases with the dispersion of the individual
loadings. Table I shows both kinds of loadings for Coelba's
urban distribution transformers.

C. Application to Coelba 's Distribution Transformers

The average values of the power loss from the no-load loss
tests,p0, and the power loss from the load loss tests,pk , from
Coelba's distribution transformers, are shown in Table II. Ta-
ble HI shows the results of the power loss calculations in
Coelba's urban distribution transformers. The total no-load
power loss, of 7786kW, is obtained from (8). The
corresponding energy loss, from (9), is therefore w, = 8.76 x
7786 = 68205 MWh.

The total load loss is determined using (11) for each group
of transformers from Table III, with a peak responsibility
factor of 0.9. The loss factor is calculated from (2), with a =
1.65, and the load factors proposed in [4],

The total loss in the transformers is the sum of the load
loss and the no-load loss. Therefore, the total power loss is
10645kW + 7786kW = 18431 kW and the total annual energy
loss is 68205MWh + 18666MWh = 86871 MWh

Table I - Values of Xm and Xq for Coelba's
urban distribution transformers, in %.

kVA

15

30

45

75

112.5

150

225

300

70

75

70

60

48

39

32

24

82

89

76

65

53

42

35

29

Table II - Average values for/>0 and pk of Coelba's
distribution transformers, in watts.

•I
H^

Single

phase

Three

phase

kVA

3

5

10

15

25

37.5

15

30

45

75

112.5

150

225

300

Transf.

P«
40

48

64

84

120

170

115

180

220

340

460

640

900

1120

13.8 kV

Pi,

78

113

197

285

410

550

320

560

760

1110

1490

1910

2700

3360

Transf. 345 kV

Pn

50

60

70

85

130

205

118

190

245

340

520

715

970

1200

Pk

75

120

220

290

432

605

330

640

870

1145

1660

2145

2910

3600
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T a b l e III -

kVA

10

15

15

15

15

25

30

30

45

45

75

75

112.5

150

225

300

n°of
phases

1

1

1

3

3

1

3

3

3

3

3

3

3

3

3

3

Losses in Coelba's urban distribution transformers.

kV

13.3

13.8

34.5

13.8

34.5

13.8

13.8

34.5

13.8

34.5

13.8

34.5

13.8

13.8

13.8

13.8

Total

n

1550

2150

106

5380

385

630

7498

550

7468

415

5816

160

2480

262

196

33

35079

No-load

loss (kW)

99

181

9

619

45

76

1350

105

1643

102

1977

54

1141

168

176

41

7786

(%)

82

82

82

82

82

82

89

89

76

76

65

65

53
42

35

29

F

(%)

23.0

25.4

25.4

25.4

25.4

28.8

30.1

30.1

33.3

33.3

37.7

37.7

41.7

44.7

49.4

50.0

Loac
kW

168

337

17

947

70

142

2664

224

2663

170

2222

64

824

72

51

10

10645

loss

MWh

160

380

19

1068

78

197

3974

334

4692

299

4806

138

2105

207

174

33

18666

Table IV - Values of k and 8 for Coelba's
most frequent overhead secondary circuits.

V. LOSS IN CONDUCTORS OF A SECONDARY SYSTEM

The total power loss in the conductors of the secondary
system, in kW, may be calculated from (13), which is obtained
using statistical method and adapted from equations proposed
in [5].

p, = kbns XmkVA AV (13)

where ns is the number of secondary circuits with cables of
the same size in the main secondary circuits, derived from
transformers with the same kVA rating and an arithmetic
mean loading \m- AV is the average of the maximum volt-
age drops in the secondary circuits, derived from the ns

transformers, assuming that the circuits are balanced. 8 is the
balancing factor which depends upon the load balancing and
the size of the neutral and phase conductors. The constant k
depends on the size of the conductors used in the main
secondary circuits.

A. Application to Coelba 's Secondary System

Table IV shows the values of A, for Coelba's most frequent
overhead circuits, and the balancing factors applied. It is as-
sumed that, on average, the greater phase current is 20%
higher than the average phase current. The values of the
average maximum voltage drops are shown in Table V. The
maximum voltage drops measured in the field are generally
greater, since the circuits arc normally unbalanced.

Table V shows the main results of the power loss calcula-
tions for the secondary system. The results were calculated
using (13) and considering a peak responsibility factor of 0.9.
The loss factors are the same used in Table III.

k

0.72

0.67

0.61

0.58

8

1.100

1.120

1.135

1.162

Size of cables of main
secondary circuits

AWGA1

4

2

1/0

4/0

mm2Cu

35
70

Table V - Power loss in the Coelba's secondary system.

kVA

10

15

25

30

45

45

75

75

112.5

112.5

150

225

300

Total

i>s

1550

8021

630

8048

5518

2365

5050

926

1690

790

262

196

33
-

35079

k

0.72

0.72

0.67

0.67

0.67

0.61

0.61

0.58

0.61

0.58

0.58

0.58

0.58•a

s

i.i

i.i

1.12

1.12

1.12

1.135

1.135

1.165

1.135

1.165

1.165

1.165

1.165

• •

0.70

0.70

0.70

0.75

0.70

0.70

0.60

0.60

0.48

0.48

0.39

0.32

0.24

AV

<%)

3.0

3.5

4.5

4.5

4.5

4.5

4.5

4.5

4.5

4.5

4.5

4.5

4.5

•H

FL

(%)

8.8

10.4

12.8

13.8

16.3

16.3

20.0

20.0

23.6

23.6

26.5

31.2

31.9

OH

Losses
(kW)

209

1892

301

4953

4753

1880

5735

1026

2302

1050

377

348

80
= = = = =
24906

The energy loss for the secondary system is calculated
from (5) for each kind of circuit in Table V.

VI. LOSSES IN METERING EQUIPMENT

The total loss in a utility's metering equipment is basically
due to losses in the potential and current coils of watt-hour
meters. The loss in current coils is registered by meters and,
therefore, charged to consumers. On the other hand, the ioss
in potential coils, which represents approximately I.2W per
coil, is absorbed by utilities because it is not registered by
meters. A single-phase meter represents, to a utility, a
continuous loss of approximately 1.2W and, for two-phase
and three-phase meters, 2.4W and 3.6W (if it has three po-
tential coils), respectively. The total loss from metering
equipment can be determined by multiplying these values by
the corresponding total number of consumers of each type of
meter and adding the results.

Losses in instrument transformers are very low and can
therefore be disregarded.

VII . LOSS IN SERVICES

The total service power Ioss may be estimated using:
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p, = I1 (2N, + 3M + 2>N3) (14)

where R is the average resistance of conductors and / is the
average of the absolute values of phase currents flowing in
the services, which coincides with the total demand of the
system. The demand from street lighting and the loss in the
secondary system should be subtracted from this total de-
mand. N,, N2 and N3 are the numbers corresponding to sin-
gle-phase, two-phase and three-phase consumers, respec-
tively.

The average current per phase conductor is determined
from the total demand delivered to the secondary system.
This total demand can be calculated based on the average
loading of the circuits shown in Table V.

It is assumed in (14) that, on average, the phase current of a
single-phase service is equal to each phase current of a three-
phase service. Therefore, the power delivered to a three-
phase consumer is considered to be three times the power
delivered to a single-phase consumer.

VIII . LOSS IN CONNECTIONS

The contact resistance of a connection causes some addi-
tional heat in the metallic mass involved, which, in turn, in-
creases the loss in the conductors. This increase in loss can
vary drastically according to environmental conditions, the
materials used or the workmanship of the connectors' installa-
tion. However, the total loss in connections of a utility's sys-
tems is beleaved to be very little.

A limited amount of research has been done with respect to
the loss contribution in the connections of a utility's system as
a whole. In field tests carried out in Coelba's distribution
system with a thermodetcctor, it was found that, in most
cases, the measured temperature of the connections was not
much different from the temperature of the conductors. Only
a few connections presented temperature differences above
normal levels. This means that the connections do not
generally cause a significant increase in loss.

Due to a lack of data, a rough estimate of Coelba's total
loss in connections was made. It was assumed that the con-
nections with a high temperature difference has an average
loss of 3.5 W, per connection, and that there are ten connec-
tions in this condition, per secondary circuit.

IX. LOSS IN CAPACITORS

The dielectric of a capacitor absorbs a small part of the en-
ergy from the variable electric field, to which it is submitted,
and dissipates this energy in the form of heat. This loss
depends on the dielectric materials employed. For example,
capacitors that utilize an all-film dielectric may operate with
losses of less than 0.2W/kvar. Film-paper dielectric capaci-
tors may operate with losses of 0.5W/kvar. Capacitors using
kraft-paper dielectric have from 2 to 3W/kvar. For the

energy loss calculations one must consider the duty of the
switched capacitor banks.

X. LOSS IN VOLTAGE REGULATORS

The Loss in voltage regulators is dependent on the quality
of steel used in the core, the settings and the voltage varia-
tions to which they are submitted. For the application to
Coelba's distribution system, it was assumed that there was
an average loading factor of 35%, a loss factor of 25% and a
peak responsibility factor of 0.9.

XI. CORONA

Losses due to corona practically does not exist in distri-
bution systems, despite the thousands of kilometers of con-
ductors. This was verified by applying Peterson's method [6]
to both of Coelba's nominal distribution system voltages,
13.8kVand34.5kV.

XI I . LEAKAGE CURRENTS

Leakage currents through insulation in distribution systems
can be disregarded with respect to loss contribution. This was
verified in the studies presented in [7].

XIII. TOTAL POWER LOSS CALCULATION

Power losses or energy losses are aspects of the same elec-
trical phenomenon. It is important to know the total loss, in
its power form, not only to calculate the purchase prices of
electricity, but also because of the additional capacity re-
quired by the components to supply extra electric power to
compensate for the power loss. Usually the total power loss
is greater than the total energy loss, in terms of percentage.
In Coelba's case, the total power loss represents 17.65% of
the total power required by the system. This means that the
size of all the components of the system must be adjusted so
that they have an average capacity rating that is 17.65%
higher than that of a hypothetical system in which there were
no losses.

The total power loss of the whole system cannot be deter-
mined in the same way as the total energy loss, which is ob-
tained from the annual energy balance. The total power loss is
calculated by adding the power loss contributions from each
group of components discussed in the foregoing items. In this
procedure, the moment of the utility's peak demand is used as
a reference to the peak responsibility factor.

XIV. MAIN RESULTS OF THE APPLICATION TO
COELBA'S SYSTEM

The tables below show the main results of the application
of the methods presented to Coelba's system. The total loss
of 1002529MWh is obtained from the annual energy balance
and it represents 13.65% of the total energy required, in 1992.
The power loss in the components is calculated to coincide
with the global maximum demand of 1222MW.
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Table V) - Losses in Coelba's system, in kW and MWh, in 1992.

Components

Substations and transmission lines

Conductors of the primary system

Conductors of the secondary system

Urban distribution transformers

Rural distribution transformers

Metering equipment

Services

Connections

Voltage regulators

Capacitors in the distribution systems

Clandestine consumption and billing
errors

Total :

Energy Power
losses || losses

(MWh) || (kW)

165038

152593

47538

79314

59247

25842

1201

2146

1254

588

460211

1002529

32629

39337

24 906

17 404

7 240

2 950

638

992

174

122

85 108

212 527

Table VII - Percent losses in Coelba's system, in 1992.

Components

Substations and transmission lines

Conductors of the primary system

Conductors of the secondary system

Urban distribution transformers

Rural distribution transformers

Metering equipment

Other components

Clandestine consumption and billing errors

Total :

Energy
losses (%)

2.25

2.08

0.65

1.18

0.81

0.35

0.07

6.26

13.65

Power
losses (%)

2.67

3.22

2.04

1.51

0.59

0.24

0.16

6.96

17.39

The energy loss under the title substations and transmis-
sion lines corresponds to the total energy required minus ihe
energy measured at distribution substations and delivered to
feeders, subtracting the consumption of the consumers at
transmission voltage.

The item clandestine consumption and billing errors is
obtained by subtracting the items estimated for the electric

system from the total loss of 1002 529 MWh, In this case the
loss factor is equal to the load factor, since the loss is ihe load
itself.

XV. CONCLUSIONS

Other factors which may contribute to the total loss of a

utility were not discussed in this report. However, it is be-

lieved that the total sum of their effect is negligible.

The methods presented herein make it possible to estimate

the power and energy losses in the components of a distribu-

tion systems with satisfactory margins of error using data

usually available to utilities.
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A METHOD FOR LOSS MINIMIZATION IN UNBALANCED DISTRIBUTION
NETWORKS

Vesna Borozan, Member IEEE Dragoslav Rajiöiö, Member IEEE Risto Aökovski
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Abstract: A heuristic method for determining the configuration
with minimum resistive line losses for three-phase unbalanced
distribution networks is described. This method is based on
previous papers dealing with balanced network [1,2,3]. Using a fast
and reliable load flow solution technique and also, efficient
algorithms for network elements inspection, so that methodology
becomes capable to solve the challenging problem while still
maintaining a high execution speed required for real-time
application in distribution automation systems.

Keywords: Unbalanced distribution network, Loss redaction,
Network reconfiguration, Load flow solution, Weakly meshed
network, Element ordering in layers.

I. INTRODUCTION

The recent growth in microelectronics, digital electronics
and communications provides valuable application of
advanced technologies in distribution system control,
operation and automation. The enhanced use of existing
facilities, the increasing needs to ensure proper reliability,
quality of service and improved control are factors
motivating distribution automation greatly.

Much of recent research on distribution automation has
been focused on the minimum-loss configuration problem.
Network reconfiguration is one of the analyses needed for
real-time monitoring and operation of distribution systems.
While an exhaustive search of all possible configurations
would provide the most accurate and reliable solution, this is
unrealistic as it takes a long time for a real-time application.
Various methods have oeen proposed for solving the mini-
mum loss configuration in acceptable computing time, but
all of them arc concentrated on the problem solution in
balanced distribution systems.

The distribution system is basically unbalanced. Many
factors cause system imbalance. In this work we consider a
distribution network with three-phase three wire line
sections and all of them are phase-symmetrical, but node
loads may not be equal for all phases. Therefore, the

Paper SPT PS 25- 05- 0191 accepted
for presentation at the IEEE/KTH
Stockholm Power Tech Conference,
Stockholm, Sweden, June 18-22,1995

distribution network should be treated as unbalanced.
Our goal was to examine the effects of system imbalance

on the minimum loss configuration solution. This paper
describes the developed heuristic method for reconfiguration
of unbalanced distribution networks in order to reduce their
resistive line losses. Tlv: method is direct extension of the
improved method for loss minimization in distribution
networks [1] from single phase to three-phase. The method
is based on optimality condition developed by Merlin and
Back [2]. Shirmohammadi and Hong [3] have improved
their methodology by eliminating some approximations and
introducing more suitable load flow solution technique. This
paper's contribution aims towards whole procedure efficiency
and accuracy promotion, in cases when a class of three-
phase unbalanced networks are under consideration.

The procedure starts with all network switches closed,
converting the network of radial feeders into a meshed net-
work. Then, the switches are being opened one at a time
until a new radial configuration is reached. At each stage of
this process, the switch that has to be opened is selected
using a simple heuristic rule for minimizing resistive line
losses of the resulting network. While the previous methods
[1,2,3] deal with single phase representation of the network,
the same heuristic rule can not be applied for unbalanced
network. A modified criterion for selection of a switch to be
opened is proposed in the paper.

Furthermore, for every temporary configuration of the
meshed network a couple of load flow solutions are needed
in order to determine that switch is to be opened. Therefore,
the efficiency of this method depends on the efficiency of the
load flow algorithm. For that purpose, a power flow method
for three-phase representation of primary distribution
network has been developed. The method has been extended
from voltage correction power flow [4]. It is a compensation-
based power flow method for weakly meshed networks. It
uses a good numerical performances of the radial networks
solution algorithm [5,6], that efficiency is based on the
oriented branch numbering scheme. Further, breaking every
loop at one point (breakpoint), a meshed network can be
converted to an equivalent radial network. It is practical to
select a set of basic loops to work with. In that case, every
loop contains only one link, and the ending link node is the
loop breakpoint. At the equivalent radial network the link
flows are accounted for by injecting currents at the
breakpoints [7,8]. The link flows are calculated using the
Thevenin's theorem in matrix notation [9]. The Thevenin's
voltage vector is formed with breakpoint voltages, obtained
from the power flow solution of the radial network, and the
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Thcvcnin's impedance matrix is the same as the network
loop impedance matrix (Zloo ). The authors' previous paper
[1] offers a graph based algorithm for calculating ZjOOp
matrix, efficiently.

Finding that the computing time for branch reordering
procedure and new ZjOOp matrix calculation for each
network configuration are crucial, better efficiency of whole
procedure is reached by affecting on those processes. An
Algorithm for partial branch reordering has been used [1].
Its use provides reordering with minimum subset of network
branches involved. Such reordered network allows effective
^loop roa'rix re-evaluation. The elements of that matrix are
obtained simply by algebraic operations on the
corresponding matrix elements of the preceding network, as
it was explained in [1],

II. METHODOLOGY

The basic procedure of the proposed methodology is very
similar to that in [1]. For its briefly presentation we can
consider the small distribution network of Fig. 1. The
network is supplied by power transformer (root node) and is
consisted of radial feeders, connected with tie lines (or
links). Every network line has at least one switch. The posi-
tion of the switches (open/closed) determines the actual ra-
dial network configuration. The objective of the methodol-
ogy is to reconfigure lhe distribution network by changing
the position of the open switches in order to minimize its
resistive line losses. The final network configuration must be
radial and all the loads must remain connected. Also, all
network constraints must be satisfied.

Root node
• node

branch
S 3 closed switch
G 3 open switch

fig. 1 Radial distribution network with normally closed and normally open
switches

The solution procedure starts with all the network
swilches closed. So, we should treat a weakly meshed net-
work instead of a radial network. Network loads are modeled
constant and represented by voltage dependent current in-
jections at the network nodes. Power flow used for nodal
voltage and current injections calculation is described in
section III of this paper.

Knowing the current injections at the network nodes, we
can adjust currents in the loop branches to minimize resis-
tive line losses. Adjustment is made according to "optimal
flow pattern" algorithm [3]. To obtain branch currents for
the optimal flow pattern one should solve a system of equa-
tions written according to Kirchhoffs Current Law and
KirclihofTs Voltage Law. But these equations should be writ-

ten for a resistive model of the network. In that model each
branch of the network is represented by its resistance. At
each stage of the process, when optimal flow pattern is
reached, among all loops of the network the branch having
the lowest current has to be opened. The result of this act is
elimination of one of the network loops that cause minimum
disturbance in the optimum flow pattern.

The procedure continues until the network becomes ra-
dial. The network configuration determined in that fashion
is optimum or near optimum solution of the problem. Fig. 2
shows the flow chart for this algorithm.

Read network data

Order network branches and select the loop's breakpoints

(alg. II.A)

Calculate Zloop matrix (alg.[ 1 ])

Solve the power flow (alg.II.B,Cand D) for the resulting
network - convert loads to nodal current injections

Determine the optimal flow pattern for the network (alg.III)

Select the loop branch satisfying the equation (11)
(for currents from the optimal flow patcrn)

Eject the selected branch from the ordered branch vector
and perform partial reordering (alg.[ 1 j)

Re-evaluate the Zloop matrix (alg.|lj)

Solve the power flow (alg.II.B.Cand D) for the resulting
network • convert loads to nodal current injections

Give a big load values (for the optimal
flow pattern) to the last selected branch

Back to the previous network configuration with
lhe opposite partial reordering

Calculate Zloop matrix (alg.[I])

Fig. 2. The flow chart of the overall algorithm
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III. VOLTAGE CORRECTION POWER FLOW METHOD
FOR THREE-PHASE REPRESENTATION OF PRIMARY

DISTRIBUTION NETWORK

The primary feeders of the distribution system are
considered to consist of three-phase, three wire (without
ground wire) line sections (branches). Each line section or
node in the network is numbered by a single index. The
series impedances of a line section 1 are represented by a 3x3
matrix:

Root node

Z,= V i
Zm.l Z m |

Zs.l Zm.1
zm.l Zj.)

where:

s i

m i

is the self impedance of one phase of the line section
three symmetrical phases, and
is the mutual impedance between two of the line

section three symmetrical phases.

Figure 3 shows line section 1 between nodes i and j with
loads attached to each node. Loads of each phase arc
supplied through three-phase delta-grounded wye connected
distribution step-down transformer. Other distribution
equipment connected to an ungrounded system is also
connected between two phases and their V-I characteristics
can be directly modeled in the solution technique.

J
JaJ

b

c

Iaj,

Iab.j\Ibc,i

z ,

1 * >
Jb,l

IbJ

Iab.ii Ibc,

Ä
Ica,i Ica.j

Fig.3. A three-phase line section

A. Branch ordering and selection of breakpoints

We order the branches in layers away from the root node
[7], as shown in Fig. 4. The numbering of the branches in
one layer starts only after all the branches in the previous
layer have been numbered.

The selection of breakpoints is a part of the ordering pro-
cedure. A breakpoint is created at the ending node of the or-
dering branch if it is also the ending node of some already
ordered branch. In such a case, the ordering branch can be
treated as a loop link. Its ending node becomes an artificial
network node getting a new number temporary.

Fig. 5 shows a weakly meshed distribution network with
selected breakpoints.

l i

Layer 1

Laver2

14 Layer 3

Layer 4

Fig. 4 Radial network ordered in layers

Root node

L-link

L Brcakpoinl

Fig. 5 Weakly meshed distribution network

B. Radial network solution algorithm

Since each network loop is broken by ordering procedure,
the network becomes radial. For such a network, treating the
root node as a slack node with known voltage magnitude and
angle, and assuming a flat profile for the initial voltages at
all other nodes, the iterative algorithm for solving the radial
network consists of three steps. At iteration k:

1.Nodal current calculation:

fiO

'bc.i

b.i o oTvab i i
0 Y b c J 0 Vbc>i

0 OYca,jJ[vca.i

(k-1)

(2)

100
1 0 -1

-1 1 0
0 -1 1

»ca,i

(3)

where:

Ia,i- ), j , ICij

vab i>

are current injections at node i (by phases
a, b and c respectively) corresponding to
constant power load and shunt elements;

wn load a t n o^ e ' located
between phases ab, be and ca,
respectively;

vbc,i- vca, i a r e v 0 ' t a g e s a t n°de i, between phases ab,
be and ca, respectively;

^bc i' ^ca i a r e l n e t o t a '
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^ca i a r e admittances of all shunt elements at
node i, between phases ab, be and ca.
respectively.

2. Line section current summation: In a backward sweep,
starting from the line section in the last layer and moving
towards the root node, the current in line section 1 is:

Ja.l
Jb,l

c.t

k)

•z
neN

Ja,n
Jb,n (4)

where Ja j , JD j and J c j are the current flows on line section 1
and N is the set of line sections connected to node j .

3. Nodal voltage calculation: In a forward sweep, starting
from the first layer and moving towards the last layer, the
voltage at node j is:

Va.j
Vb0
V c j

(k)

=

Va,i
Vb,i
v c i

(k)

-

zs.l
zm.l
zm.l

zm,l
zs,l

zm,l

zm,l
zm,l
zs,l

J,

»bJ (5)

V b j =

Va,i
Vb,i
v c i

(k)

-

(1

0
0

0

0

0
0

"ja,r
jb,i
JCI

For the considered three-phase three wire system the
Ja i+Jfj |+JC i=0 is valid and equation (5) becomes:

(6)

where z s | -z i r | = z ^ ^ is a positive sequence impedance of
the line section 1. Thus, equation (6) can be written as three
separate equations.

C. Link current calculation

The link currents interrupted by the creation of even'
breakpoint can be replaced with current injections at its two
end nodes, without affecting the nclwork operating condition
[7,8,9].

Figure 6 shows a three-phase breakpoint j . For applying
the radial nclwork solution algorithm, currents must be
injected to all three phases with opposite polarity at the two
end nodes j l and j2.

Jaj Ja.i •Ja.i

Jb.j Jb.i

Jcj

J Jl J2

Fig. 6. Three-phase breakpoint representation

(k) V
J'b,l

jelj

and
\j2~

Ib'j2

}cj2_

(k)

= - Jb,l

_JCJ

(7)

The link currents can be obtained in an iterative
procedure by solving the following complex linear equation.
At iteration k:

(8a)

(Sb)

(8c)

where:

fva].[\r\A.\ Vcl arc vectors of phase voltage mismatches for

all breakpoints, in phase a, b and c,
respectively;

[Aia]-[AJb].[AJc] arc vectors of incremental link current

changes for all breakpoints, in phase a,
b and c, respectively;

|Z]OOp is the loop impedance matrix for the positive

sequence network, which calculation algorithm is
explained in (I].

With link current corrections calculated from (8), the new
link currents arc:

(9a)

(9b)

D. Voltage correction

In the iterative compensation procedure, after every
solution of equation (8) and before proceeding with the next
iteration, the node voltage corrections are to be calculated
[4]. In order to achieve that, it is necessary to solve the radial
network by applying incremental current changes at the
breakpoints as excitations, without any other excitations, and
setting the voltage at the slack node to zero. After the
backward sweep and forward sweep, the voltage corrections
at all nodes are known and can be added to the latest
voltages to obtain the new node voltages which should be
used in the next iteration.
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IV. OPTIMAL FLOW PATTERN IN A NETWORK

The optimal flow pattern in a meshed network is the set of
current flows in the network branches that result in
minimum resistive line losses. Knowing the current
injections at the network nodes (by solving the AC power
flow for the actual network configuration, previously), we
can adjust current flows in the loop branches to minimize
resistive line losses. According to [2] and (3), the branch
currents for the optimal flow pattern can be determined by
solving the KCL and the KVL of a purely resistive model of
the network. In that model each branch is represented by a
resistance which is equal to the resistive component of the
branch impedance. The extension of the above conclusion to
three-phase, three wire, without ground wire system, can be
notified by equation:

(10a)

(10b)

(10c)

lsL

leL

IsL

where L is the set of branches 1 that are in the network loops.
After establishing the optimal flow pattern in the network,

one switch in the loop branches is being opened, eliminating
one of the network loops. The selection of a switch to open is
in order to incur a minimum disturbance in the optimum
flow pattern in the network. For the three-phase unbalanced
networks it is found that the switch that has to be opened is
one on the loop branch which phase currents satisfied the
following condition:

minJi =
'ofp

+ |Jb,lofp| +|Jc,lofp Ml)

V. NETWORK REORDERING AFTER BRANCH SWITCH
OFF

The entire process, starting with the AC power flow
solution for the actual nclwork configuration up to tlic
opening of the switch in the branch that satisfies the
equation (11), is repeated until the network becomes radial.

With every switching off the branch that belongs to at
least one loop, the loop number decreases and the network
gets a new configuration. For every temporär)' configuration
of the network, ordering of the network branches in layers
and calculation of the Z | o o p matrix are needed to apply the
load flow explained in III. Better efficiency of the method is
achieved by implementation of the algorithms for partial
reordering and Zj^p matrix re-evaluation [1].

VI. TEST RESULTS

The proposed method for loss minimization in
unbalanced distribution networks was implemented on

PC/AT compatible microcomputer to test its performance.
The test systems were:

- 14 node network with 1 loop (marked as Tl), [10];
• 32 node network with 5 loops (marked as T2), [11];
- 69 node network with 5 loops (marked as T3), [12].
The test results are summarized below.
At first, over 15000 experiments were done to confirm the

criterion (equation 11) for selection of a switch which
opening causes minimum disturbance in the optimal flow
pattern. The specified load in the test-system nodes has been
divided into different percentage among phases ab, be and
ca, to make the system imbalance. Handling, that way,
different combinations of system nodes, various experiment
cases have been created.

In a 0.15% of experiments the criterion:

min Ji , =
'ofp J. •|Jb,l ofp J, (12)

chooses the switch which opening results in configuration
with smaller resistive line losses than in the configuration
determined by application of equation (11). The biggest
found difference in losses between configurations defined by
critcrions (11) and (12) was 3.54%. Moreover, it was noticed
that, in those experiment cases selection of switch to be
opened by criterion (12) changes only the order of opened
switches and the final nclwork configuration is the same
with that reached by applying the criterion (11). Taking the
above into consideration, the authors presumed the equation
(11) as only applicable criterion for opening the switches in
order to find the configuration with minimum or near
minimum line losses for unbalanced distribution networks.

The effects of node loads imbalance on the minimum loss
configuration solution arc illustrated in Table 1. In order to
enable comparison of results, it should be stressed that in
case of balanced networks the solution procedure switches
off the branches 7-10 and 7-9 for test network Tl, 8-9, 14-
13, 31-32, 7-6 and 24-28 for T2 and 50-51, 12-13, 12-20,
10-70 and 44-45 for T3. In this case, resistive losses in Tl,
T2 and T3 networks resulting configurations are 1.66%,
3.76% and 0.84%, respectively.

VII. CONCLUSIONS

This paper presents a heuristic method for determining
the configuration with minimum resistive line losses for
unbalanced distribution networks. The method is extended
from its single-phase version proposed earlier in [1]. The
developed algorithm considers three-phase distribution
networks with three wire, phase-symmetrical line sections
(the most frequent European practice). A simple heuristic
rule is used by method to select the switch in the loop branch
which opening will decrease resistive losses in the network.
In the paper, the criterion for selection of a switch to be
opened is modified to enable the problem solution for
unbalanced netwotks. Examinations over the three test
systems show that the resulting network configuration
depends on present system imbalance. Therefore, accurate
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TABLE I

Test
netw

ork

TI

T2

T3

SOME RESETS OF SOLVING UNBALANCED NETWORKS

Load imbalance in

Node

6
7
9
10
14
16
17
28
29
30
32
11
12
50
51
53
54

ab

20
10
70
20
50
20
15
65
65
60
15
50
60
70
20
10
20

be

20
20
10
30
30
60
65
20
20
20
65
30
20
20
20
20
20

ca

60
70
20
50
20
20
20
15
15
20
20
20
20
10
60
70
60

8
7

28

12
20
47

Switched
branches

off

-10 ; 9-14

• 9 ; 1 4 - 1 3 ;

- 6 ; 1 7 - 3 2 ;
-27

• 1 3 ; 5 1 - 5 2 ;
19 ; 9 - 1 0 ;

-48

Resistive
line

losses (%)

1.87

3.95

1.08

ininimuni loss configuration study can be accomplished only
by distribution networks modeled in their three-phase
representation.
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OPTIMAL RECONFIGURATION OF DISTRIBUTION NETWORKS FOR A DIVERSITY

OF REGULATORY FRAMEWORKS
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Instituto de lnvestigaciön Tecnolögica

Universidad Pontificia Comillas
Alberto Aguilera 23, Madrid, 28015 SPAIN

Abstract— Any given regulatory scheme for the electric power
industry requires a consistent set of rules determining operation
and pricing of the different electricity services, in order to
guarantee optimal efficiency conditions. This paper determines
the optimal operation rules for a distribution network under
different regulatory environments, and specifically in a
competitive setting. Using realistic examples and a novel
reconfiguration algorithm, it is shown that imperfect regulations
may result in widely different "optimal" network configurations,
therefore emphasizing the need to avoid the introduction of
perverse economic incentives in the remuneration of network
distribution services.

Keywords—Disiribution Systems, Regulation. Free Markets,
Network Optimization. Feeder Reconfiguration.

I. INTRODUCTION

The classical regulatory paradigms tor the electric power industry
have to he thoroughly revised 11 ] when the traditional schemes of
vertical integration, natural monopoly and cost-of-service
remuneration arc replaced by competitive markets in the provision
of electric services, such as generation and supply (i.e.. commercial
distribution). This paper focuses on the provision of distribution
network services, which are traditionally regulated as a natural
monopoly with the operation rule being typically reduced to the
minimization of the total network ohmie losses.

Regulation in a free market regulatory framework is confined to
protect the consumer interests by promoting improvements in
security, quality and price, wherever the system keeps monopolistic
characteristics, and to promote competence in whatever place it be
possible.

The regulatory corrections adopted may be characterized by: the
introduction of competence in generation, the greater access to the
transmission network, the integration of the demand in the functions
of security and economic handling of the electric system, the
introduction of commercialization in distribution and the inclusion
of environmental impact in the management of the electric sector.

Paper SPT PS 25- 06- 0316 accepted
for presentation at the IEEE/KTH
Stockholm Power Tech Conference,
Stockholm, Sweden, June 18-22,1995

Some of the regulator)' measures that have been adopted include
the introduction of diverse levels of competence in generation,
greater access to the networks, the integration of demand's response
in the security and economic functions of power system operation,
unbundling the commercial (or supply) function from the network
activities of distribution utilities and the internalization of
environmental considerations. These transformations imply a careful
revision of the functions of operation and planning of electric
systems, as well the models, algorithms and other implementation
aspects.

The traditional regulatory context is typically associated to
electricity tariffs that are responsive to the actual operating
conditions, with dubious economic rigor. At present, with the
establishment of electric power free market systems, and diverse
deregulating developments in the distribution systems, the
convenience of establishing basic regulatory criteria for motivation
in this context, for the efficiency of the system and avoidance of
regulatory rules with implicit perverse incentives, has been
earmarked as a necessity. Another source of motivation for change
is the availability and decreasing cost of advanced means for
communication and control, therefore facilitating diverse aspects of
distribution automation.

This paper proposes a regulation scheme for the distribution
network service, which must be distinguished from the distribution
commercial (or supply) service. This separation has been actually
implemented in the regulation of England and Wales; however the
conclusions of the paper are also valid in most regulatory schemes,
where both distribution services remain together.

Three prototype agents are considered when designing the
proposed regulatory approach: the regulator, the distribution
network utility and the consumer. The regulator is responsible for
optimizing the global social welfare associated to consumption and
supply of electric energy and he or she must set the rules for the
other agents accordingly. The distribution network utility is assumed
to be franchiscd monopoly with the obligation to supply its
consumers with a guaranteed cost-of-servicc type of traditional
remuneration (economic incentives may be added in several ways to
accomplish different objectives; here only oplimality in investment
and operation will be considered). The consumers care about
maximizing their net benefit, i.e., the utility extracted from
electricity consumption minus the incurred purchase cost.

The regulation of distribution networks is similar to that of
transmission systems because both behave as natural monopolies.
The transmission service, however, is carried out generally by one
enterprise, with consumers that can be considered as alike since, in
general they correspond to aggregated loads. The distribution on the
contrary, typically comprises several enterprises with changing
topology and consumers with dissimilar pricing elasticity. The
relation with distribution customers is more direct and may adopt
diverse formats.
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The paper is organized as follows. Section 2 presents a glosary of
terms. Section 3 develops the mathematical optimally conditions
from the global or regulator's viewpoint. The consumer's
perspective is described in section 4, where optimal end-use prices
,\re derhed. Section 5 shows the rules to be imposed to the
distribution network utility, so that the same efficiency conditions of
section 3 can be attained. Some observations on characterization of
loss of supply are given in section 6. The overall regulatory scheme
is summarized in section 7, with section 8 presenting an illustrative
example. The conclusions are given in section 9.

11. GLOSSARY OF TERMS

BC Consumer utility function.
BXI N'et individual benefit.
BXI' Optimal net consumer benefit.
BSS Net social benefit.
/i\S'.V,' Short term optimal net social benefit.
CV High voltage supply costs.
CVI Variable consumer costs
KXD Non distributed energy.
fa Objective function lor the operation of the network.
ICC Consumer investment costs.
/r .V Network investment costs.
AT Investment in consumer facilities.
A'.V Investment in network facilities.
LI' Feeder active power losses.
LQ Feeder reactive power losses.
,V Network operation variables (transformer taps, capacitor

.switches, feeder re-configuration, etc.).
/' Active power.
I'A Feeder aggregated active power.
I'K Reference nethe power demanded by the customer.
I'S Active power to be shed.
O Reactive power.
QA Feeder aggregated reactive power.
OR Reference reactive power demanded by the customer.
QS Reactive power to be shed.
A' Network operating restriction functions,
/f* Network operating restrictions upper limits.
SllllNDlCKS
ii Feeder identifier.
c Consumer identifier.
A Short term identifier.
h Short term limn period.
/ Network restriction identifier.
; Long term time period.
GREEK LETTERS

\ Lagrangc multiplier associated to the consumer capacity
restrictions.

K Lagrangc multiplier associated to the network operating
restrictions (voltage, overload,... restrictions),

p Price of the end consumer active power.
CT Price of the end consumer reactive power.
8 Price of the active power at the feeder.
5 Price of the reactive power at the feeder.

III. THE REGULATORY ENTITY

XI. Statement of the Problem
The objective of this section is to determine the overall optimally

conditions for the ensemble of the distribution network utility plus
the consumers, in order to achieve the maximum social welfare. The
approach follow the same lines as [2]. The decision variables are:
the active and reactive power demanded by the consumers, the
operation variables of the network (reconfiguration, capacitors....),
the investment in network facilities, and the investment in installed
capacity of consumers.

\n\\\tmcttt

Figure I. The framework ol'dislribution regulation.
The problem may be stated as:

\BC[P,Q)

,, it>c*,\ Af \-CV[P.Q,KN,t\')
Max\BSN}= Max i , [

/'.Q.KiV.X.KC -fCC{ KC)

[-ICN(M)
Subject to:

S[P.Q)<KC (2)

R{P.Q,KN.i\')<l<+ I 3)
where:

f (I)

t h c

CV(p.Q,KN.N) = lllCVlllll{pAlha.QAllia)
I It a

ICC(KC) = II/CC,,(A'C r / . KCC2 KC,,)
i c

ICN(KN) = llCN,[KN/,K,\'2 Ki\',)
t

This restricted optimization problem can be replaced by an
unrestricted problem by means of the lagrangian function [3]:
ii(P,Q,KN.N.KC,n^)=BC[P,Q)-CV{P,Q,f(N,N) +

+S\KC-S{P.Q)}-
-ICC(KC)-ICN(KN)

Separating the lagrangian into a short and a long term parts, it can
be rewritten as:

$*:BSN*S-1CC-ICN
with the short term part being:

BSN'= Max \BC-CV + n.\R+ -R\ + q.[KC-S]\ (5)
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.\2. Optimality conditions
The necessary optimality conditions to obtain the maximum

efficiency of (he system are obtained by equating to zero ihc
derivative of the lagrangian with respect to each independent
variable [P. Q. KC. A'A\ A'. c, and n). The derivative of the
laurangian with respect to each lagrange multiplier yields the
corresponding restriction.

The optimality condition for network investments is:

d BSN d CV dK.[R+-R] d /ov

dKN, dKN, dKN, d KN,
resulting in:

3 ICN

dKN, dKN, dKN,
(6)

Fur tlie consumer facilities the opiimality condition is:

d BSN dBSN<* dlCC
o

d KC,C dKCK dKCu.
yickiitiy:

(7)
d BSN I d ICC

d KCW ~ d KCIC

The .short term opiimality conditions follow next. For the active

power iif consumer c is:

dliSN,

/ ' , / „ •

d BC d CV dn.[R+-R\ dq.[KC-S]

dl',,,,- dP,ln.
resulting in the expression:

d BC d BC,

d P,to-

ihc

d P,,w d /»„„.

B LP,lM

3 P,m-

(8)

l + - W In,i,t.
ihc

B Plhe d P,hc

where:

dCV

B PAllM
~" llld

PA,,= lPr+LPtl

d n.[R+-R(P,Q,KN,N)l

B P,hc

S\KC-S{P.Q)] =

= - 2 . 7 T , / , / .
R,M

Plhe

I f
vr — c . I P i O
"'— re J;/if\r Uic'^1t h c

The opiimality condition for the reactive power of consumer c is:

a BSN,,

d BC d CV Ba\R*-R] d 4.JKC-S)

~3Qlhc~3Qlhc
+ dQ,llc

 + dQ,hc

resulting in the expression:

d BC _ d BCC

dQ,,~dQ,hl.

as,,,,.
(9)

,,,,.

where:

d CV
- 5 iiut

Tlie optimality condition for the ensemble of decision variables
associated to network operation is:

dBSNs dCV dn.[R+-R]

dN
tll

(10)

dN,,, dNlh

which results in the optimaliiy condition:

dCV dn\R+-R\
= •

d A',/, a A',;,

IV. THE CONSUMERS

4.1. Demand
A consumer demands electricity to extract a utility (or benefit)

from ils utilization. Up to a limit, ihc more units he consumes the
greater the total utility he obtains. The marginal or incremental
benefit, however, diminishes with each additional demanded unit,
until the consumer saturates the capacity of his facilities.

The economic behavior of the consumer is predictable in broad
terms: he buys more energy when the price is low than when the
price is high and viceversa.

nurpirul
utility

nuryin.il
ulilitv

IX-nuiul

Figure 2. Consumer marginal utility functions.
Figure 2-a shows the typical marginal utility function of a typical

customer in general terms. The difference between two customers
could be given by the slopes or by the number of steps of the curve.
The curve in Figure 2.a shows four distinct stages: stage 1
corresponds to the most essential load for the consumer,
corresponding to the highest marginal utility value; stage 2 is for
less critical load block, which has a lower marginal utility, stage 3
represents a portion of the load whose marginal utility has a brad
variability (therefore indicating price elasticity); finally the load in
stage 4 has a very low marginal utility (such as lights during daytime
or electric heating during summer) until saturation of all electric
consumption equipment is reached. A simpler case is represented in
Figure 2-b, with just two demand blocks, each one corresponding to
a uniform value of the marginal utility.
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4.2. Statement of the Problem
The consumer tries 10 maximize its net benefit SAY, i.e., its utility

minus the electricity cost. The object of this section is to determine
the optimal active and reactive power tariffs ( / v and 01»..
respectively) so that the consumer behavior is consistent with
maximizing the global efficiency of the system.

The consumer's decision variables are its active and reactive
power subject to not exceeding its installed capacity, which can be
adapted in the long term. This may be summarized as:

BCc(pc.Qt)

Max{BNl} = Max -CVI(PC,QC.N)

-lCCe{ AT,)

Subject to:

S[P.Q)<KC (11)

where:

t II

O7(/\ .<?,.#) =

= ll[plil,.P,ht+a,,„•.(}„„)

u(KCll KCU)

The lagrangian function is:

i = f l C , . ( f V . G , . ) ( , )

+$\Kcl.-s[pl..Qt)]-icct.(ncl)
or in terms ul'the short term benefits:

»here:

' = Ma.x\-CVl(p(..Qt.,N
e,\KC,.-S]

4.3. The tiiiiinuility conditions
The optimaliiy conditions for the variables KC, P and Q will be

obtained next. For the investment in consumer facilities, they are
obtained from the problem:

BNl*= MC).X\BN1]-ICC\

resulting in:
KC

dBNl, d ICC
(12)

d KC,C d KCIC

which indicates that the consumer must expand its facilities while its
investment cost is below the associated increment in its expected net
consumer benefits in the short run. It is straightforward to check that
(7) and (12) are the same equation:

The short term optimality conditions will be obtained from the
short term benefits. For the active power:

d BNIrp dBCc dCVl &-.[KCe-S]

dPihc d Pthc

yielding:

dsthe 113)

Expression (13) shows that the consumer will increase its
demand, subject to the capacity of its facilities, while its marginal
benefit exceeds the price that has been fixed externally. Moreover,
comparison of (S) and (13) results in the expression of the optimal
price:

d LPtiu, 1 y 3 R,I,I

\ 3 P,i,c ) i d P,/,(.

For the optimality condition related to active power:

d BNls 3 BCC d CVI

dQ the
which gives the condition:

with analogous interpretation to (13).
Similarly, the comparison of expressions 19) and (15) yields the

optimal price for reactive power:

dthe - o ,im\
1

3Q,,,c
,m •

dQ,,,,.
(16)

V.THP.DISTRIBUTION-NETWORK UTILITY

It is commonly accepted that network functions must he
regulated, because of its characteristics of natural monopoly. Some
kind of cosl-ol'-scrviee remuneration will be assumed here, subject
to the condition ihat the distribution network utility follows
prescribed rules for investment, operation and pricing.

These rules will be determined so that they are consistent with the
optimality conditions in sections 3 and 4, equations (14) and (16)
provide the optimal prices that theoretically must he applied to the
final consumers. The optimal operation rule will be determined next.
Here the problem is to find out which objective function fo has to he
maximized by the distribution network utility in its operation.

The operation problem is formulated as:

Max{fi>}
A'

subject to:

R{P,Q,KN.N)</<+

The restricted problem is transformed into an unrestricted one by
means of the lagrangean function:

«f = fo + n.(/?+ - R{ P, Q, KN ,1

The opiimality condition is:

d fo 3K\R+-R]
_ (17)

Comparison of expressions (10) and (17) shows thai the
operation problem that the distribution utility must be regulated to
optimize is:

MinWlCV ,
N Vh a
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subject to:

R[P.Q.KN,S)<R+

i.e.. to minimize the cost of the wholesale energy that is input to the
network, for a given demand of ihe end consumers, subject to
meeting the network operation constraints.
The long term (.i.e., investment) optimally condition for the
distribution utility is equation (6) in section 3, which is consistent
with the operation rule that has just been described. This equation
l6) states that the distribution network utility must invest in network
facilities while the marginal investment costs are below the
associated reduction in the wholesale input energy costs (taking into
account the extra costs caused by active network constraints).

VI. LOSS OF SUPPLY REPRESENTATION

The model that has been used in the preceding sections avoids
dealing with an explicit representation of loss of supply. It has been
assumed that at any given moment ever)' individual end consumer
receives a price that signals the cost of electricity at the
corresponding node and instant of lime. If network limitations make
i\ impossible to deliver ihe requested active and/or reactive power,
the prices will rise until the consumers reduce their loads to adapt
them to the current operating conditions. Strictly speaking there is
no loss of supply under these circumstances; it is just the interaction
of prices and customer's response, see Figure 1.

In a more realistic setting a fraction (maybe all) of the consumers
will nut receive any spot price signal at all. Therefore they cannot
adapt their demands to the current operating conditions and an
explicit loss of supply may occur. Under these circumstances, the
distiibution network/consumers interplay in Figure 1 has to be
replaced by the sliort-ierm optimization problem (5), where all
decisions are laken by the distribution network utility: the network
operation variables A' and the load to be shed at each node PS,,,, and

P^J'R.^PS,,,,

Q,i,,QR,u-QS,h
where PR and QR are ('•!' reference values being demanded by the
end customers. The proiilcu (5) can now be replaced by:

-nÅR+ -R]-q.\KC-S}}Min

Vll. REGULATORY SCHEME

The paper shows that, even under competitive conditions for
generation and supply, the following set of rules have to be followed
ideally in order to ensure maximum economic efficiency, both in the
long and the short run:
i) The price of electricity for any final consumer must equal, at any

given time, the spot price at its node of connection. The rational
economic response of the consumer, in order to maximize his own
net benefit, is to increase his demand while the marginal value of
his utility function associated to electricity consumption exceeds
the spot price. It is assumed here that all consumers receive the
spot prices and respond to them rationally,

ii) The distribution network utility has to minimize the total cost of
the wholesale energy that is input into its network, satisfying the
technical constraints.

iii) The distribution network utility has to invest in distribution
network facilities while the incremental cost of investment is

below the associated reduction in the total cost of the wholesale
energy that is input into its network.
When some or all of the customers do not receive (or they cannot

make use of) spot prices, in (ii) and (iii) above, the cost (estimated
by me distribution utility, where individual characterization of
customer types is possible) of non distributed energy to these
customers has to be added to the total cost of the wholesale input
energy in the corresponding optimization problems.

VIII. EXAMPLE

An example is now presented to show the consequences of
different regulations of the distribution network utility on the
associated optimal configuration of the network.

Rules (i) and (ii) have been implemented in a novel distribution
network reconfiguration algorithm, see [4], In order lo fully apply
rule (i), the elasticity to price of the final consumers has been
explicitly modeled, and the individual spot prices at each node have
been computed for any given network configuration, using ihc
method in 15]. The spot prices at the input nodes are assumed to be
different in general. Figure 3 depicts for a sample network (taken
from [6]) with uniform substation input prices, the resulting optimal
configuration when the rules derived in this paper have been
applied.

Figure 3. Optimal configuration for uniform substation input prices.
Different operation rules, corresponding to faulty or incomplete

regulatory frameworks have been examined. Where possible, Ihe
distribution utility is supposed to maximize its net benefits, subject
to the restrictions imposed by the specific regulation. In general the
resulting network configurations differ from the true optimal one.

Figure 4 shows the optimal configuration obtained for the case
where the wholesale energy cost at substation C is 1 percent greater
than the costs at the other substations. Notice that a uniform cost of
the energy input at all substations results in the customary optimal
operation rule of ohmic loss minimization, which is a particular case
of the more general regulatory scheme proposed in this paper.

Figure 4. Optimal configuration for a case of different purchasing
costs at substations.
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Figure 5 shosvs lha solution corresponding to a particularly
"perverse" case, where the distribution utility is supposed to make
net operation benefits from buying power at the input nodes at the
corresponding spot prices and selling it to the final customers at the
individual spot prices.

Figure 5. Perverse solution.

IX. CONCLUSIONS

The paper develops the optimal regulatory scheme for a
distribution network utility, concerning its policy of investment in
new facilities, the operation of its network and ihc electricity tariffs
for the final consumers. The resulting scheme is not intuitively
obvious; for instance, in general it does entirely coincide with
commonly accepted approaches to distribution investment and
operation, mostly oriented to minimization of ohmic losses. These
results can be of practical significance in competitive regulatory
schemes for the electricity sector, particularly those which make use
of nodal prices, i.e., spot prices with spatial differentialion, sec (1 ].
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Abstract. This paper considers quantitative reliability
evaluation of meshed but radially operated distribution networks.
Evaluation is done by applying Monte Carlo simulation technique.
For this purpose, a suitable model has been developed and
realized as a computer program. Model, as far as configuration of
the network is concerned, imposes no constraints, except that the
network is operating radially. On the other side, radial structure
allows application of some fast techniques intended for power
flow solution and reconfiguration of the network. This is essential
when time-consuming tecluiiques, as Monte Carlo simulation, are
applied. Load capacity of the elements in the network is also taken
into consideration. Monte Carlo technique allows more flexibility
in simulation of the daily and seasonal demand variation, taking
into account the stochastic nature of the elements' operation,
nonstationarity of the stochastic processes and so on. Because of
that, costs of interruptions can also be more realistically assessed.
So, this technique allows to take into consideration all relevant
factors of the analyzed problem in order to obtain more accurate
results. For the purpose of verification, the developed method has
been applied to a well known example in literature. Under the
same conditions both, the anal)1i'cal approach and the Monte Carlo
approach, have given practically the same results, but Uic later was
applied in some cases where analytical approach is not applicable.

Keywords: Reliability, Outage costs, Monte Carlo simulation

I. INTRODUCTION

Being the final part of the technological process of
generation, transmission and distribution of electric energy
and also the closest one to the consumers, distribution
systems may have great impact on the overall quality and
continuity of supply. At the same time, more than a half of
total investment is in the area of power distribution.
Therefore, planning this systems is difficult and important
task and frequently it is a compromise between costs and
reliability for satisfying the predicted demands. It is a
technical and economic optimization problem in which the
overall costs must be minimized while satisfying technical,
environmental and other constraints.

Paper SPT PS 26- 01- 0007 accepted
for presentation at the IEEE/KTH
Stockholm Power Tech Conference,
Stockholm, Sweden, June 18-22,1995

In recent years, considerable interest and effort has been
shown in developing reliability and cost modeling as well as
evaluating techniques for power distribution networks. A
variety of approaches [l-<5] have been used in order to
determine costs of customer interruption and assess various
reliability indices.

The purpose of this paper is to present another approach,
completely based on the Monte Carlo technique. The
motives for using this technique are the following:

- it allows freedom in modeling, so various nonlinearilics,
such as customer damage functions, and constraints,
such as thermal capacities of fed-back supplies, can be
more accurately taken into consideration;

- techniques that utilize radial structure of the system,
speed up significantly solution of the network and hence,
overall process of simulation;

- computer hardware has advanced so much that much
more computing power nowadays costs much less than a
few years ago and the trend is likely to continue;

- it seems "natural" to use stochastic method for solving
stochastic problems.

II. MONTE CARLO SIMULATION

In the stochastic or so called Monte Carlo simulation,
random variable X is sampled from its probability
distribution in order to estimate its expected value E(X) (or
mean u), as follows:

— 1 N

•x=—ylxi

A't '

(i)

where A' denotes number of experiments and xt denotes
obtained value of random variable A' in the experiment /.

Sampling is done by producing random numbers, usually
with a piece of code called pscudo random number
generator and relating them with the given probability
distribution [11].

It is obvious that the estimation of u. is also a random
variable, i.e. if the estimation is repeated, another set of
random numbers will produce different result. From the
definition (1) it is easy to show that the expected value
of X is the same as of the observed random variable A'and
its variance is:

var(AT)=

or its standard deviation is:

o_
N 'iS^)=4r. (2)

N i
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(3)

where a denotes standard deviation of the random variable
X.

Formula (3) shows that if the accuracy of the estimation
is to be increased by ten limes (one significant digit more),
the number of experiments must be increased by hundred
times. This is the major drawback in using Monte Carlo
technique. _

The error introduced by estimating n with X can be
evaluated by using the Central Limit Theorem [10]. In
accordance with it, for large number of experiments N,
random variable A' follows normal (Gaussian) distribution
with mean value u. and standard deviation aA/̂ Ar, i.e.
random variable:

(•t)

follows standard normal distribution N(0,l) with mean 0
and standard deviation 1. Thus, the probability that the
random variable defined in (4) lays in some interval (-r, z)
can be calculated from the standard normal distribution
function. This can be written in the following way:

where z is random variable with N(0, 1) and p is the
probability of the stated event. Of course, p depends on z
and vicc-vcrsa.

Finally, using ( 5), error can be expressed as follows:

(6)

where c =|.V - MI denotes error in estimation.

The last result give us way to calculate the required
number of experiments for desired accuracy and with the
desired probability:

(7)

Usually a of the observed random variable A'is unknown,
so its statistical estimation or other approximation can be
used.

In most of the applications the observed variable is
function of one or several random variables (hence it is
random itself). Experiments then involve sampling from the
appropriate probability distributions, as well as calculating
the observed variable from the actual values drawn. In the
cases when the input random variables are not mutually
independent, sampling is done from their joint probability
distributions.

Although Monte Carlo technique needs certain number
of experiments, that number depends only on the required
accuracy, not on the size or complexity of the model. An
important note should be made here. When considering this

technique, especially with a large number of experiments,
the quality of the pseudo random number generator is
essential. It mr.st produce uniformly distributed sequence of
"independent" numbers, otherwise the result will be
inaccurate and the large number of experiments will be
waste of time.

HL THE MODEL

A. Element reliability model

A distribution network is system composed of n elements,
such as cables, overhead lines, transformers, breakers,
loads, etc. Every element in the system, as it is usual, can be
found in two possible slates: Up (U) and Down (D) (see
fig. 1). State Up represents normal operating slate while
state Down represents state of outage when the element is
not able to perform its intended function. Reasons for
finding the element in stale of outage can be failure of the
clement, repairing, maintenance or some temporary
obstruction. Thus, operation of every element in the system
can be described as stochastic process with two discrete
stales and appropriate transition rales from one slate to
another (denoted on fig. 1 with X). Parameter or index of
the process is continuous time.

" 1 TT\

'•DU

Fig, 1 Two stales model of ihc clement

It is always assumed that the transition rates
(probabilities for intensity of changing states) do not depend
on the prior behavior of the process, only on the stale
currently occupied. Thus, the process is characterized by a
lack of memory, or in other words is Markovian [10]. This
Markov process with discrete state space is also denoted
Markov chain (although Ihcrc arc another definitions of this
term).

In the special case when the transition rates arc constant
in time the process is homogenous (some say stationary). In
ihis case, times between transitions from one state to
another are exponentially distributed. This is the main
assumption when analytical techniques are applied in
reliability assessment. However, when Monte Carlo
simulation is applied there is no such constraint. One can
use any kind of probability distribution, even empirical one.

Exponential distribution with parameter equal to failure
rate 0^%) describes quite well time to failure when
elements are within their useful period of life, but when
considering outage time lognormal, cut-normal or other
probability distributions could be more suitable.

If it is assumed that the events of changing states
between any two elements in the system are independent,
operation of every element is simulated by sampling up- and
down-times sequentially from the chosen probability
distributions.
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B. NetHvrk model

The network model consists of relevant electrical and
reliability parameters ofall elements in the network, as well
as its topology.

Regarding to the topology, meshed but radially operated
networks axe considered, as they usually are. Hence, there
could be some normally opened (NO) links. These links are
used for back-fed supply of switched off loads due to
outages in the network. The positions of the links in the
network are voluntary.

Radial operation of the network is an important
assumption in order to simplify logic in analysis, as well as
to apply special programming techniques for searching,
power flow calculations, etc. This techniques utilize radial
structure of the network maximally by using suitable
ordering of the elements and avoiding matrices. So, they are
very fast and computational time required is linearly
dependent on the size of the analyzed system. This is
essential for the application of the Monte Carlo simulation
which is time consuming technique.

Every clement in the network belongs to one of the
predefined types. Each type has its own electrical and
reliability parameters: load capacity, transition rates and
appropriate probability distributions.

Switching equipment is assumed to be 100% reliable,
what means that it can always perform its function when
needed and occurrence of fault inside it is impossible. This
approximation is close to the reality |9].

In order to simplify programming logic, overlapping of
outages is neglected i.e. it is assumed that if it happens
outages will not have any mutual influence. This way, any
contingency in the system can be treated separately.

C. Load model

When using Monte Carlo simulation, modeling of the
loads can be very detailed. In fact, this was one of the
primary motivations for using this technique.

Loads with similar characteristics and behavior arc
classified in groups. Every load in the network belongs to
one of the groups and each group belongs to one of the
ordinary customer sectors (residential, commercial, small
industry etc.). Groups may contain different number of
loads.

. Every group has its daily load curve shape (load curve in
p.u.) for every period of the year. Thus, if there is a total of
NG groups and a total of Np periods, total number of load
curve shapes will be NGxNp. This way, in any particular
time of the year, the demand of any load can be found by
scaling the corresponding daily load curve shape for that
load's group, in that particular period, with the given
average value of that load. Examples of this daily and
seasonal demand variations are shown in the example.

Stochastic nature of the loads can also be taken into
account. It can be done simply by sampling the average
value of loads from the given probability distributions. For

that purpose, normal distribution is considered suitable and
is applied for all loads.

D. Cost model

In order to provide a quantitative description of
system/feeder in customer interruption cost Sector Customer
Damage Function (SCDF) is used. It is a function that
describes costs for each customers' sector in $/k\V for
various durations of interruption. An example of such
function is given in [2] and [6]. Here is used the function
described in [6] with 6 sectors of customers and 5 durations.
The discrete durations are: 1, 20, 60, 240 and 480 min.
Other values can be obtained by linear interpolation or, if
duration is longer than 480 min., by extrapolation of "per
minute" curve ($/k\V/min) using the slope of the last
interval. In such way evaluation of reliability is given in
terms of cost and results can be applied for costTbencfit and
value based reliability studies.

IV. THE METHOD

A. Load point/element resulting states

Ever)' contingency generated by the simulation, due to
the radial operation of the network, affects all elements in
the feeder downstream the clement in outage. It also affects
all elements upstream to the first device with capability of
breaking the circuit. This results in supply interruption of
all loads fed by those elements. For some of them,
occasionally, supply can be restored by closing the activated
switching device and normally open links, after isolating
the clement in outage from the rest of the system. The rest
of the affected elements, neighboring the clement in outage,
remain without supply until the outage is cleared. Thus, all
affected elements arc partitioned in three sections. This is
shown on fig. 2.

Fig. 2 Partition in sections of the elements affected by outage
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The first set of affected elements upstream the element in
outage, but with restored supply, compose section A. These
are all the upstream elements thai can be isolated from the
clement in outage. Similarly, the elements downstream the
element in outage with restored supply compose section C.
These are all the downstream elements that can be isolated
from the element in outage and supplied by NO links. This
fed-back supply is subjected to thermal (current) constraints
of all the elements involved in it. The rest of the affected
elements by the outage compose section B. Thus, union U of
this three mutually exclusive sections contains all the
elements affected by the contingency: U = A^JB^JC.

The duration of supply interruption for the elements in
the sections A and C is determined by the time needed for
switching operations and reconfiguring the network. This
time depends on the location of the element in outage,
locations of relevant switching devices, presence of remote
control and automatic equipment, human factors etc. It can
be modeled by any probability distribution with appropriate
parameters that realistically represents aforementioned
factors.

On the other side, the elements in the section B can not
be supplied until the clement in outage is back in service.
Thus, their duration of supply interruption is determined by
the outage time of the observed contingency.

In accordance with above, every load point in the system
can be found in one of the three resulting states: Normal
operating state N, Reconfiguring (switching) state R and
Suspended state S, as shown on fig. 3.

Z( Z'w+ Z'a)

up down

Fig. 3 Load point resulting slates

B. Calculation of Reliability indices and Outage Costs

In order to calculate needed variables, in the process of
simulation, statistical counters must be set and updated
during each contingency. At the end of the process, as
described in Sec. I, expected values of the needed variables
are estimated with average values of appropriate counters.
Similarly, if statistical counters are divided in categories of
the observed variables, relative frequencies obtained can be
used as an estimation of their probability distribution
functions. In accordance with above, for every load point j ,
the frequency of outages/(l/yr.), the unavailability t (h/yr.),
the unsupplied energy ENS (kWh/yr.) and the cost of
interruptions COST (S/yr.) can be calculated, as follows:

N-Ny

K Ifys/ + Zfys)
ENS -

J'~

I t I ^ J C / C R /
ECOSTJ = U ':->eA'uC|

(9)

(10)

, (i i)

t -
N-Ny

(8)

N-Ny

where:
- i:y'eX, denotes all contingencies in which load pointy

belongs to section X (A, B, C or U),
- N number of experiments,
- Ny number of years in each experiment,
- t^j, fa duration of states R and S for contingency /,
- Pj time dependent power connected at load pointy,
- C (̂x) cost of interruption using SCDF of load pointy

in duration of x.

The above formulae are related to load point indices and
costs. Usually, the system or feeder indices (SAIDI, SADFI,
CAIDI, AEMS, etc.) [8] and outage costs arc also subject of
interest. To calculate them, similar expressions as (8) - (11)
can be applied with summations spread to all load points
that belong to feeder/system.

V. APPLICATION TO THE RBTS-Bus 4

The RBTS-Bus 4 shown on fig. 4 is an educational
distribution lest system for which the complete data arc
given in [7]. It is an extension at distribution level on bus
no. 4 of a previously defined test system aimed at generation
capacity and composite system reliability evaluation. The
RBTS-Bus 4 has 38 load points with an average connected
load of 24.58 MW comprising residential, commercial and
small industrial customers. It is sufficiently small to
successfully serve its purpose, yet sufficiently detailed lo
reflect the actual complexities involved in a practical
analysis.

The case study considered is the basic system as shown in
fig. 4, composed of cables, with disconnects, fully available
alternate supplies through NO links, fully reliable fusegear
in laterals and with low voltage transformer replacement in
the case of outage (case E as defined in [7]).

Table 1 presents results for basic load points indices:
frequency of outages / (failure rate), unavailability / and
mean outage duration T, obtained by analytical calculation
and Monte Carlo simulation. The simulation was performed
with 20000 experiments, each with duration of one year.
Loads during the simulation were constant equal to their
average values as in the analytical model. The only
difference is that the times to failure, repair/replace and
switch, were sampled from exponential distributions with
mean values equal to those in the analytical model. It is
obvious that in this case both models give practically the
same results as can be expected.
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Results given stand for outages due to permanent
failures. The calculation procedure for temporary failures
and niainlcnance outages can also be done in a similar way
wiih appropriate data.

Table 2 and Table 3 give various indices for the feeders
and the entire system, calculated by analytical and Monte
Carlo simulation, respectively. The definitions of this
indices can be find in [8] and [5]. It can be seen that,
although reliability indices are the same, value based
indices (COST and BEAR) are more than 60% bigger when
calculated with simulation. This is due to the nonlineariry of
SCDF and probabilistic distribution of time to failure, time
to switch and time to repair/replace. The bigger the non-
linearity is the bigger the difference becomes. If SCDF were
linear, results would practically be the same as unsupplicd
energies (ENS) are.

Table 4 shows what happens when load variation is taken
into consideration together with the ampacity limitations of
the elements. In this case daily and seasonal load variation
were applied as shown on fig. 5 and fig. 6. However, total
annual energy delivered remains the same. For all feeders,
laterals and NO links limit of 10.5 M\V was adopted. This
is 2.5 times more than total average load and over 60%
more than total peak load of any feeder. However, in some
contingencies this is insufficient to supply customers in
section C (sec Sec. IV.A) and the result is total cost of
interruptions more than 2 times bigger compared to that
obtained by analytical calculation. The other indices arc
worse as well, except failure rales/which depend only on
corresponding probability distributions of components' time
to failure.

It can therefore be concluded that probabilistic nature of
various factors lh.it affect reliability should be considered in
order to obtain more realistic results, especially for they
appear to be more pessimistic than when operating with
average values only.

The computing time is also subject of interest when,
Monte Carlo technique is applied, since it is known as very
time consuming. However, a simulation of 20000 years on
the example shown, look about 2.6 min. on a ordinary
4S6/66 based PC machine, using 16-bit compiler. This is
quite acceptable and shows lli.it this technique even now
can be applied on real systems.

VI. CONCLUSION

This paper presents quantitative evaluation of reliability
indices and outage costs in meshed but radially operated
distribution networks. Evaluation is done using Monte
Carlo simulation approach. The major drawback of this
technique, excessive computing time, was partially
overcome by using programming techniques for searching,
power flow calculations, reconfiguring etc., based on fast
algorithms that utilize the radial structure of the network.
Another facility is provided by the computing industry that
keeps producing even better hardware and software. On the
other side, this technique allows very detailed modeling of

the real system. Consequently, taking into consideration all
relevant factors makes the obtained results very realistic and
sometimes quite different from those obtained by the
analytical methods. This is clearly shown on the example
and certainly favors Monte Carlo simulation in solving this
class of problems.
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X. APPENDIX TABLE 1. BASIC LOAD POINT INDICES FOR RBTS-BUS 4
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Fig. 4 RBTS-Bus 4 system

TAH1.E 2. SYSTEM INDICES - ANALYTICAL METHOD
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TABLE 3. SYSTEM INDICES - MONTE CARLO METHOD
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TABLE 4. SYSTEM INDICES - LOAD VARIATION, PN1AX=10.5 MW
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RELIABILITY ASSESSMENT OF POWER DISTRIBUTION SYSTEMS
CONSIDERING THE EFFECTS OF SUPPLY RESTORATION PROCEDURES
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Abstract: This paper presents a methodology that
permits an efficient and practical reliability
assessment of power distribution systems considering
the effects of supply restoration procedures. This
methodology recognizes practical operating features of
distribution systems and deduces the switching
operations that are available to be executed, following
the occurrence of a failure event. A set of five
probabilistic indices is obtained for each affected
load-point that quantifies the impact of the employed
system operational and maintenance practices. The
analysis of a typical ]5OkV/2OkV system based on a real
Greek distribution system is also included.

KEY WORDS: distribution systems, service restoration,
reliability assessment, standby components, maintenance

INTRODUCTION

A vital task of power distribution systems is its
ability to achieve rapid restoration of customer supply
and speedy return to normal operating conditions
following a system equipment fault or other system
abnormality. Computational techniques have been
published [1] for assisting the distribution system
engineer in sorting through the alternative designs for
the expansion planning for all or a large portion of
the system. Additional publications have been devoted
in the area of automatic restoration and rearrangement
of the distribution system following a system
abnormality and making maximum utilization of equipment
[2-3]. Furthermore, the reliability assessment of
composite power systems has been the subject of many
papers during the last decade [4]. However, relatively
little attention has been given in the reliability
modeling of power distribution networks taking into
account their particular operating features for service
restoration.

The purpose of this paper is to describe an extented
methodology that permits an efficient and practical
reliability assessment of power distribution systems
considering the effects of supply restoration
procedures that are available in these systems. This
methodology recognizes practical operating features and
concepts of distribution systems and presents to the
system operator the most appropriate switching
procedures to be executed, in a classified order,
together with all the associated information.
Furthermore, a set of five probabilistic indices is
evaluated for each affected system load-point and time
period of analysis. These indices quantify the impact
of component reliability parameters and system
maintenance operational practices. One such very
important parameter is the unavailability indices of
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for presentation at the IEEE/KTH
Stockholm Power Tech Conference,
Stockholm, Sweden, June 18-22,1995

the system standby components. They are usually
inactive during the normal operating period of the
system and they suffer "unrevealed" faults. Standby
components are usually checked at frequent intervals
and are repaired or replaced when found faulty while
preventive maintenance is also executed. A
well-designed preventive maintenance plan can have a
significant effect on the ability of these components
to perform their function [5]. A computational approach
was developed and incorporated in the methodology
assuming an arbitrary probability distribution for
component lifetime and considering three commonly used
inspection/maintenance policies. Practical operating
features of standby redundant systems are also
recognized and constitute major extensions to the
approaches published which are more restricted [6].
Finally, the analysis of a 15OkV/20kV system based on a
real Greek distribution system is included.

DETERMINATION OF SUPPLY RESTORATION PROCEDURES

A practical distribution system is mainly divided into
a primary subsystem and a number of secondary
subsystems. The primary subsystem is an interconnected
network which consists only of the system supply
points. Each secondary subsystem is a radial network
which consists of one supply point belonging to the
primary subsystem and a number of load-points each of
which is supplied by it through exactly one route of
supply. The topology of a distribution system is
described by the system branches and their components.
Substation interlocking provides the means of safe
switching for both operational and maintenance
procedures. After the occurrence of a system
abnormality, supply restoration to all affected
load-points can be achieved by closing the appropriate
components (breakers and/or isolators) which are in an
open (standby) condition and can provide alternative
routes for power supply. These switching actions define
various groups of coordinated busbars since load supply
is only permitted through coordinated busbars.

First jrder failure events must be considered while
the additional simulation of second order events
permits the assessment of common mode faults. These
failure events can generally affect the supply of more
than one load-points. The available switching
operations can be deduced considering the minimal paths
leading to each affected load-point from all system
sources and taking into account the existing substation
interlocking and the system operational practices. If
at least one open component is contained in a
particular path, this path is considered to be in an
open (standby) status. In outage conditions, each
affected load-point can be supplied by energizing one
available normally open path which can be deduced from
the corresponding list of the identified open paths by
ignoring the paths that:
- contain one or more faulted components
- contain one or more components which belong to the

same interlocking sequence with the closed ones
- form a closed loop network (not radial).

A restoration procedure consists of one available path
for each affected load-point. The set of all possible
restoration procedures can be deduced by combining the
available open paths of each affected load-point and
excluding the combinations of paths that either form a
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closed loop network (not radial) or contain one or more
open components belonging to the same interlocking
sequence with any component of all the other paths
belonging to the same combination. This set provides
valuable information to the system operator because it
identifies the breakers and isolators that must be
closed to supply the affected load-points. Each
procedure is characterized by an order of completion,
indicating the number of switching actions to be
performed, and the amount of load supplied to each
affected load-point. However, the system operator has
the difficult task to decide which alternative
restoration procedure is to be executed. For this
purpose, a classification scheme is necessary for
assigning an order of execution to each restoration
procedure and taking into account various
classification criteria such as:
- The total amount of load supplied.
- The importance of supplying certain load-points.
- The need to supply all load-points with a minimum
amount of load.

- The number of load-points supplied by the same
source main feeding line.

• The load distribution of the system supply points.
- The number of switching actions to be performed.
An interactive algorithm was developed considering

all the above modeling and operational features [2).

UNAVAILABILITY ANALYSIS OF STANDBY COMPONENTS

Standby components suffer a certain type of faults
defined as "unrevealed" faults, that remain hidden
until revealed by some thorough proof-testing
procedure. In order to ensure that these are operable
on demand, the following three maintenance policies
are generally recognized as the most important ones:
TYPE 1: It is maintained after one maintenance interval
has been elapsed since the last repair or maintenance.
TYPE II: It is mair'ained after one maintenance
interval has been elapsed since the last maintenance,
irrespectively of any repairs performed.
TYPE III: It is never maintained but is either
repaired or replaced when found faulty.

A computational approach has been developed for
calculating three unavailability indices for each
standby component under consideration making the
following realistic assumptions:
- Repair and maintenance are completed before the next
scheduled inspection and they restore the component
to its original (as new) condition.
- The inspection interval t£ of a component is fixed.

- The maintenance interval Tu between two consecutive

maintenance periods and the maintenance duration t

are fixed (if the component is subject to maintenance).
- A component is always repaired/replaced when is found
faulty and the corresponding repair/replacement
duration tr is fixed while tm is smaller than tr-

- The maintenance interval T,. is always a multiple of

the inspection interval tc ( N=Tj. /t : integer number).
- A fault can be discovered during the n-th inspection
interval, where n varies from 1 to ». This means that
the component life is divided into a number of
inspection time intervals, where each such interval n
is identified by the region {(n-l)t ,nt ] which

includes the upper limit but excludes the lower limit.
The component unavailability due to unrevealed

faults at a time instant t belonging to the n-th
inspection time interval can be calculated by
considering all the possible and alternative failure
states in which the component can reside. It is evident
that the component may either be repaired during the
time interval ((n-l)tc,(n-l)tc+tr], or it may be

maintained during the time interval

([n-l)tc,(n-l)tc+tm] or it may fail during the time

interval ((n-l)tc,ntc]. The following events may occur

during the n-th inspection time interval:

Fn(t): A component fault occurs at time instant t,

where t belongs to n-th time interval ((n-l)tc,nt£).

G nj: A repair/replacement procedure is executed during

the n-th interval and it starts at instant (n-1)tc-

Gfl2: A maintenance procedure is executed during the

n-th time interval and it starts at instant (n-l)tc.

Gn3: An inspection is only performed at instant (n-1)tc-

It is evident that the events G ., G ., G 3 are
mutually exclusive and exhaustive since they represent
all the possible events which can occur at time instant
(n-l)tc- Therefore, the following expression

calculating the point unavailability of the component,
P(Fn(t)), can be derived applying the total probability

theorem:
P(Fn(t» . P{Fn(t)/Gn,JP(GnlJ • P(Fn(t)/Gn2)P(Gn2) +

+ P(Fn(t)/Gn3)P(Gn3) = An(t)4Bn(t)+Cn(t) (1)

where the terms An(t), Bn(t) and Cn(t) are defined as:

An(t) -P(F n(t)nG n,)-P(F n{t)/G n,) P(Gn]) (2)

B n ( t ) = P ( F n ( t ) n G n 2 ) • P(Fn(t)/Gn2) P(Gn2) (3)
Cn(t) - P(Fn(t) n Gn3) - P(Fn(t)/Gn3) P(Gn3) (4)

It is obvious that
Aj(t) . p(t) (5)
8,(t) • C,(t) = 0 (6)

where p(t) denotes the cumulative failure probability
function of the component. Also, the component
unavailability is unity when the component is either
repaired or maintained and equation (1) becomes

rp(t) for n=l

P(Fn(t)J-j (7)
UL P(Gnl) + H P(Gn2) + Cn(t) for n »

where:
1 = 1 and H < 1

for (n-))tc< t s (n-l)tc+tm
L - 1 and M • p(t-((n-l)tc+t ))

for (n-I)tc+tm< t s (n-l)tc+tr

L - P(t-((n-l)tc+tr)) and H - p(t-((n-l)tc+tm))

for (n-1)tc+tr< t s ntc

Event Gnj can only occur if a fault is identified at

time instant (n-])tc and, therefore, its probability of

occurrence P(Gpj) is equal to the respective point
unavailability of the component and can be calculated
applying equation (1) as follows:

R , + S , + T . for n>l

(8)

for n=l

(9)
(10)

'n-1 " Ln-l u"' 1' Lc' '**)
It is also obvious that a maintenance procedure is
never performed before the first scheduled maintenance,
which means that

P(Gn2) •= 0 for n<H+l (12)

A general expression for calculating e'ach of the
terms Rn and Sn can be obtained by considering the
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appropriate equations (2)-(12) as follows:
An(ntc) - p(tc- tr) ( Rn., + Sn., + Tn

P(tc)
Bn(ntc) - p(tc- tm) P(Gn2)

n

while

P(G
C for n<N+l

) for n>l

(13)

for n=l

for nsN+1

(14)
for n<N+l

(15)
Sn/p(tc-tm) for n>-N+l

It can be noticed from the general expression (7)
that the point unavailability of the component,
P(F (t)), at any given time instant t can be evaluated

knowing the probabilities P(Gn,),
 p( G

n2'
 and ^ n{t).

Equations (8), (15) and (11) relate these probabilities
respectively with the probabilistic terms Rn, Sn, Tn. A

set of recursive equations has been deduced for
evaluating each of the probabilistic terms Rn, Sn and

T for each n under consideration. The evaluation
procedure starts with the first step (n=l) and
continuous until the n-th step has been reached.
Equation (13) is a recursive equation relating, in a
general fora, term Rn with terms R ., V r This
equation is not influenced by the maintenance policy
type being applied. However, a general expression for
the other two terms S , T can not be derived becausen n
they are dependent on the type of the component
maintenance policy under consideration. For this
purpose, each particular type of maintenance policy has
been considered separately and a set of appropriate
recursive equations was derived for these two terms.

The interval unavailability U of a standby

component, for its n-th inspection time interval, can
be defined as its average failure probability during
this interval and can be evaluated as follows:

ntc

Un * T e J
 P ( Fn ( t )» dt *

T f W ^ + V ' ) *Cn(t))dt- | E(Dn} =
C / _ i \ t C(n-l)t

where

rP(t) dt

(16)

for n=l

(17)

Vlr
P(Gn,) [ tr+ J p(x)dx for n>l

E<Dn2>

V1*
p(x) dx

for n=l

for

for

nt.

(18)

(19)

cn(t) dt for n>l

(n-l)tc

It is clear that the expressions (17) and (18) are
applied for all maintenance policy types while a
separate expression for term E(Dn3) were derived for

each maintenance policy type under consideration giving
probability Cn(t) as appropriate,

In many practical applications, it is also very
important to know the numerical values of the
unavailability terms comprising the interval
unavailability and representing the respective outage
causes of the component. The term U , expresses the

expected unavailability of the component when it is in
a standby condition and it is requested to operate. The
term U n j expresses the expected unavailability of the

component due to either a scheduled maintenance or a
required repair procedure. Applying the above described
approach, the following expressions can be derived:

uns [P(Gnl) tr + P(Gn2) tm ]/tc (20)
U n f U n - U n s (21>
The average unavailability P(AF) of a component can

be defined as its unavailability averaged over the time
period of analysis T^ which is assumed to be a multiple

of the inspection time interval. This index can be
evaluated by dividing the time period T. into a number

of time intervals k and applying the conditional
probability approach as follows:

k t t k k

p(AF, . I Un - £ - .-£- I Un - J- I un (22,
n-1 L *L n=l * n=l

where each time interval n represents the corresponding
inspection time interval and k=T,/t . This expression

can be modified to the following one (from eq. 16):

1P(AF) T, - — E<Dn> (23)

n=l
Similarly, the average unavailabilities P(RM) and P(UF)
of a component can be defined as the unavailabilities
due to repair or scheduled maintenance outages and
forced outages in dormant state respectively, averaged
over a time period of analysis T^. These indices can be

calculated from the following equations:
k t t k t k

P t RM \ - ^ " M *" ^* r>i r \ "1 V n / r \ t IA \

ns
'L 'L n=2 'L n=H+l

P(UF) = P(AF) - P(RH) (25)

PROBABILISTIC ANALYSIS OF SUPPLY RESTORATION PROCEDURES

If it is assumed that N alternative switching
procedures are available to be performed after the
occurrence of a particular failure event, the employed
classification scheme indicates that the i-th in order
switching procedure (i=2 N) can only be performed
when the first (i-1) procedures have failed to be
executed. This means that the probability of performing
the i-th in order procedure can be evaluated as:

Pt • P( At n Bj ) (26)

where event Aj means the successful operation of

procedure i and event Bj means that all the previous
(i-1) in order procedures have failed to be executed.
These events are defined as:

j - l

™i.
n

j-i
i j

(27)

(28)

803



where Sj. and F y denote the events that an open
component j operates successfully and fails to operate
respectively when required in order to perform
switching procedure i while m. is the order of
procedure completion. The probability of occurrence of
event Sj.. P(S^-). is evaluated as

p(Sji) = 1 - P(F- .) = 1 - U • (29)

where U . is the unavailability of component j. If the
distribution of idle times and the failure
characteristics of the component being considered are
known, the expected value of U . can be evaluated by
using the approach described in the previous section of
the paper (average unavailability index P(AF) ).

Applying the minimal cut set theory [7], the event
Bj can also be expressed as:

Bi C i ] U c i 2 U U C i

where minimal cut set
in

(30)

JJ (1-1.2 n) is a set of
system open components which, when all components fail
to operate, results in failing to execute all the first
(i-1) in order procedures but when anyone component of
the set operates successfully, results in the
successful execution of at least one procedure.
Substituting equations (27) and (30) into equation
(26), the following expression is obtained for P.:

U ... (31)

- "»[(AjnCi,) u (Ainci2) u ...u (Aj n g ]
The numerical values of probability Pj can be evaluated
applying the inclusion-exclusion principle on the union
of events in equation (31) and the conditional
probability concept. It is obvious that

n,

,n - usj)
The time duration of a switching procedure includes

the time spent from the instant the fault occurs till
the time the whole procedure is completed. This time
depends on various operating features of the system
under study.Host modern distribution systems have tele-
controlled facilities and a common time duration can be
assumed for all procedures being performed.

a
•z/

x ,
3 yS

•r Down

Component Up

H

Component Down

X 2

4 y ...

X K

K42 / ...

xN

D3T
t>

Fig. 1. Harkovian state space diagram representing
the switching sequence.

The Harkovian state space diagram representing the
sequence of performing the available switching
procedures after the occurrence of a failure event is
shown in Fig. l. In state 1 the system is in its normal
operating state. State 2 represents the system after
the initiating failure event has occurred and the
supply routes to all the affected load-points have been
disconnected. State 3 represents the system after the
first in hierarchical order switching procedure has

been completed and state (k+2) after the k-th in order
switching procedure has been completed. The failure
rate k and the repair rate u can be calculated applying
standard equations for single or common mode failures
of system components [7]. The rate of entry X.
(k-l,2,...,N) to state (k+2) is evaluated as the
product of the switching rate X and the respective
probability Pk for successfully performing the
respective switching procedure (equation (31) ). The
switching rate X is evaluated as the reciprocal of the
switching time. The lower bound P.. is used instead of
probability P^, which means that each switching
procedure is performed successfully with a smaller
probability of occurrence and eventually pessimistic
overall probabilistic results are obtained.

The transition rates in the diagram of Fig. 1 are
assumed to be constant and, therefore, the Markov
techniques can be applied [7] for calculating the
probability of residing in each state. The vector
(PS(t)] of time-dependent state probabilities at time t
is most easily evaluated using the matrix
multiplication method which represents the continuous
Markov process as a discrete process moving in small
steps of time dt. An optimal value of time increment dt
has been chosen to be equal to half the switching time
assumed so that the probability of occurrence of two or
more transitions in this interval of time is
negligible, the number of matrix multiplications is not
too excessive and the computational error introduced
does not become too significant.

EVALUATING THE PROBABILISTIC INDICES OF LOAD-POINTS

The time-dependent probabilistic indices of each
load-point affected by the failure event under
consideration are evaluated for a finite interval of
time 0-t assuming that the Markov process starts from
state 2. Knowing the load-point peak demand, LQ(j) and
the load L<-i,(j) supplied to an affected load-point j in
each state k, the average load disconnected L,L(J) can
be evaluated using the data of the appropriate extended
load duration curve.

The state space X, of the stochastic process for
each affected load-point j is assumed to be partitioned

into two disjoint subsets xt and Xj. The subset xt of
failed states identifies the respective equivalent down
state of the load-point. The down state is constituted
only by state 2 and states k (k=3,..,,N+2) in which the
peak demand is greater than the respective load
supplied. The following five probabilistic indices can
be evaluated for each affected load-point j:
(1) Instantaneous Unavailability Uj(t). This is defined
as the probability of the load-point being in the down
state at time instant t [8] and it is evaluated as:

Uj(t) pj(t) Pi(mdt) (33)

Xt
where p<(t) is the probability of being in state i at
time instant t and m is the number of time steps used
in the discretisation process.
(2) Time Specific Frequency of Failure fj(t). This is
defined as the expected rate at which a down state is
encountered at time instant t [8] and is evaluated as:

fj(t) - 1 I P.(t) *n - x Pj(t) (3A)

ieXJ UX-
where X Q is transition rate from state i to state 1.
(3) Interval Unavailability DAO.t). This is defined as
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the expected proportion of the interval (0,t) spent in
the down state [8] and it is evaluated by:

Table 2 Parameters of failure probability distribution

m m

l r l , I Pi(kdt» -IT I
ieXt k=0 k=0

(35)

(4) Average Interval Frequency Fj(O,t). This is defined

as the expected number of times the down state is
encountered in the interval (O,t) divided by the
interval length [8] and it is evaluated by:

m m
F j t ° - ^ = -rH- Z I P i ( k d t > I x i i ° i r l f j < k d t > < 3 5 '

ieXJ k-0 leXt k=O

(5) Interval Energy Not Supplied E-(O,t). This is

defined as the expected energy not supplied during time
itterval (0,t) and it is evaluated by:

m

Ej(O.t) » I I Pi[(k-l)dt]LAi(j)dt (37)

ieXJ k-1
The developed computational methodology has been

implemented efficiently into an interactive computer
program which was written in FORTRAN 77 and tested on a
IBM 436 compatible personal computer. The program
employs the basic principles of interactive computation
which permit a natural, flexible and convenient way of
communication between the user and the computer.

ANALYSIS OF A PRACTICAL SYSTEM

An hypothetical 150kV/2OkV system based on a real Greek
urban distribution system is analyzed which consists of
206 branches, 514 components and 116 nodes, 63 of which
are real busbars. There exists a total number of 317
breakers and isolators while 79 of them are assumed to
be in an open (standby) mode. This status defines an
operational configuration which consists of the primary
subsystem, containing 7 supply points and 18 branches,
and 17 secondary subsystems. The system busbars are
divided into 5 groups of coordinated busbars and one of
these groups has been considered to illustrate the
increased and more meaningful results for the
reliability assessment of distribution systems that can
be achieved using the developed computational
techniques. The topology of this group is shown in Fig.
2 while the entire system topology and the associated
data are given in reference [2]. A typical extended
duration curve with a load factor equal to 65.2% is
assumed for each system load point while their peak
loading data are given in Table 1. An average switching
time of 10 minutes is assumed for all switching actions
to be performed since they are executed using the
available telecontrolled facilities.
Table 1 Busbar Loading Data

Busbar No.

Load

in HW
in HVAr

L10

47.4
15.6

Lll

21.4
7.0

L55

30.0
9.9

L56

40.0
9.9

L57

40.0
13.1

L58

52.3
17.2

L59

60.6
19.9

The failure probability distribution of each standby
component has been assumed to be either exponential or
Weibull and the corresponding cumulative failure
probability functions p(t) are given as:

p(t) ' l-exp(-otP)
The numerical values of parameters a and B for each
type of system standby components are presented in
Table 2. Each component can be repaired/maintained
according to one of the three policy types described
previously and the numerical values of the correspond-
ing parameters of components are given in Table 3.

Distribution

Exponential

Weibull

Component type

Upper Voltage Level
Breaker (UVB)
Lower Voltage Level
Breaker (LVB)
Isolator (ISL)

°-l
(yr l)
0.03

0.06

0.05

B

1.0

1.0

1.3

Table 3 Maintenance/repair
components

parameters of standby

Comp.

Type

UVB

LVB

ISL

Inspection
interval t
(months)

6

3

6

Maintenance
interval TM
(months) n

12

6

12

Repair
Duration t
(hours) r

24

18

20

Maintenance
Duration t

(hours) m

18

12

14

Table 4 presents the results obtained for the average
unavailability indices P(UF), P(RH), and P(AF) of the
three types of standby components being considered,
which have been calculated applying the approach
described in the paper and assuming a time period of
analysis T. equal to twenty years. Furthermore, Fig. 3

shows the results obtained for the average
unavailability indices of upper voltage breakers
assuming maintenance policy type I and by varying the
inspection time interval t .

.-ii 1 :i>»ij>® :u«

w U =fii» Tin fi»t0u7 ?*<?><"

LSS L*9

0 : i l o l a l o r ( o p < n )
(B: t ron i f o r m e r
M : c a b I •
I ! l u m l » point

Fig. 2. Group topology.
Assuming a failure event on component 91, Table 5

presents the classified set of switching procedures
that can be performed to restore the supply to the
affected load-points L55 and L56 together with the
corresponding probabilities of execution (lower
bounds). These results have been determined according
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Table 4 Unavailability indices of standby components

Policy type

Upper Voltage
Level Breaker

I
II
III

Lower Voltage
Level Breaker

I
11
III

Isolator
I
11
III

P(UF)

0.0074329
0.0074323
0.0074615

0.0074219
0.0074218
0.0074609

0.0046793
0.0046787
0.0110107

P(RH)

0.0019988
0.0020024
O.OOOO795

0.0027438
0.0027520
0.0001208

0.0015439
0.0015448
0.0000979

P(AF)

0.0094317
0.0094353
0.0075410

0.0101656
0.0101738
0.0075817

0.0062232
0.0062235
0.0111086

to all specified criteria and data and applying the
approach described previously, considering that
maintenance policy type I is applied to all system
standby components. The obtained five probabilistic
indices of these load-points are presented in Table 6
assuming that the failure rate and repair time of the
failure event under consideration are 0.018 f/yr and
46.6 hours respectively. These indices have been
evaluated for a time period of one week (168 hours). It
can be noticed that the unavailability and frequency
indices of both load-points are almost identical while
index £ has a small difference.
Table 5 Supply Restoration Procedures

Order of

execution
Ho. (i)

1
2
3
4
5
6
7
8
9
10

Components to

operate

99
103
99

99
109
103
103
99
109

103
105
105
103
109
105
109
117
117
117

Load

to
L55
30.0
30.0
30.0
30.0
27.1
27.1
27.1
30.0
30.0
8.9

supplied

(in MW)
L56
40.0
40.0
40.0
40.0
36.1
36.1
36.1
22.5
22.5
11.9

Probability
of execution

p
PLi

0.984404
0.613 v 10 ,
0.931 « 10'f
0.384 » 10":
0.577 * 10":
0.577 , 10
0.000
0.000 ,
0.587 - 10';
0.358 v 10"6

Table 6 Load-point Probabilistic Indices

LoadN<dex

Point lloN>

L55
156

U

(,J0"5)

0.349650
0.351246

f

(•io"2)

1.75974
1.75974

0

(•io*3)

0.772057
0.772216

F

(>10'2)

1.32113
1.32113

E
(Hwh)

3.253
4.338

i 2 4 E . J 10 12 u

Inspection iriter/oI (months.)
Fig. 3. A1''.'.qe unavailability indices of standby

t>--».w-..-s in upper voltage level.

CONCLUSIONS

The paper has described a computational methodology
that permits an efficient and practical reliability
assessment of power distribution systems considering
the effects of supply restoration procedures. This
methodology is general and flexible and permits the
modeling of a large variety of operating features and
concepts. An important system parameter is the
availability indices of system components that exist in
a standby mode. These components suffer a certain type
of faults defined as "unrevealed" faults and they are
periodically tested to insure their availability for
use when needed. An effective computational approach
has been incorporated in the described methodology for
modeling the effect of unreyealed faults and
evaluating appropriate unavailability indices for each
component under consideration. A set of recursive
equations has been deduced for each of the three most
familiar inspection/maintenance policy types. This set
of equations has a general form by using arbitrary
component failure distributions and incorporates
practical operating features of these systems. The
associated interactive computer program implemented the
developed methodology and can be used for on-line
control of distribution systems by receiving
information from the data acquisition scheme and/or
user. The obtained results of the load-point
probabilistic indices can be of great help to a system
planner because alternative system configurations and
operational practices can be analyzed and compared.
These configurations may include a different number of
normally open components or employ various types of
busbar schemes or substation interconnections.
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Abstract - The paper presents the reliability evaluation of
open ring distribution feeders. The authors have developed
the software for general reliability analysis of distribution
systems. The software Is based on new approach employed
by authors. The studied system consists of sub transmission
substations (e.g. 63/20KV), medium voltage feeders (e.g.
20KV), distribution substations (e.g. 20/0.4KV), and low
voltage feeders. In this software, for customer groups'
reliability study, the failure-mode analysis method Is used.
Also, the effect of temporary forced outage failures are
neglected due to their very short effective time. The failure
modes at the high and medium voltage distribution system
are divided Into permanent failure modes and short duration
failure modes. In the case of permanent failure mode
occurance, the switching of network open points would be
performed to reduce the outage time. In this paper,
reliability evaluation of these permanent failure modes are
studied.

Keywords : Reliability, Open ring distribution system,
failure mode

I. INTRODUCTION

Continuity of power system to supply its customers
has always been a prime concern of utility engineers and
managers. The approach of assessment this continuity is
reliability evaluation of the power system.

Paper SPT PS 26- 04- 0493 accepted
for presentation at the IEEE/KTH
Stockholm Power Tech Conference,
Stockholm, Sweden, June 18-22,1995

In the view of reliability evaluation, each electric power
system can be divided into three main parts, generation,
transmission and distribution systems. In each electric
power system, the reliability evaluation of the distribution
system, is very important because of its expansion in a
very large area and also, its very large probability of
failure occurance comparing with generation and
transmission systems.

I I . OPEN RING DISTRIBUTION SYSTEMS

Distribution system is that portion of an electric power
system which receives the electric energy from the main
bulk power sources and distributes this energy between
the different groups of customers. Each distribution
system consists of subtransmission substations, medium
voltage feeders, distribution substations and low voltage
feeders.

An open ring distribution network, at normal
operational condition, is a radial network on which each
medium voltage feeder is connected at several points to
other adjacent medium voltage feeders by normally open
switches.

Also in this paper, for open ring distribution systems
the following definitions are used:

Main path : The main path of each customer group
consists of all portions on the high and medium voltage
distribution system if component failure occurs and can
cause an interruption of energy for that customer group.

Customer path : The customer path is the path of energy
which supplies of customer group at distribution system.

In the open ring distribution systems, if any permanent
failure mode occurs on the main path of customer group,
the unsupplied section of feeder can be divided into
several portions after isolating the damaged part. This
operation can be done by opening the normally-closed
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switches at the suitable points, and then closing the
switches in some open points. So, each part can be
supplied by the other feeders which are used as the
alternative supplies. [2],[5]

For using the above technique, firstly it must be
found out after which failure modes occurance, switching
the auxiliary path for supplying the customer groups is
usefull to increase the reliability of the system.

For answering this question it is clear that only if the
occurance of certain failures cause an interruption so
longer than the switching time of open points, the usage
of this thechnique is more preferable than waiting for the
repairement of the main path. Therefore if the happening
of a failure mode causes an outage time comparable with
the open points switching time (tj, then using the open
point operation and switching to an alternative path does
not affect on the improvement of system reliability.
Considering both active and passive failures and stuck
phenomena of both protecting and isolating devices and
also the maintenance outage of components, the
following mode of failures are considered at the different
parts of the distribution system. [1],[2],[6]

A) At medium voltage radial network, neglecting the
probability of more than two simultaneous component
failures, all possible permanent failure modes, are:
1. Forced outage failure at the customer path.
2. Unisolatabte active failure from the customer path.
3. Active failure and stuck phenomena of the first

protecting device if the active failure can not be
isolated from the customer path.

4. Maintenance outage at customer path or in place
that can not isolate from the customer path.

B) At subtransmission substation, which is used the
first and second minimal cut sets, the occurance
probability of more than two components1 simultaneous
failure modes is neglected and the following failure
modes may be occured :
1. Forced outage failure at first order minimal cut sets.
2. Maintenance outage at first order minimal cut sets.
3. Simultaneous forced outages at two branches of

second order minimal cut sets.
4. Simultaneous forced outage and maintenance at

two branches of second order minimal cut sets.
5. Unisolatable active failure .
6. Active failure and the stuck phenomena of the first

protecting device (if active failure can not be
isolated).

7. Simultaneous unisolatable active failure and forced
outage.

8. Unisolatable active failure when the only unaffected
branch is at maintenance outage.

III . METHODOLOGY

After occurance of each of the above failure modes, at
first it must be determined the nearest isolating devices at
both sides of this failure, which are used to isolate the
failure part from the system. Secondly it must be
determined the network sectionalizing process or open
point switches which must be operated, by refering to a
prepared table. This table is defined by the user and can
be distinguished as the results of another software which
has been developed for system operation. This software
can determine the best set of switches to operate in order
to optimize some other parameters (e.g. total power loss
of the system).

In the case of happening of a permanent failure mode
in the main path of a certain customer group, by using
this table it may be any, one or more than one possible
auxiliary paths to resupply the customer group. AJI above
possibilities are considered as the following:

A. Existence of one auxiliary path

If there exists only one auxiliary path, considering the
failure location and the auxiliary path position in the
system, different cases must be studied as follows :

1) The auxiliary medium voltage feeder and the main
feeder are fed from different subtransmission substations.

In this case, the corresponding reliability parameters of
each permanent failure mode can be evaluated using
equations (1) and (2). (1],[5]

a, - a., + a., ( a , ,

U- (2)

To calculate the auxiliary path reliability parameters (a.,
, UJ, all failure modes (permanent and short duration
failures), at the auxiliary circuit must be considered.

2) The auxiliary and the main feeder are fed from a
common subtransmission substation.

For analyzing of this case, the first step is to determine
all permanent failure modes which cause an interruption
on both main and auxiliary paths. These failure modes are
a subunit of the total subtransmission substation failure
modes.

Then, if any of these failure modes occurs, the main
path will open and since this failure is also a failure mode
of auxiliary path, the open points switching can not be
used too. Therefore, the reliability parameters of this
failure mode will be :
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X - (3)

U-

In the case of occurance of all other uncommon
failure modes, the auxiliary path can be used and the
reliability parameters of this failure mode would be
calculated using (1) and (2). To calculate the reliability
parameters of these auxiliary paths, the effect of the
common failures are neglected. This would be done
because in Failure Mode Analysis Method, there is never
considered the probability of occurance of two
simultaneous failure modes at the system.

B. Existence of /wo auxiliary path

If there is more than one auxiliary paths to supply
the considered customer group after occurance of a
permanent failure mode on the main path, there will be
usually a priority between all the possible auxiliary paths.

For the case of existence of two possible auxiliary
paths to supply a certain group of customers after a
failure mode happening, if the reliability parameters of the
first priority be (^.B1, rt), Us,) and the second priority be
( -̂.2 • r«2 • u.2)> t h e n t h e following cases must be
considered to determine the reliability parameters of the
considered failure mode :

1) The first priority auxiliary path and the second
priority auxiliary path and the main path have no common
failure modes.

In this case, the following equations can be used to
calculate "V and MU" of the failure mode which happens
on the main path :

/? = /?; + /lr, .(Probability of using the first priority
auxiliary path) + Åt2 .(Probability of using the
second priority auxiliary path)

= Al+Ztiai.rl)+At2arrl)(AtrrJ (5)

U = U,. (Probability of the first priority or the second
priority auxiliary patlis are available) + U2. (Probability
of neither the first priority nor the second priority
auxiliary patlis are available)

= U,[l-(Utl+P0,)(Ut2+P02)]

(6)

2) The first or the second priority auxiliary path
have some in common failure modes with the main path.

In the case of occurance of the common mode of
failure, the considered auxiliary path could not be used.

In the case of occurance of other failure modes (which
are not common), (5) and (6) can be used but the
common failure modes would not be taken into account
in "A.,," and "U,," calculation (i = 1 or 2).

3) The first and the second priority auxiliary paths
have some in common failure modes (are fed from a
common subtransmission substation).

In this case (7) and (8) could be used to determine the
reliability parameters of the considered failure mode
which occures at the main path.

(7)

U-
(8)

Where:
(U't,+Po,)-(U',}+Pc2) : Probability of both the first priority

and the second priority auxiliary
circuit are not available due to the
occurance of their failure modes
which are not common.

C. Adding up

After studying all permanent failure modes using the
above methods, the other failure modes of the system
must be analyzed and the results must be added to the
above reliability indices to obtain the reliability indices of
overall system. These failure modes which must be added
are as the followings :
1. All short duration failures at subtransmission substation

and medium voltage level of the main path
2. All failure modes of low voltage level in distribution

system.

IV. CASE STUDY

In sample system shown in Fig.1, the reliability indices
of customer group "A", in consequence of occurance of
permanent failure modes at high and medium voltage
levels, would be evaluated at two following cases:
a. Using the open point possibilities
b. Assuming that there is no open point at the system

and system has a simple radial configuration at
medium voltage level.
The data of components are given in tables I and II.

It is assumed that corresponding each failure mode
occurance at the main path, the auxiliary path which can
be used to resupply the customer group "A", would be
connected by closing the open point switch "OP2". The
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reliability evaluation results of the auxiliary path are
presented in Table III. Using this table, the equivalent
reliability indices of the auxiliary path can be calculated as
the following :
la = Z X, = 0.1579 failure/year
U, = E (X ( . r,) = 2.0779 hour/year

The open point switching time is assumed to be
\=2" hours. By using (1) and (2), the reliability indices of
open ring distribution system with the view of customer
group "A" would be determined. Table IV, shows the
results of reliability calculation at both cases with and
without the auxiliary path.

The results show that the unavailability of the system
would be considerably decreased due to use of the
auxiliary path (from U2=X,.r,=52.2hr/year at case "b" to
U=2.9225hr/year using the open point possibilities). So,
it can be concluded from this sample results that with the
view of reliability evaluation the open ring configuration is
preferable to radial configuration in designing of
distribution systems.

TABLE 1
RELIABILITY DATA OF COMPONENTS

TABLE I I I
RELIABILITY EVALUATION OF AUXILIARY PATH

X.

Trns63

Trns2O

O.H. Line

bus 63

bus 20

bus 0.4

Br. 63

Br. 20

fusa 0.4

Dis. 63

0.013

0.0032

0.015

0.001

0.001

0.001

0.0036

0.003

0.0176

0.0061

«(%)

71

71

74

100

100

100

43

43

100

19

'(hr)

1260

50

5

10

2

2

168

7.6

2

50.1

Pc

0

0

0

0

0

0

0.01

0.01

0.01

0.01

X
m

1

1

-

-

-

-

1

i

-

-

192

96

-

-

-

•

48

48

-

-

TABLE I I
LENGTH OF OVER HEAD LINES

Element No.

Length(Km)

Element No.

Length (Km)

Element No.

Length(Km)

2

2.0

22

0.95

59

1.0

6

0.9

26

1.1

60

1.0

10

1.0

27

2.1

63

1.0

14

0.8

31

0.7

67

1.0

18

1.2

51

1.0

71

1.0

21

0.8

55

1.0

-

-

Element No. & kind of failure

{P40}(a,p)
{P20.P21 ,P23,P24,P26,P27) (a)

{P28.P30.P32} (a)
{P33.P37.P41}(a)

{P39}(a)
{P29,P31}(a)
{P45.P46}(a)

{[P34(a),P33(s)].[P35(a),P33(s)]}
[P38(a).P39(s)]

{tP38(a).P37(s)l,lP39(a)1P37(s)l}
{[P42(a),P41(s)],[P43(a),P41(s)]}
{[P44(a).P46(s)],[P43(a),P46(s})}
{[P35(a).P45(s)J,fP36(a),P45(s)l}

[P47(a),P46(s)J
[P47(a),P45(s)]
(P31(a).P20(m)]
[P31(a).P33(m)j
(P31<a),P34(m)]
|P31(a).P35(m)]
|P29{a),P41(m)l
[P29(a),P42(m)]
[P29(a),P43(m))
[P47(a),P38(m)j
|P47(a),P37(m)]
|P47{a),P39(m)j
l34(a),P45(s))
|73(a).P46{s)]

{51.52,53.54,55,56,57,58,59.63,64.65,
66,67.68.69} (a.p)

{60.61.70} (Unisolatable active)
active failure at distribution substations

which bus no. of them are:
53.57.65.69.62,72

(active and stuck] failure at distribution
substations which bus no. of them are:

53,57.65,69.62.72
{71.72.62} (a) (if can be isolated)

{[71(a).70(s)l.[72(a).70(s)l,
[62(a).61(s)]}

X (failure/year)

1.0000E-3
8.1210E-3
3.0000E-3
4.6440E-3
1.2899E-3
£3180E-3
Z5798E-3
1.0520E-4
1.0778E-4
1.0520E-»
1.0520E-4
ZS900E-5
E2900E-5
1.2899E-5
1.2899E-5
6.4830E-4
6.4830E-4
2.5535E-5
6.4830E-4
6.4B30E-4
2.5535E-5
6.4830E-4
a842iE-6
8.6589E-6
7.2158E-6
1.2B99E-5
1.2899E-5
9.6500E-2

1.3418E-2
7.7400E-3

3.9744E-4

1.2969E-2
1.3100E-4

r(hr)

2.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.92

12.8
1.0

1.0

1.0
4.54

Where:

{1.MQ

(f)or(fi)

Simultaneous occurance of "f 1" type failure of Y and 12"
type failure of *j* cause a system failure mode
"KP and *Kj' are independent system failure modes and
the equivalent result of them is in the table
Each of *P and *j" cause an independent T type failure
mode for system
Each failure mode which can be one of the following
types:

a : active failure
(a,p): active and passive failure (forced outage)
m : maintenance outage
s : stuck failure of both isolator or protecting

devices
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Fig. 1. Authors' sample syslem

TABLE IV
RELIABILITY INDICES DUE TO PERMANENT FAILURE MODES FOR CUSTOMER GROUP "A"

Element No. & kind of failure

{P13}(a.p)
{|P1.P4],lP1.P5].|P1.P6]}(a.p)
{[P2.P4].[P2.P5].|P2,P6]}(a,p)
{|P3,P4l.[P3.P5),[P3.P6]}(a.p)
{|P1,P9],[P2,P9],[P3,P9]}(a.p)
{[P4,P7],[P5.P7].[P6,P7]}(a.p)

{[l'7,P9]}(a,p)
{[P/,P17]}(a.p)

{[P7.P14].[P7.P15],[P7.P16)}(a,p)
{IP7.P18]}(o.p)

{[P9.P10].[P9.P11],[P9,P12]}(a.p)
{[P17,P10],[P17.P11].[P17,P12]}(a,p)
{lP10.P14].[P10,P15],[P10,P16]}(a,p)
{[P11.P14],[P11,P15],|P11,P16)}(a.p)
{[P12,P14],[P12,P15],[P12,Pi6]}(a,p)
{[P10,P18l,[P11,P18],IP12.P18]}(a,p)

{[P2(m),P4(a,p)].lP2(m).P5(a.p)],[P2(m).P6(ap)]}
{[P5(m),P1(a.p)l.[P5(m),P2(a,p)],[P5(m),P3(a.p)]}

{[P2(m).P9(a.p)]}
{[P5(m).P7(a,p)]}

{[P10(m),P14(a,p)].[P10(m),P15(a,p)],[P10(m),P16(a.p)]}
{[P12(m).Pi4(a.p)],[P12(m),P15(a.p)],|P12(m).P16(a.p)]}
{[P14(m).P10(a.p)l.[P14(m).P11(a.p)l.[P14(m).P12(a.p)]}
{[P16(m),P10(a,p)],[P16(m).P11(a.p)),[P16(m).P12(a,p)l}

{[P14(m).P7(a.p)].[P16(m).P7(a.p)]}
{iP10(m).P9(a.p)]}
{lP10(m),P17(a,p)]}

{[P12(m),P9(a,P)].[P12(m).P17(a.p))}
{[P15(m),PiO(a,p)],[P15(m),P11(a,p)l,[P15(m),P12(a,p)]}

{[P15(m).P7(a,p)]}
{[P11(m).P14(ap)],[P11(m),P15(a,p)].[P11(m),P16(a,p)]}

{[P11(m),P9(a.p)]}

LOOOOe^
1.3980E-6
1.5906E-6
1.398OE-6
1.5685E-7
1.5685E-7
Z2831E-9
1.3699E-9
1.9636E-6
6.0274E-9
1.9636E-6
1.9453E-6
8.3426E-6
6.18S8E-5
5.8755E-6
5.8755E-6
2.2539E-4
Z2539E-4
6.621 OE-6
6.6210E-6
Z0489E-3
Z0489E-3
2.0489E-3
aO489E-3
1.3242E-5
6.621 OE-6
5.7078E-6
1.2329E-5
Z3369E-3
2.3059E-5
2.3369E-3
Z3059E-5

aooo
30.345
5^781
30.345
8.850
8.850
5.000
1.667
9.887
4.31 B
9.887
1.995
140.75
513.85
7.534
7.534
29.563
29.563
8.276
8.276

45.484
45.4S4
45.484
45.484
8.276
8.276
1.920
5.333

159.410
9.505

159.410
9.505

X

1.OOO0E-3
1.3990E-6
1.5921 E-6
1.3990E-6
1.5987E-7
1.5987E-7
2.2833E-9
1.3699E-9
1.9624E-6
6.0279E-9
1.9624E-6
1.9454 E-6
8.3638E-6
6.2462E-5
5.8763E-6
5.8763E-6
Z2551E4
Z2551E-4
6.6220E-6
6.6220E-6
2.0506E-3
aO506E-3
2.0506E-3
iO506E-3
1.3244E-5
6.6220E-6
5.7080E-6
1.2330E-5
Z3436E-3
Z3063E-5
2.3436E.3
2.3063E-5

U

ZOOO0E-3
3.1967E-6
3.3998E-6
3.1967E-6
3.2456E-7
3.2456E-7
4.6355E-9
2.7352E-9
4.0843E-6
1.219SE-8
4.0843E-6
3.8904E-6
Z8391E-5
4.4413E-4
1.2O80E-5
1.2080E-5
5.1361E-4
5.1361 E-4
1.3662E-5
1.3662E-5
4.99B8E-3
4.9988E-3
4.9988E-3
4.9988E-3
Z7324E-5
1.3662E-5
1.1411E-5
2.5037E-5
8.3937E-3
4.7868E-5
8.3937E-3
4.7868E-5
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TABLE IV (CONTINUE)

Element No. & kind of failure

{IP11(m).P17(a.p)]}
{[P11(m).P18(a,p)l.[P10(m),P18(o,p)l,[P12(m).P18(a,p)]}
{[Pi8(m),P11(a,p)],[P1B(m),P12(a.p)],[P18(m),P10(a.p)]}

{lP18(m).P7(a.p)]}
{P8}(a)

{1,2.3,4,5,6,7.8,9,10,11,12,17,18,21.27.28,29} (a, p)
{30,22,23,13,19.20} (Unisolatable active)

{1}H
{[14(a),13(s)],[15(a),13(s)],[16(a).13(s)]}
{[24(a),23(s)],[26(a).23(s)],[96(a),23(s)]}

{[31(a),30(s)].[32(a).30(s)]}

TOTAL

X,

22146E-5
7.2192E-5
Z0489E-C
6.6210E-6
1.1590E-3
1.6970E-1
Z1649E-2
1.0000EOO
1.1O39E-4
1.4210E-4
8.9290E-5

1.2095EOO

ft

1.979
6.915

45.484
8.276

50.100
16.323
5.099
48.000
9.464
4.578
4.481

43.160

X

2.2147E-5
7.2200E-5
£0506E-3
6.6220E-6
1.16OOE<3
1.6975E-1
2.1651 E-2
1.0009E00
1.1041E^
1.4211E^
8.9297E-5

1.2105E00

U

4.4287E-5
1.4797E-4
4.99B8E-3
1.3662E-5
ZB818E-3
3.6398E-1
4.3977E-2
Z4625E00
Z2911E4
Z8790E-4
1.8O82E-4

Z9225E00

V. CONCLUSION

In this paper a comprehensive method is described
to evaluate the reliability of open ring distribution feeders.
The theory is accompanied by case study results through
the usage of a developed PC based software. The
software was developed for general case, however, the
results shown for special case (Fig.1). The developed
software can help the utility engineers to evaluate the
reliability of open ring distribution feeders. The results of
this software can be used for designing or expanding of
distribution networks.

VI. LIST OF SYMBOLS

U, : Unavailability of system if at least one auxiliary path is available
U2

 : (=X ,.r,) Unavailability of system if no auxiliary path is available
U, : Unavailability of the auxiliary path
U'tl : (=X',|.r't) Unavailability of the "i'lb priority auxiliary path due to

its uncommon permanent failure modes
U', : Unavailability of the both auxiliary paths due to their common

permanent failure modes
Po : Stuck phenomena probability of the open point switch which

connects the *i"th auxiliary path
Po : Stuck phenomena probability of the open point switch
X, : Main path rate of failure
X,t '. Rate of failure of Vth priority auxiliary path
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ADSTRACT

Reliability evaluation can be used nut only to
calculate a sot of numerical indices but also can be
used to indicate how a system may fail, to show
the consequences of failures and to provide infor-
mation to enable engineers and managers to relate
the quality of their system to economics and cap-
ital investment. The assessment of these indices
is valuable because it provides information related
with the past performance, of the system and also
can be used for prediction of future performance.
In so doing, it can lead to a better and more eco-
nomic, designs and a much improved knowledge
about merits of various alternatives reinforcement
schemes available to the planner ami also to choose
a better and more economic designs. This paper
describes models and techniques for evaluating the
probability distributions associated with the relia-
bility indices in meshed networks. It also presents
a procedure for combining costs of interruptions
with the probability distributions of interruption
durations and of CAIDI to assess the cost of in-
terruptions in meshed networks. The proposed
approaches arc based on a combination of analyt-
ical techniques ami Monte Carlo simulatioi>. Fi-
nally the paper reports on the results obtained
from sensitivity studies developed for bus 1 of the
IEEE Reliability Test. System and called in this
paper RTS-Rus 1 [1. 2].

INTRODUCTION

An electric power system comprises generation,
transmission and distribution. Therefore, it is also
necessary to ensure a reasonable balance in the
reliability of these various constituent parts. Al-
though distribution systems have received less at-
tention then generating systems, analysis of the
customer failure statistics shows that distribution

Paper SPT PS 26- 05- 0412 accepted
for presentation at the IEEE/KTH
Stockholm Power Tech Conference,
Stockholm, Sweden, June 18-22,1995

systems contribute as much as 90% towards the
unavailability of supply to a customer [3], Statis-
tics such as these reinforce the need to he con-
cerned with the reliability evaluation of distribu-
tion systems, to evaluate quantitatively the mer-
its of various reinforcement schemes available to
the planner and to ensure that limited capital re-
sources are used to achieve the greatest possible
incremental reliability and improvment in the sys-
tem.

In recent years considerable attention by vari-
ous governmental agencies and boards has been
directed at determining the worth to the customer
of a particular level of service reliability and com-
parisons made with the costs of supplying this ser-
vice [4, 5, C]. Perhaps the principal motivation to
evaluate reliability worth is that, conceptually at
least, the societal worth of reliability can be re-
lated to the cost of providing that level of relia-
bility. Therefore, the reliability worth to a cus-
tomer has been appraised by evaluating the ex-
pected costs that would be incurred by a customer
during an interruption. On the other hand the lack
of knowledge of the outage costs and the features
that should be included in its evaluation introduce
difficulties in assessing the societal value or worth
of power system reliability to its customers and
to society in general. If consumers of electricity
are given the choice of opting for different levels
of service reliability they would then subscribe to
the level of reliability Mint best suits them and
their processes. That such a choice would nnboun-
dle the service and thus result in improved bene-
fits to both consumers and utilities. These various
cost assessments associated with the various lev-
els of reliability as determined by the utility and
its customers provide a basis for reliability worth-
reliability cost studies.

This paper will illustrate the application of an-
alytical techniques and Monte Carlo simulation
method to evaluate the annual average interrup-
tion costs considering the underlying distributions
associated with the duration of consumer inter-
ruption and also with the distributions associated
with CAIDI[7]. These costs are compared with the
costs evaluated from average values and the errors
presented and discussed.

These methods provide a more comprehensive
set of reliability indices which permit improved
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comparison of the merits of alternative design pro-
posals including tho evaluation of the reliability
outage costs associated with each configuration.
Furthermore, the ability to model the system by
taking into account all failure models and restora-
tion procedures realistically to evaluate the proba-
bility distributions of the reliability indices is con-
sidered essential in the analysis of meshed net-
works.

PROBABILITY DISTRIBUTIONS OF RELI-
ABILITY INDICES

Conventional distribution system reliability
evaluation is generally concerned only with the
average values of the reliability indices. Due to
the random nature of the indices it can be impor-
tant to evaluate the probability distributions asso-
ciated with the indices of interest because consid-
erable additional information regarding the varia-
tion of the indices around their mean values can
h<> obtained from those probability distributions.
These distributions can provide such information
a.s the number of interruptions greater than speci-
fied values, the number of customers not restored
within certain time periods, etc. They can also
be used to more accurately estimate \iser inter-
ruption costs and to indicate tho error inherent, in
using average indices only. At present, the tech-
niques to estimate these distributions are avail-
able for rndi.il networks only. Those are based
on either direct analytical techniques or Monto
Carlo simulation. They are extensively described
in [8, 9]. Unfortunately, it is not possible to gener-
ate easily the probability distributions in meshed
networks using analytical techniques. This is due
to the mathematical difficulties and drawbacs of
modelling the overlapping outage times associated
witli the minimal cut-sets loading to a load point
failure. Extensive; studies have boon performed [7]
to try and overcome these problems but with lit-
tle success. Those difficulties can be resolved using
Monte Carlo simulation methods [10].

Tho attempt [7] to develop an analytical ap-
proach to evaluate, the probability distributions
of the reliability indices in meshed networks was
based <m using the minimal cut-set theory, prob-
ability concepts and the Pearson method. Unfor-
tunately, the mathematical difficulties in:

1. evaluating the time period in which some of
tho components belonging to a minimal cut-
set arc in the down state before the. minimal
cut-set oc.urrence.

2. evaluating the time period in which some of
the components belonging to a minimal cut-
set remain in the down state after the system
is returned to service.

3. formulating the mathematical model for the
equivalent p.d.f. involving third order mini-
mal cut-sets presents drawbacks in modelling
the outage times.

The Monte Carlo method can be used to overcome

the difficulties that have been found in developing
models to evaluate the probability distributions
using the analytical approach. This proposed ap-
proach is based on random(nansequential) simula-
tion. All the studies included in this paper assume
that the component times-to-failure are exponen-
tially distributed because it is assumed that the
components operate in their useful or operating
life period. The outage times however arc assumed
to be described by cither exponential or lognormal
distributions. These assumptions however are not
theoretical restrictions and other distributions can
also be used.

In modelling the outage times single or two
weather state is considered. In order to apply
Monte Carlo simulation, the following assump-
tions are needed:

• Single Weather State

1. Consider the simulated operational life in
years. The number of years for each sim-
ulation must be greater or equal to two
years in order to include the maintenance
effects.

2. Assume that both the up time and the
down time of each component are inde-
pendent of each other.

3. Identify all the minimal cut-sets for each
load point being assessed. Generate dif-
ferent random numbers for both up and
down times of each component belonging
to each minimal cut-set.

4. Convert [10] these uniform random num-
bers iuto values for time to failure and
time, to repair using tlu: appropriate, dis-
tribution. For each component belong-
ing to a minimal cut-set, verify if their
times to failure are less than the inl -»rval
considered in step(l). If this is the <:aso,
these up times must ho considered and
the down times evaluated.

5. For each minimal cut-set, find its overlaj>-
ping outage time in order to take iuto ac-
count the contribution of each. Combine
the up times and also the down times of
all such minimal cut-sets iu order to find
the up times and down times for the load
point being assessed.

6. Repeat all these steps for n number of
simulations until the estimated variables
are considered acceptable or an appropri-
ate stopping rule (ID] is reached. Evalu-
ate the load point indices of interest for
each load point being assessed as follows:

\7T? .
NS

hr/yr (1)

where, i =],...,A'F j = ],...,.VS

NS
occ/yr (2)
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where, i = 1 A'Fandj = 1,...A'S

= -r~ hours (3)

where.
NY - is the number of years simulated.
NS - is the total number of simulations.
NF - is the total number of down states
in each simulation for the load point as-
sessed.
rtJ - is the outage timo per simulation and
per busbar.
XtJ - is the failure rate per simulation per
busbar.
L'T - is the total busbar annual outage
time.
Ax - is the total busbar failure rate.
rr - is the total busbar on tag» time.

7. Each simulation produces an estimate, for
each of tho lnail point reliability indices.
The estimated values are used to evaluate
the system performance indices (SAIFI.
CAIDI, etc) in each simulation according
to the equations presented in [10].

8. Tho values of the indices in each simu-
lation are arranged in groups within a
suitable interval of 300 hours is believed
to be a suitable interval for evaluating
tho indices of interest. However it can
be incro.ised to any value. This interval
is divided into classes or intervals with
width 0.25 hr up to 1.0 hr, 1.0 hr up to
12.0 hr. 12.0 hr up to 72.0 hr, 24.0 hr up
to 300.0 hr, and greater than 3G0 hr. A
frequency histogram is created using the
number of occurrences of the indices in
each class as the ordinate values. The rel-
ative frequency histogram is obtained by
dividing the class frequencies by the total
number of occurrences. Those frequency
histograms provide valuable information
related to the random behaviour of the
system.

t Two Weather States

1. Implement the first two steps for the sin-
gle weather model.

2. Generate random numbers for the two
weather states. Convert these uniform
random numbers iuto values for time
to adverse weather and time to normaJ
weather.

3. Identify all the minimal cut-sets for each
load point being assessed. Generate dif-
ferent random numbers for both up and
down times of each component belonging
to each minimal cut-set.

4. Convert [10] tho uniform random num-
bers into values for time to failure as-
sociated with the component in a single

wenther state. Verify the weather state
thnt the timo to fniluro has reached. If
the weather has not changed, sample the
time to repair for each component of the
minimal cut-set being assessed and verify
the weather state. Resample the time to
failure and the time to repair whenever
the weather has changed.

5. For each minimal cut-set, find its over-
lapping outage time in order to take into
account the contribution of each minimal
cut-set. Combine the up times and also
the down times of minimal cut-sets in or-
der to find the up times and down times
for the load point been assessed.

G. Repeat all these steps for a number of
simulations until the estimated indices
are considered acceptable [10]. Evaluate
the reliability indices following step 0 for
Single Weather State.

7. Generate tho frequency histograms fol-
lowing step 7 for Single Weather State.

EVALUATION AND ASSESSMENT OF IN-
TERRUPTION COSTS

Nowadays there is increasing interest in the
quantitative assessment of power sy*tem reliabil-
ity worth and its application to cost/benefit eval-
uation in power system planning and operation.
A major aspect in this assessment is to evaluate
tho interruption costs using not only tin; aver-
age reliability indices but also thoir probability
distributions. The need for distributions is due
to the fact that the interruption costs often vary
nonlinearly with duration of interruption. Then;-
forc, use of average values to calculate interrup-
tion cost/reliabi'ity may yield erroneous results
compared with results using the entire duration
distributions. Hence the underlying density func-
tions of the interruption durations must bo consid-
ered in the analysis to evaluate the average annual
cost of interruptions in order to provide additional
information regarding the variation of the indices
around their mean values that could be useful for
planners and designers.

The following models take into account the eval-
uation and assessment of cost/benefit associated
with a given user sector, service area or system
and require the knowledge of the cost model in
the form of a customer damage function(CDF),
the load model with the average loads connected
at each busbar, the system model consisting of the
reliability parameters of all components for the
service area being analysed and the knowledge of
the probability distributions associated with the
outage duration and CAIDI.

The interruption cost function is represented as
tho cost per kW peak demand and per kWh en-
ergy demanded for interruptions of 1 minute, 20
minutes, 1 hour, 4 hours and 8 hours durations.
An interruption longer than 8 hours has its cost
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evaluated using extrapolation techniques, with the
slope of the CDF assumed to be the same as that
between 4 and 8 hours. The costs resulting from
interruptions of intermediate duration are com-
puted using linear interpolation.

The following procedure is used to estimate the
average annual interruption cost:

• A single overall figure for the average annual
interruption cost of each customer sector at
a particular busbar is achieved by evaluating
the average busbar failure rate (X}), the aver-
age busbar outage duration (fj), the probabil-
ity distribution of the busbar outage duration
(/Vj), the average busbar annual unavailabil-
ity (I'j) and tho average load connected at. the
busbar per sector k, (Lak}).

• Corresponding to the average outage time
Tj, evaluate the interruption cost per sector,
Cj,(rj) in S/kW and 8/kWh using linear inter-
polation or extrapolation and the correspond-
ing sector customer damage function (SCDF).

• Corresponding to the probability distribution
of r ;, (/V;), evaluate the interruption cost
O.(o) in S/kW and $/kWh using linear inter-
polation or extrapolation and the correspond-
ing SCDF.
Hence the annual average interruption cost for
eacli sector k connected to busbar j can be
evaluated using the following conations:

1. Cost Per Peak Demand - ($/kW)

(r,J)/',,JLull,AJ (I)

2. Cost Per Annual Energy Demanded -
(8/k\Vli)

(r,)

Where.
} is the equivalent value of the annual
interruption cost in M\V — %/k\\' — yr

or M\V — S/UV'/ir - j/r calculated from the
probability distributions. This is done as fol-
lows. The continuous random variable r} is
discretized in steps according to the frequency
class. This discreti/.ed variable has n out-
comes (r,j) each with a probability of occur-
rence PTXJ. Each r,j has its corresponding
outage cost ^ ( r . j ) , which is found using the
respective customer damage function (CDF)
and interpolation techniques. This assumes
that all the occurrences in a particular class
occur at the class midpoint. Therefore each
value is the mean of the grouped frequency
data within each class. Based on these con-
cepts, SICPk] can be calculated as the annual
average sector interruption cost evaluated by
combining the average reliability indices Lakj
and Aj or £/,, the probability distribution Vr,-;
of load point outage duration and their respec-
tive outage cost values C\(rtJ).

• The estimated average interruption costs of
each busbar can be evaluated directly, if
the interruption costs per sector are known.
These costs arc obtained by combining the
costs of its constituent sectors categories, ap-
propriately weighted(using their respective
peak loads and the busbar peak load), in or-
der to represent the mix cost at a particular
busbar. The same indices considered in step
1 have to bo taken into account and also the
average load connected at the busbar (La,).

• Corresponding to the average outage time r,,
evaluate the interruption cost Ct(j,}) in S/k\V
and S/k\Vh as calculated in step 2.

• Corresponding to the probability distribution
of r ;, (Pr,), evaluate the interruption cost
CJ(T}) in S/kW and $/k\Vh using linear inter-
polation or extrapolation and the mix SCDF.
Therefore, the annual average value of the mix
sector interruption cost for each busbar j to be
assessed can be evaluated by considering the
following equations:

1. Cost Per Peak Demand - (S/kW)

2. Cost Per Annual Energy Demanded -
(S/k\Vh)

(7)

Where,
k = ],...,vk 11k is tln> number of sector
por busbar.
AflCPj is the average annual mixed in-
terruption cost in M\V — S/fcU' — i/r or
MW' — S/kW'hr — yr evaluated by combining
the average reliability indices of busbar,j,
(Aj) or (I'j), the probability of busbar out-
age duration (/'r tJ), and their respective
outage cost values per hu»bar ,j, f',(ru).

• Tho estimated annual average interruption
costs of the customers of the whole system
or part of the system is achieved by using:
SAIFI, SAIDI, CAIDI, the probability distri-
bution of CAIDI (Pc) and the average load
connected to the system (La).

e Corresponding to CAIDI, evaluate the inter-
ruption cost Cs{CAlDl) in 8/kW and $/k\Vh
using linear interpolation or extrapolation
and the composite customer damage func-
tiou(CCDF) for the service area or system.

• Corresponding to the probability distribu-
tion of CAIDI evaluate the interruption cost
Cs(CAIDI) in S/kW and S/kWh using linear
interpolation or extrapolation and the CCDF.
Consequently, the annual average system in-
terruption cost is given by the following equa-
tions:
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1. Cost Per Peak Demand - (S/kW)

TS1C1' = SA1F1 \c (8)

•J. Cost. Por Anminl Energy Demanded -
(S/kWh)

TS1C1' = SA1U1 l.u^Cs{CAlDl)l\c

When-,
TSICP ia the average annunl value of t.lio
system interruption cost in MW —S/kW —
;/r or M U' —S/fclV/«r — yr evaluated by com-
bining SAIF1 and SAIDI, tho probabil-
ity distribution of CAIDI find their re-
spective outage costs values Cs(CAI Dl,)
in $/kW and S/kWh for the system.

APPLICATION TO THE UTS-liu* 1

Tho application of the previously discussed ap-
proaches \n illustrated in ciuto studies for the distri-
bution system UTS-Bus 1. The system [2] has 20
substations with nn average loud of CG.3 MW. Tho
sector CDF for nil customer categories are. given
in references [l]. The case ntudioH are:

CASE A: Considering tho system conllgiiration
pres<'iit«:d in refereuc<: []].

CASE 15: Tl1esa1110.4yst0111asi11CASljAbutwil.il
breaker stuck probability considered.

CASE C: As CASE A but considering normally
open brenkerK (n/o) betwe<'U some of the sys-
tem busbnrs.

The results shown in the following paragraphs pro-
vide a variety of information that can be obtained
by usiii{; the proposed techniques.

Figures 1 - -1 plot the simulation results for case
studies A and C. Figures 1 and 2 illustrate for case
A tho respective frequency histograms of CAIDI
when the outage, durnticms of the system compo-
nent» »re nMHimied to be exponentially and lug-
normally distributed with a standard devintion
equal to 10% of tho mean. Figures 3 mid 4 il-
lustrate the frctiuency histograms of CAIDI when
CASE C is considered.

The distributions in Figure 2 and 4 (lognonnal
restoration times) hnve a radically dilforent shnpo
thai» those in Figures 1 nud 3 ( exponential). In
general the form of the distribution of CAIDI is n
decreasing one with increasing duration. Another
important point observed for CASE C (Figures 3
and 4) is thnt tho tails nro considerably truncated
duo to the average outage time being reduced and
the long outage times being eliminated by the clos-
ing of n/o brnkers.

Distributions such aa those shown in Figures 1-4
can play a important role in the management de-
cisions of the most appropriate reinforcement or

traot
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expansion scheme which can not be based only on
the knowledge of tho average values. Although
those average values are very useful in assessing
the average behaviour of a system as a function
of alternative reinforcement schemes they do not
provide a complete picture of all needs. Typical
results from the present studies using probability
distridutions are included in Table 1. This shows
the probability of customers being interrupted for
durations (CAIDI) longer than indicated value for
Cases A and C. In this case the results clearly show
that the likelihood of being disconnected longer
than 24 hr is negligible when u/o breakers are used
(CASE C) and the probability of very short in-
terruptions is increased. In general, these figures
provide valuable indices for comparing the relative
benefit of reinforcement schemes in distributions
systems and also establish levels of system secu-
rity. Th<! knowledge of past and predicted infor-
mation make it possible to conclude if the system
will reach or exceed required standards of porfor-

Tablc 2: Annual Busbars Outage Costs in MW-S/kW-
vr

Busbar
a) exp

8
10
10

6
10
16

8
10
10

CASE A

2.1941
6.7585

13.5365

2.1788
7.0408

14.3486

2.2283
6.7915
17.3041

CASE B

2.2080
5.6785

17.3257

2.2580
5.4498
17.3283

2.1349
7.1642
18.0417

CASE C

0.1192
3.5224
6.0909

0.1083
3.4255
4.9914

0.14598
3.90178
G.G7G88

Table 1: Cumulative Percentage Points

CAIDI
(h/ct.int.)
> 0.25
> 3.00
> 24.00
> 33G.00

Cas A
EXP.
0.238
0.031
0.010
0.000

Cas C
EXP.
0.3GS
0.230
7.5E-04
0.000

Cas A
LN
0.102
0.022
0.010G
0.000

Cas C
LN

0.350
0.017

2.0E-04
0.000

As discussed above, the distributions also pro-
vide a set of input data to an economic evalua-
tion of such schemes, so permitting an economic
assessment and the implications of each ol' these
schemes. This is illustrated in Table 2 where
tho results of the sensitivity studios are presented
when both exponential and lognormal distribu-
tions are considered.

It is soon from Table 2 that the average out-
age costs am greater for CASE A than CASE C.
This reflects the much shorter outage times when
n/o breakers are present and are used to recover
supply. When the stuck breakers are considered
(CASE B) the general trend is for the average out-
age costs to increase but this is not consistent for
all cases and busbars, because they are sometimes
less or approximately equal to those of CASE A.

The lognormal distributions arc assumed to have
standard deviations equal to 10%(Table 2(c)) of
the average value. As can be soon in the table,
most outage costs are greater when either the ex-
ponential distribution is considered or the lognor-
mal distribution with a standard deviation equal
to 100% of the moan value. The shape of the dis-
tributions affects the degree to which tho nonlin-
ear portions of tho cost function contribute to the
average outage cost leading therefore to different

values of outage costs.

The results presented in Tables 3-5 are consid-
ered to illustrate the. likely magnitudes of error
that might, result for case studies A, B and C using
analytical techniques and Monte Carlo Simulation
method. The lognormal distribution is assumed
to have a standard deviation equal to 10% of tho
average value. The cost error can he compared to
investigate the effect of cost curve shape, average
interruption duration, the associated standard de-
viation of duration, and exponential or lognormal
distributions. The main effect of varying the av-
erage interruption duration is to change the loca-
tion of the interruption duration distribution wif.It
respect to the cost curve break points and non-
linearities. Thus, varying the average duration can
cause an increase or decrease in the percentage er-
ror.

Table 3: Outage Costs Errors - Case A

Busbar
8
10
16

Dt.LN
2.2283
7.0498
17.3041

Dt.EXP.
2.1941
6.7585
13.5365

ErLN
5.0%
11.72%
-2.2%

ErEXP
7.3%
16.5%
25.0%

Table 4: Outage Costs Errors - Case B

Busbar
8

10
16

Dt.LN
2.2586
5.4498
17.3283

Dt.EXP.
2.2086
5.6785
17.3257

ErLN
10.4%
56.3%
0.7%

ErEXP.
12.9%
50.0%
0.09%

In most of the results, the ones assuming ex-
ponentially distributed restoration times yielded
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Table "r. Outage Costs Errors - Case C

Busbar
8

10
1G

Dt.LN
0.1083
3.4255
4.0011

Dt.BXP.
0.1192
3.5224
G.0009

ErLN
-6.8%
9.0%

G4.G%

ErEXP.
-15.4%

G.1%

35.07o

greater errors than the ones assuming lognormally
distributed times. Much of this difference in error
can bo a'.tributed to the fact that the exponential
distribution by definition has a standard deviation
equal to the moan while it was assumed that the
lognormal distribution had a standard deviation
equal to 10% of the average value. Those results
clearly demonstrate' that greatly increased infor-
mation can be obtained from using the distribu-
tions of the reliability indices.

CONCLUSIONS

A new approach for evaluating the probability
distributions associated with the reliability indices
iu meshed networks has been described. Also a
procedure for combining these indices with the
costs of interruption durations and of CAIDI to
assess the cost of interruptions in such networks
IIMS been presented. The proposed approaches are
based on a combination of analytical techniques
find Monte Carlo Simulation. Finally the paper il-
lustrates tliese techniques by reporting the results
obtained from sensitivity studies developed for bus
1 of the IEEE Reliability Test. System (RTS-Rus
1).

Quantitative assessments like those presented in
the results can be used to assess the p;tst perfor-
mance of the system in order, for instance, to iden-
tify weak areas in the: system and those needing re-
iuforcument. Also they are valuable for prediction
of future performance since the change in the cost
values before and after reinforcement will givo an
indication of the benefit derived by customers due
to the reinforcement. Therefore the complete re-
liability and cost analysis provide information of,
not only how the system is expected to behave iu
the future, but the benefits of alternative system
designs, reinforcements, expansion plans and the
related reliability cost/worth of tliese alternatives.
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Development of Medium Voltage network structures in the
rural field

E. Romanello
Electricité de France,

FRANCE

Abstract - Faced with strong environmental constraints, the
company is increasingly induced to bur)' rural Medium
Tension networks systematically. The need to adapt to this
context leads the question or the choice of distribution
network structures to be posed once again. The aim is to
define for which network configuration (i.e. for which load
density range, HV/MV substation density and feeder
power), a given structure, defined qualitatively in terms of
the shape of its framework or quantitatively in terms of the
size of its clusters of MV/LV substations, is more or less
profitable, in terms of investment, losses, failure, and
quality, than any other. Validity of the structure over time,
and its robustness, also constitute criteria for comparison.
In order to undertake this study satisfactorily, it was
necessary to model the structures and develop a computer
application.

1. INTRODUCTION

In the light of the cnvironmcnlally-rclalcd constraints
encountered increasingly frequently in our country, in
1992 Elcctricilc dc France signed a draft agreement with
ihc French government, defining ambitious goals relating
lo aesthetic concerns, and to questions of insertion of
electrical networks in the landscape.

Emphasis was thus placed on the burial of rural
networks; in particular, the company undertook to build
annually 11,000 km of Medium Voltage cables
underground (or 3,000 km more than at present),
including extension to and renewal of the overhead
network.

On this subject, it seems necessary that a policy for
the structure of the rural Medium Voltage network, for
the period 2015-2020, should be redefined, in order to
change from an essentially overhead and arborescent
network, as at present, to a future network which will be
mainly underground and linear.

Paper SPT PS 27- 01- 0542 accepted
for presentation at the IEEE/KTH
Stockholm Power Tech Conference,
Stockholm, Sweden, June 18-22,1995

In addition, as various other technical factors are
likely to influence the choice of structure, the study also
leads us to examine, in a prospective manner, the
consequences of the major technical changes
(establishment of a neutral regime with compensating
coil, introduction of maintained fault operation, use of
new network operational facilities), on rural Medium
Voltage network structures.

Conduct of the study requires that a specific
computational model is created, using a simplified
representation of the various structures under study, their
sensitivity parameters (eg.: load density, area served by
HV/MV substations, number of feeders per substation,
etc.), and the various technical context scenarios defined
as bases for comparison.

II. DESCRIPTION OF STRUCTURES STUDIED

The model is based on the principle of the breakdown
of a MV structure network into two levels:
• a framework substructure, forming a simplified

network the loading points of which consist of:
• a number of modules, or clusters of MV/LV

substations connected by laterals, themselves forming
mini-networks. The simplified hypothesis of all
modules being identical will be adopted.

A. Framework

On the basis of a range of possible forms for the
framework (mesh, grid, daisy petal, rake, spindle, etc.), a
first selection is made. Its aim is to limit the study by
directly eliminating structures which would clearly not
involve easy transition from the current structure, or
would not be in harmony with the operational policy of
our networks. The three basic forms chosen, illustrated
by Figs 1, 2 and 3, are thus:
• arborescent,
• spindle,
• petal.
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Incidentally, the framework adopted in the model
includes a number of remote-controlled or manual control
switches, distributed throughout the network, facilitating

location and isolation of network sections subject to
faults.

B. .Modules

Modules may be:
• either overhead, in which case their shape is

arborescent,
• or underground, in which case their shape is linear

and MV/LV substations are double connected by the
main cable, in order to free them from constraints
related to long cable repair periods.
In addition, if the economic advantage is justified, or

if supply quality constraints are not respected, modules
may be equipped, at the points where they are connected
to the framework, with Rccloscrs or automata, coupled to
remote controlled switches. All these systems enable the
consequences of permanent or semi-permanent failures to
be limited.

C. Variants

The variety of structures studied relates to all possible
combinations of the following criteria:
• overhead nature of the framework network,
• overhead or underground nature of the module

networks,
• existence of intcr-substations or intcr-fecders linking

switch,
• module supply type: single or twin supply: in the

event of an incident occurring in the framework,
single supply allows partial resumption of supply to
modules (i.e. those located between two framework
manipulation organs); twin supply, which is more
robust, enables all modules to be re-supplicd.

III. METHOD FOR COMPARISON OF STRUCTURES

The structures described above arc assessed and
compared according to various types of criteria:
• economic criterion,
• supply quality criterion,
• robustness criterion,
• environmental criterion.

These comparisons are made in various possible
network configurations, relating to:
• load density,
• HV/MV susbstation density,
• feeder power.

Furthermore, they may be positioned, globally, in
various technical contexts, such as:
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installation, in substations, of a compensating' coil
neutral regime adjustable according to the load level
(such a device, notably, reduced the number of short
and very short failures by the consumers, following
semi-permanent or transitory faults subtered),
combined, or not, with system operation of a kind
known as "maintained fault" (leading, moreover, to a
tangible reduction in the number of long failures
sustained by the consumers following a permanent
fault).

••1. Economic Criterion

A comparison of the various structures adopted is
made on the basis of costs calculation discounted over 10
years, on the supposition that each structure studied will
undergo no change during this period: this is a "pseudo-
dynamic" study, i.e. in which an annual load increase is
assumed, but in which it is considered that this increase
docs not lead to any apparent need for reinforcement.
The dimensions attributed to structures arc thus initially
made such that they arc sufficiently robust to cope with a
load increase. This hypothesis is not really conslrictivc
in respect of analysis of results, to Ihc extent that
forecasts for consumption recently made by our company
show relatively low rates of annual load increase (of the
order of 2% per year).

Moreover, we arc not initially inlcrcstcd in the
method by which a change is made from the current
structure to one of the structures studied.

The "cost function" defining the discounted financial
cost conlains the terms:

1. Amount of investment, including the components:
• network (line or cable),
• operational facilities (swilchs, whether or not

remote-controlled),
• Medium Voltage connection installation (devices

for overhead-underground linking, tee joints, etc.)

2. Cost of thermal losses over lines or cables.

3. Failure cost; this term, which is used in planning,
enables the disturbance occasioned by semi-
permanent faults (lasting between one second and one
minute) and permanent faults (lasting more than one
minute), subtered by the consumers connected to a
given feeder, in the form of short or long failures, to
be taken into account economically. The cost of the
failure thus includes the following elements:
• Non-distributed Energy, evaluated at between 17

and 130 F/kWh, being the energy which failed to
be distributed during a permanent failure,
weighted by the installation reliability rate.

• the power cut off during a permanent or semi-
permanent fault, evaluated at 2 F/kW.

4. Operational expenditure, related to network
maintenance (pruning, maintenance of MV/LV
substations, etc.).

B. Quality Criterion

Structures are also compared in terms of the resulting
quality as experienced by the consumer, and evaluated in
relation to national goals which the company may have to
envisage for the year 2015. The latter define minimum
and average thresholds for the number of long and short
failures, and for cut off periods sustained by consumers.

In 2005, for example, no consumer must sustained:
• more than 6 long failures per year,
• more than 30 short failures per year,
• combined annual break-lime of over 3 hours.

In addition, the average quality envisaged is as
follows:

• 2 long annual failures per consumer (average value),
• 4 short annual failures per consumer (average value),
• 1 hour 30 minutes of annual break-time (average

value).

C. Robustness Criterion

Properties of structures arc also studied in relation to
technical or quality constraints when parameters such as
the load and the area of the supply zone arc studied.

This enables "fields of validity" to be determined for
each structure over time as a function of the load density,
reflecting their degree of robustness.

A structure is deemed to be valid if it meets the
following criteria:
• maximum voltage drop in normal scheme under a 5%

threshold,
• maximum voltage drop in emergency scheme under

an 8% threshold,
• transit below upper limit for thermal tolerance of

cables,
• minimum quality thresholds respected.

D. Environmental Criterion

In this case, structures are compared in terms of the
rates of underground cabling which they involve, and
they are thus compared in terms of greater or lesser
environmental constraints, reflected in minimum limits
for underground cabling rates in networks likely to be
imposed on the company.
Three degrees of constraint are taken into account:
• zero constraint: no obligation to bury lines.
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medium constraint: MV networks must have at least
30 to 40% underground cabling,
high constraint: MV networks must have at least 60%
of underground cabling.

IV. DEVELOPMENT OF THE COMPUTATIONAL
MODEL

Since the model designed must meet the needs
expressed above, it must be sub-divided into three parts:
• definition of the context in which a comparison of

structures is sought,
• modelling of structures, in order to access the various

results in a simplified manner,
• assessment and positioning of each structure in terms

of the comparison criteria mentioned in the previous
section.

The goal of the model is to define the optimum
structure, as a function of a given network configuration,
defined by a load density range, HV/MV substation
density, and feeder power.

.1. Definition of general context for comparison

In order lo study as many configurations as possible,
the entire context, defined by the following parameters,
may be modified by the user:
• load density (k\V/km2),
• density of substations, represented by the parameter

"loid area of a substation" (km2),
• feeder power, represented by the number of feeders

per substation,
• number of modules per feeder,
• rate of increase of load,
• technical context (neutral regime, maintained fault

operation, etc.), represented by residual failure rates,
during long and short failures, once these actions
have been implemented,

• relative importance of comparison criteria: in the case
of the economic criterion, these are construction costs,
operating costs, and parameters for evaluating failure
involved in the cost function; in the case of the
Quality criterion, these are the minimum quality
thresholds; in the case of the robustness criterion,
these are the limiting thresholds for voltage drops in
normal or emergency scheme.

B. Modelling of structures

The structures are modelled using mathematical
relationships between the various magnitudes
characterising the network. The simplicity of these
relationships enables the number of variants to be
increased rapidly, and a larger field of sensitivity
parameters to be explored.

They thus enable the characteristics of the network
corresponding to each structure to be deduced, from the
general magnitudes defined in the context (load density,
number of feeders per substation, etc.), in terms of:
• length of a feeder,
• volume of losses,
• volume of failure (Non-distributed Energy' and power

cut off on occurrence of a fault),
• voltage drop,
• cost of the structure,
• rale of underground cabling,
• levels of quality (number of long or short failures,

duration of long failures).

These relations have been established in different
ways, depending on the form of the structures:
• in the case of spindle or petal type structures, which

arc almost linear in shape, a geometrical
representation and use of traditional electrical
engineering rules enable the relations required for the
model lo be determined quite simply;

• in the case of arborescent structures, there is a scries
of statistical laws linking the various geometrical and
electrical parameters characterising a network of this
type. Elaboration of these laws (document [1]) is
based on the construction of arborescent structures
obtained by connection of charges by the shortest
routes, the appearance of which is simulated in a
random manner over space and time. This method
has the advantage of generating and working on
theoretical networks, whilst at the same time taking
account of the imperfect nature of the real networks.
All these laws have previously been validated on
representative samples of real networks. Fig. 4
illustrates one of these laws.
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C. Assessment of comparison criteria for each structure

For each structure, and in the various technical
contexts adopted, the model calculates magnitudes
enabling the structures to be compared according to the
criteria listed below:
• total discounted cost, over the period of the study,
• quality characteristics: annual number and duration of

long failures, together with annual number of short
failures suffered by a consumer of a given feeder,

• length and load of feeders,
• rate of underground cabling.
• load of modules,
• number of MV/LV substations per module,
• limit of field of validity of structure: for a given load

density hypothesis, this is the limiting couple (Zs,
Nd), beyond which the structure is no longer valid, in
terms of voltage drop in normal or emergency
scheme, thermal overload in emergency scheme, or
supply quality; Zs represents the load area of the
substation, and Nd the number of feeders per
substation.

When these magnitudes have been determined for
each of the structures, the model calculates the optimum
number of modules per feeders, in the sense of the
minimum discountal cost, for each triplet (d, Zs, Nd), as
defined in the context (d represents the load density).

Subsequently, after each structure has been optimised
in terms of the number of modules, the model then
determines, for each triplet (d, Zs, Nd), the optimum
structure, i.e. the one which, among the valid structures
for this triplet, leads to the minimum total cost.

V. DESCRIPTION OF STUDY

The model has enabled a large number
(approximately 1200) of cases to be studied, through
combinations of the following sets of data:
• load density: three values: 50, 100 and 200 k\V/km2,
• load area of a substation, between 100 and 600 km2,
• number of feeders per substation, between 4 and 10,
• number of modules per feeder, between 3 and 10.

The structures were initially studied in a reference
context matching the cuirent situation. Subsequently,
various other sets of hypotheses which were more
restrictive, although potentially realistic for the period
2015-2020, were adopted, to give the study a prospective
character.
Notably:
• inclusion of very short cut-off in cost function,
• larger figure for cost of Non-distributed Energy,
• stricter constraints in terms of voltage drop and

supply quality,
• differentiated cost of cable, reflecting relative degree

of case of laying of cable, depending on nature of
substratum.

The results of this study arc currently being validated.

VI. PROSPECTS

Use of the computanioial model developed for this
study enables many parameters to be varied and thus a
large number of "n"s to be considered. After more
accurate conclusions relating to the choice of structures
have been drawn, these structures may be subjected to
more intense analyses, for example:
• by testing of their value in relation lo a few examples

of actual networks,
• or by taking account of dynamic changes in these

structures through network reinforcement strategy
studies by means of substation creation or feeder
splitting.
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Abstract—The electric distribution planning problem con-
sists on deciding which facilities (injection points and feeders)
to construct to meet future demands. Decisions must regard
technical restrictions and economic criteria, related to invest-
ment, operating and reliability costs. Uncertainty on future
demands and independent producers' injections in the distri-
bution network introduce additional difficulties in the plan-
ning problem.

This paper presents a decision-aid framework for this prob-
lem, based on fuzzy descriptions of the loads and of the dis-
persed generation injections, leading to a fuzzy multionjective
linear mixed-integer problem, llesides the original criteria, the
model includes a robustness index lhat expresses the adequacy
of each solution to meet the uncertain future demands. The
decision procedure addresses a representative set of nondomi-
nated solutions of this problem, obtained with a modified
simulated annealing algorithm.

Special care is given to the detailed fuzzy model of the inde-
pendent producers' injections, which includes hydro, wind and
diesel generation, and is useful both for operation and plan-
ning purposes.

An illustrative example of the decision procedure is in-
cluded.

I. INTRODUCTION

The electric distribution planning problem consists of
deciding which facilities (injection points and feeders) to
construct to meet future demands. Decisions must regard
technical constraints (thermal limits and maximum voltage
drop) and economic criteria such as: minimizing invest-
ment, operating and reliability related costs. Most of the
classical approaches use a mixed-integer problem formula-
tion, and only a few of them consider more than one objec-
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tive [11 [2] [3] [4].
Future demands have associated a great deal of uncer-

tainty, but probabilistic models seldom seem adequate.
Most of the times, we are dealing with new areas where no
consumptions' history exists. Forecasting often depends on
experts' experience and judgement to qualify future load
level and type of consumers. Careful modelling of these
uncertainties and judgements is required, and fuzzy descrip-
tion of loads [5] seems to be a convenient choice, leading to
fuzzy multiobjective linear mixed-integer formulations [4]
[6]. Section II of this paper presents briefly the latter for-
mulation.

The growing number of connections of independent pro-
ducers to the distribution network introduces additional
difficulties to the Planner. Ignoring these producers when
planning would lead to more costly solutions, but their in-
clusion as injection points may, in the future, expose the
networks to ill operating conditions. This is the main issue
of this paper; other aspects of the full model were already
[6] or will be [7] presented elsewhere.

In Section III, a detailed two-level fuzzy model for inde-
pendent generation is presented. The first level models the
dependence of generation on natural conditions, and leads
to fuzzy numbers that describe the possibility of different
values of generation. The second level is related to the un-
controllability of the generation, from the utility point of
view, and is modeled by a pair of scenarios.

The decision-aid procedure, described in section IV, has
two phases. First, a generation phase produces a representa-
tive sample of the nondominated alternatives of the fuzzy
multiobjective problem. The combinatorial nature of the
general problem, together with the great number of vari-
ables, forbids a direct solution, even of the crisp single ob-
jective formulations. Attempts to solve the problem used
branch and bound methods [8] or heuristics supported on
local search methods [9]. In this approach, we used a
modified meta-heuristic for optimization. Simulated An-
nealing.

The second phase corresponds to the final decision pro-
cedure, where the preferences of the Planner on the eco-
nomic and risk criteria are incorporated. The Planner will
choose a reduced number of preferred plans, taking into
account the defined scenarios.
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An illustrative example of the decision procedure and the
conclusions complete the contribution.

II. FUZZY MULTIOBJECTIVE PROBLEM

This section describes the formulation of the electric dis-
tribution planning problem in which loads and independent
generations are fuzzy modeled.

The model addresses a network with n nodes and m po-
tential branches, in a multi-period study with It periods.
Decision variables 5tl- indicate if a branch k is to be con-
structed in period i. Substations are represented by artificial
branches to an auxiliary node. If branch k exists in period /
(Yij=l) then it has a fuzzy flow xki. Each node; has associ-
ated a voltage drop of AUjj. j n e a c n period i. the fuzzy

injection (loads or distributed generation) djj is known for

each node;.

A. Constraints

Sensitivity matrix A| describes the network in each pe-
riod i, relating the vector of fuzzy Hows X; with the fuzzy
injections dj (1). Branch limits (2) ;ire considered, as well
as maximum voltage drop (3). Constraints (4) and (5) are
necessary to ensure consistence of (he model. N'onne»ativ-
ity and radiallity constraints are not represented.

r d ,
i=l..h.k=l..m

i=l..h.j=J..n

k=l..m

k=l..m

(1)
(2)

(3)

(4)

(5)

Note that (2) and (3) are fuzzy inequality constraints,
needing a particular treatment (see sub-section Q . The
feasible solutions defined by these constraints correspond
to alternative investment plans.

B. Original objective functions

Similarly to other approaches, the criteria used to select
the best plans are related to the minimization of the invest-
ment cost (6), the operation cost (7) and the reliability re-
lated cost (non delivered power) (8). As (7) and (8) are
fuzzy, fuzzy comparison rules are to be followed [10].

(6)

mm co p =

m i n c ndp = .

* (7)

(8)

C Robustness

As stated before, fuzzy inequality constraints (2) and (3)
need a special treatment. The key concept is that of robust-
ness [11], measured by a robustness index P. and defined as
follows. A given plan is robust regarding a specific con-
straint if the constraint holds true for every possible value
of the uncertain • ariables and constants. In that case, P=l.
On the other hand, if some instances of those quantities lead
to violation of the constraint. P equals the maximum pos-
sibility value for which the constraint is violated.
Therefore, we have a robustness index Pf for each fuzzy
inequality constraint c. A global index PPLAN >S I n e n defined
for the plan, using the fuzzy aggregation rule [12]:

PPLAN = m i n 1
c

(9)

The value of PPLAN concentrates the fuzziness of data,
allowing the Planner to consider plans that have a possibil-
ity 1-PPLAN °f n o t being feasible. The corresponding engi-
neering meaning is related to the risk of not being capable
to accommodate future load demands.

Other measures of constraint violation, as the severity in-
dex [6], could be used to give additional insight, but are not
included in this paper.

D. Operational Model

When applied to the formulation described in A and B,
the concept of robustness is used to construct an operational
model, based on the following modifications:

a) Constraints (2) and (3) are relaxed to the case P=0,
and turn crisp (i.e. non fuzzy);

b) A new objective function (10) is added to (6)-(8).

m a x p P L A N (10)

In its operational form, the model can be addressed by
algorithmic and decision procedures, as will be seen in sec-
tion IV. In the formulation used in this paper, (5) is modi-
fied to allow for temporary exclusion of a branch in inter-
mediate periods.

in . INDEPENDENT GENERATION MODELS

The connection of independent generation to the distri-
bution network, namely using renewable energy sources,
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has been growing in recent years. The main question, from
the utility point of view, may be formulated as "what gen-
eration should be expected from these producers?". The
question is important both for planning and operation pur-
poses, and the answer is not clear, because of the uncer-
tainties involved.

This section presents a fuzzy model of the uncertainties
due to the irregularity of natural sources, and a conditional
decision scheme to deal with the fact that generation is not
controlled by the utility.

A. Micro and Mini Hydro Plants

Regarding this kind of plants, one usually knows the
rated power and the type of turbine used. Eventually, but
not often, some vague declaration about the regularity of
flows may be available. Assuming that the design was made
according to general technical rules, after a study of histori-
cal inflows, some conclusions may be drawn about the
possibility of generating a certain power. As the type of
turbine is important to this, we treat separately (1) Reaction
turbines and (2) Axial turbines.

I) Reaction turbines: The rated power of these machines
is generally chosen so lhat a power between 0.8 and 1.0 p.u.
can usually be generated. We consider this to have a pos-
sibility of 1.0. On the other hand, technical limits of about
20% (minimum) and 1109b of the rated flow must be con-
sidered, leading to a range of 0.1 to I.I p.u. due to the non-
linear relation between power and low How values. In the
absence of additional information, we are using a linear
variation of the possibility towards those limits, leading to
the possibility distribution of Fig. I for the generation.

•2 0.5
3

0.0 0.2 0.4 0.6 0.8
Generated Power (p.u.)

1.0 1.2

Fig. I. Fuzzy generation (Reaction turbines).

This basic model may be altered if additional information
about flow regularity exists. For that we use a fuzzy repre-
sentation of natural language qualifiers "Most Regular",
"Very Regular". "Regular", "Little Regular" and "Very Lit-
tle Regular", displayed in Fig. 2.

The final possibility distribution results from '.he com-
position of (he function in Fig. I with the appropriate func-
tion in Fig. 2, using the rules of fuzzy composition [12].

When a qualifier such as "very little regular" is applied
(curve VLR of Fig. 2), low values of possibility rise, and
the resulting distribution is more "wide", meaning that we
are less certain about the true value than in the base case.

0.00 0.20 0.40 0.60 0.80 1.00

Fig. 2. Qualifiers of flow regularity.

Fig. 3 shows the result when the flow is said to be "most
regular", which means that low (or high) Hows are not
iikely to occur. Of course, if the qualification is "regular",
the original function remains unchanged.

•S o.5

0.2 0.4 0.6 0.8
Generated Power (p.u.)

1.0 1.2

Fig. 3. Modified fuzzy generation ("mosi regular flow").

On the other hand, extreme qualifications like "Perfectly
Regular" and "Completely Irregular", not included in Fig.
2, would lead respectively to intervals [0.8, 1.0] and [0.4,
1.1] with possibility 1.0.

2)Axial turbines: As these machines have no regulation,
they work always near the rated power, if the required flow
is present. The basic model is represented in Fig. 4, consid-
ering operating limits of 0.8 and I.I p.u. In this case, flow
availability is more stringent than for reaction turbines, al-
though management of the forebay generally guarantees the
required flow for peek hours. Qualifiers like the ones in
Fig 2 may be used, if additional information exists on flow
availability (instead of regularity).
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0.0 0.2 0.4 0.6 0.8
Generated Power (p.u.)

1.0 1.2

Fig. 4. Fuzzy generation (Axial turbines).

B. Wind generation

Wind power is far more volatile than small hydro power,
due both to the intrinsic irregularity of wind and to the im-
possibility of storage. So, the possibility of having no
power at all is high, and there is only a small possibility of
generating the rated power. Typically, output values be-
tween 0.3 and 0.4 p.u. are the ones with the highest possi-
bility. Although there may be some influence of the type of
turbine control (pitch or stall), the general possibility distri-
bution for the generation will be similar to Fig. 5.

(1.0 (1.2 11.4 0.6 0.8
Generated Power Ip.u.)

Fig. 5. Fuzzy generation (Wind turbines).

Again, if additional information exists about wind irregu-
larity, qualifiers such as the ones in Fig. 2 may be used to
modify the basic possibility distribution. Fig. 6 represents
the modified possibility distribution when information
about the wind being "little regular" is considered.

C. Trapezoidal approximation

Models described in sub-sections A and B can be used
both in planning and in operation studies. However, if the
global model is heavy, some simplification is needed to
ease the calculations. Triangular and trapezoidal numbers
are the most suitable formulations, because they are easy to
describe mathematically and are shape preserving for many
operations.

The trapezoidal approximation used in the present

o.o 0.4 0.6
Generated Power (p.u.I

Fig. 6. Modified fuzzy generation ("liule regular wind").

approach bases on the following principles:
a) The maximum and minimum limits shall be respected.

This means that no value with possibility zero in the origi-
nal distribution can have assigned a positive possibility in
the trapezoidal approximation;

b) Values with possibility equal to 1 in the original dis-
tribution shall not be altered. However, some other values
may be raised to 1 in the approximation;

c) Linear approximation of the left and right sides of the
distribution are independent;

d) The global area shall be equal in the two distributions.
To illustrate this procedure, the trapezoidal approxima-

tion of Fig. 3 is presented in Fig. 7.

0.2 0.4 0.6 O.8
Generated P o w e r ( p . u . )

1.0 1.2

Fig. 7. Trapezoidal approximation of Fig. 3.

D, Scenarios of availability

In the previous sub-sections, a detailed modeling of the
uncertainty due to the irregularity of natural sources was
developed. However, there is another source of uncertainty,
related to the independent nature of the producers. In fact,
the utility must always consider the possibility that the
power injected by the independent producers is not avail-
able at all.

As it is not easy to assign a possibility value to this event,
we propose an approach based on two scenarios of avail-
ability/unavailability. The consequent decision procedure is
explained in section IV, B.
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IV, DECISION-AID PROCEDURE

A. Generation of efficient plans

The process of helping the Planner to choose a preferred
plan begins with the generation of nondominated solutions
of the problem formulated in section II. It is a purely algo-
rithmic problem, that does not require the interference of
the Planner.

The use of Simulated Anneating [13] in combinatorial
problems has been growing in recent years. Due to space
limitations, we will only sketch the method. A more de-
tailed presentation may be seen in [7].

The procedure bases on the concept of neighbouring so-
lution, in this case some feasible solution that differs from
the present solution by the exchange of (wo branches. An
acceptance function to optimize must also be defined. Be-
ginning with an initial plan (generated by some auxiliary
method), the algorithm proceeds by random selecting
neighbours of the present plan. A neighbour substitutes the
present solution:

a) Always, if it is better than the present solution, accord-
ing to the acceptance function;

b) With a given probability, if it is worse than the present
solution.

Condition a) is a local search condition, but condition b)
avoids being trapped in the first loc.il optimum, which fa-
vours (but does nut guarantee) the hypothesis of finding the
global optimum of the acceptance function. The method
stops when a stationary point is found or if a predefined
value of a control parameter is attained.

In single objective problems, the accepiance function is
naturally the objective function. In multiobjective prob-
lems, a parametric approach or a constraint relaxation pro-
cedure must be used. We have followed the second way,
defining additional constraints on robustness, investment
cost and reliability, and using the remaining objective func-
tion (operation cost) as the acceptance (unction.

This leads to successive resolutions of the problem, with
systematic variation of the RHS of the constraints, which
allows us to generate a sample of the nondominated solu-
tions set with the desired approximation. Plans are nondo-
minated (or efficient) when no other feasible plan exists
that is better or equal regarding every objective function.

The whole process is repeated for the two scenarios de-
fined before, i.e., with and without considering the inde-
pendent producers, which leads to two lists (respectively A
and B) of efficient solutions.

B. Decision phase

The output of the generation phase is two sets of efficient
plans, for each one of the scenarios. Beginning with the set
obtained with the consideration of the independent produc-
ers, additional (but simple) calculations are made to obtain

the values of the attributes for the same plans, but consider-
ing that independent generation is not available.

The Planner is then confronted to list A of plans, charac-
terized by a fixed attribute (investment cost) and condi-
tioned attributes (the other, including robustness). If one or
more plans exist on the list that seem promising to the
Planner, they are retained for further study, and the process
ends. It is possible, however, that the robustness of every
plan reduces excessively when the independent, generation
is considered out, which leads the Planner to exclude all of
them. In that eventuality, the list B, generated without con-
sidering the IP from the beginning, is presented to the Plan-
ner, and a final decision may then be taken.

in this paper, we will not discuss the situation where the
Planner needs further support (for instance, when the lists A
and B include a large number of plans). However, there
exist several methods that can be used in those circum-
stances [10].

V. EXAMPLE

The example that follows describes the final decision
procedure of a three year planning study of a small system
with 20 potential branches and 12 nodes, including two
substations (one of them potential), and one independent
producer.

Generation of efficient plans was made as described in
section IV, by successively constraining the investment cost
and robustness, while minimizing operating costs (in the
example, reliability was not considered). With this proce-
dure, sets A and B of efficient solutions were generated.

Table I lists the efficient solutions in set A, i.e., those ob-
tained considering the existence of the independent pro-
ducer (IP), after excluding plans with very low robustness.
Due to the fuzziness of data, the operation costs are (in this
case) triangular fuzzy numbers, described by their three
characteristic points.

TABLE 1
ALTERNATIVE PLANS (LIST A. WITH IP)

Plan

Al

A2

A3

I. Cost

206.2

215.6

248.2

P
1.00

1.00

1.00

Operation

909

903

888

1258

1250

1229

Cost

1649

1639

1611

The same plans are listed in Table II, but with the condi-
tion that independent generation is not available. Obvi-
ously, the investment cost is the same, but note the changes
in robustness and in the operation costs.

Comparing both tables, the Planner may choose the plan
with the best investment cost (Al) if he is confident that
independent generation will be available. Considerations
about operation cost could lead the Planner to choose plan
A3. A more conservative decision is A2, which has the
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lesser risk ((1=0.65)
availabilitv.

recardins: independent generation decision process. Therefore, the Planner needs only to con-
centrate on the relevant aspects of the process.

TABLE II
ALTERNATIVE PLANS I LIST A. WITHOUT IP)

Plan

Al

A2

A3

I. Cost

206.2

215.6

248.2

P
0.38

0.65

0.36

Operation

918

910

923

1270

1260

1277

Cost

1665

1652

1674

The Planner may, however, consider that p=0.65 is very
low. and reject all the plans in list A. In thai case, list B,
generated with exclusion of the independent producers,
comes into consideration. Table III shows plans in list B for
the present example. Note ihat B2 and A2 are the same
plan.

TABLE 111
ALTERNATIVE PLANS (LIST H)

Plan

Bl

B2

B3

B4

B5

B6

I. Cost

209.2

215.6

252.2

253.2

267.7

281.7

0.65

0.65

1.00

0.63

0.84

1.00

Opcr.itiim Cost

<J43

910

1705

919

1011
964

1305

I2M)

2360

1272

1399
1334

1711

1652

3094

1668

1834

1749

Now, the Planner may discard plans with little (3 (BI, B2,
B4) and retain lhe others for a more detailed study. He may
also reject B3 due to the high operation costs. He may even
return on his steps and consider that, after all, A2 was a fair
plan, and decide to select it also.

As stated before, in real dimension problems the Planner
will need probably some extra help, because lisis A and B
may turn to be very large. Clustering and screening meth-
ods, or general multi-attribute decision making tools could
then be used [10].

VI. CONCLUSIONS

Planning in an uncertain world is always an art. This pa-
per shows a way to help the artist - the Planner - generate
and choose a limited set of consistent expansion plans for a
distribution system.

The approach is based on a fuzzy description of loads
and independent producers, and uses optimizing procedures
to search for efficient solutions of the formal multiobjective
problem. However, decisions are taken only by the Planner,
that indirectly expresses his preferences on the planning
criteria by selecting (or rejecting) alternatives. He never has
to assign weights or other unnatural quantities.

Most of the hard computational work is done before the
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Abstract - This paper presents a new comprehensive
methodology based on genetic algorithms and fuzzy sets concepts
for multistage electric distribution network planning. The mode!
presented is an extension of previous deterministic developed
models, taking in account several aspects usually neglected in
other approaches like, for example, multiple criteria and a
thorough representation of uncertainties. New concepts are
de\eloped, such as the tree of fuzzy futures, fuzzy inadequacy and
solution robustness. Decisions are taken from a multicriteria
approach and under risk analysis policies, namely by minimizing
possible future regrets. The merits of the approach arc discussed by
analyzing its application to a study based on a real case, in a
Portuguese utility EN, SA.

INTRODUCTION

Many mathematical models have been proposed in the past
for electrical distribution network planning, but most of these
neglect that one is dealing with a dynamic multi-temporal problem
under uncertainty. These models have been aimed at a so called
"optimal solution" and arc based on an approach usually considered
unacceptable by system planners: single criterion optimization.
Only recently have we come across some consistent attempts to
build models for system expansion which include "service after
failure" considerations |l,2).

Furthermore, targeting at optimization has obscured the real
aims of a planning procedure - in general, costs (investment +
losses) were minimized and everything else was treated as
constraints. Therefore, the sense of multiple criteria to judge the
solutions was absent from the models. Besides, the representation
of uncertainties has been so far relatively naif: one would try and
find Ihe "optimal" solution for one or two future scenarios, each
studied :is if it were deterministic.

This paper describes a new methodology for distribution
planning, applied to a practical case worked together with EN -
Elcctricidadc do None, S.A.. a Portuguese power distribution utility
in the north of Portugal belonging to the EDP - Electricidadc dc
Portugal, S.A. group.

Paper SPT PS 27- 04- 0454 accepted
for presentation at the IEEE/KTH
Stockholm Power Tech Conference,
Stockholm, Sweden, June 18-22,1995

Instead of an optimal expansion plan, one aims at denning
a flexible strategy that may lead to acceptable decisions in face of
the uncertainties of the future. The concepts involved arc more
related to risk analysis than to optimization and, in fact, the
procedures followed are more close to the reasoning of engineers
and the practice in utilities than previous theoretical models have
displayed

To define such strategy, one works in a full multi-criteria
environment (taking in account several objectives when assessing
the merits of possible plans) and uses as tools genetic algorithms
(to generate dynamic solutions) and fuzzy set concepts (to model
uncertainties and decision making).

For the representation of uncertainties we use three different
techniques:

- Reliability is modeled by probabilistic models.

- Fuzzy numbers model other continuously perceived
uncertainties: cost of equipment, reliability indices, load
growth forecasts, cost of energy not delivered, etc.

- Possible futures, perceived as discrete alternatives, arc
represented in the form of a tree of futures, representing the
possibilities of evolution within the planning horizon.
The?' futures correspond to different global background
scenarios (economic, legislative, etc.) that lead to different
levels of demand or other variations. This approach has,
been adopted in [3,4], for instance.

This paper will be devoted to explaining how risk adverse
strategics may be built, for system expansion planning. The
central idea is not to plan for the average future, but to take
planning decisions such that, whatever plausible future occurs, the
regret fell for having taken them is kept as low as possible.

This is not a conservative risk-adverse policy. On the
contrary, plans developed under such principles usually display a
diversity of solution resources (which assure their flexibility)
while the more classical "optimization for the average future" tends
to propose less flexible solutions (as if putting all bets in one
horse). Examples of this discussion may be found in [3,5].

The work reported comes as a convergence of several years
of research effort. The first author (VM) has originated the
development of fuzzy models for power system analysis,; such as
Fuzzy Power Flow [6], Fuzzy Optimal Power Flow [7] and Fuzzy
Reliability Analysis [8]. The two authors have together worked on
the development of Genetic Algorithms applied to distribution
network expansion planning [9].

THE CASE STUDY

We now present the real case studied jointly with EN, S.A..
Illustrative as they are, its results should not be taken as a
description of the final decisions taken by the utility.
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The area studied is in the center of Vila Nova de Gaia, a
major city in the neighborhood of Porto, and the central problem is
the location and scheduling of a possible new substation (Santa
Marinha, see Fig. 1) and the reorganization of the 15 kV network
(composed of several open loops). The loads were concentrated in
16 major nodes, besides the substation nodes (the load not directly
related to the area under study has been allocated to the existent 4
substations).

FUZZY MODELS
A. Criteria

The criteria used to evaluate the merits of a proposed
strategy for network expansion were:

IC - Fuzzy investment cost:
PL - Fuzzy powe • losses;
VQ - Fuzzy voltage drop quality;
RB - Fuzzy Reliability (energy nol supplied).
IN - Fuzzy inadequacy;
EX - Exposure (crisp);

R. Tree of fuzzy futures

Uncertainties related to future developments arc organized
in a "tree of fuzzy futures". This concept is illustrated in Fig. 2,
applied to load growth. A central idea in a tree of fuzzy futures is the
concept of path. Fig. 2 defines the following paths for load
growth: P| - ABCDfE); ?2 - ABCDiEo; P3 - ABCD2E2; P4 -
ABCD2E3.

Associated with a path, a plan may be developed for the
expansion of a distribution system. A strategy consists of a set of
coordinated plans thai cover all possibilities of network
development in a tree of futures.

The tree of fuzzy futures is a way of introducing granularity
in the information we have about the possible futures - the paths
form a discrete set, but each path is in fact represented as "blurred",
also contaminated with continuous uncertainty modeled by fuzzy
sets.

The tree of futures in Fig. 1 was used in the case study, with
a planning horizon of 15 years (5 fuzzy stages, in years 0-1-3-5-
15); the fniiiai load is 52.9 M\V in year 0 (1994). and the final
uncertain load ran^c is 104-1KO M\V.

Verdin

Gaia

Para so

Fig. I - General scheme of the 15 kV system studied. Dotted
elements represent possible expansion alternatives. Sta Marinha

substation does not exist in 1994. Existing cables and substations
may be reinforced or replaced.

0 1 2 3 4 5 6 7 8 9 10 II 12 13 14 15
A B C D Yeara E
SlagW

Fig. 2 - Tree of fuzzy future loads and possibility distribution for
future C].

C Fuzzy costs

Fuzzy models are the base of the representation of
continuous uncertainties (except those related to the failure-repair
cycle of components). First of all, we represented the uncertainty
in the costs of equipment and building factors through fuzzy values
- therefore, adding all these fuzzy costs gives a fuzzy estimate of
the cost of a solution IC.

D. Fuzzy Power Flow

We recall that whenever the load scenarios arc defined by
fuzzy loads, we must use for system analysis a DC or a AC Fuzzy
Load Flow (FPF) model [6]. As a result, we will get a fuzzy
description of line power flows - and power losses and their cost PL
will become uncertain (fuzzy) and so will voltage values.

E. Fuzzy Voltage quality

A solution has been considered unfeasible if the voltage
drop exceeds a certain voltage threshold (8%). As we are dealing
with fuzzy voltage drops resulting from the Fuzzy Power Flow, the
fuzziness of node voltage values may be translated into a fuzzy
index as follows (see Fig. 3):

if Vj(ct) is a fuzzy node voltage, expressed through a
membership function associated to membership or
possibility level a,

if I(v) is a non decreasing function describing a voltage quality
index, as a function of voltage level v at a node

then VQj is a fuzzy voltage quality index given by the
functional composition

VQj (a) = Max ( I o Vj } , at every a level

normal
acceptable

unacceptable

VQj (a)

Fig. 3 - Building a fuzzy voltage quality index VQj(a) from a fuzzy
nodal voltage Vj(a) and a quality index I(v) e [0, 1].
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F. Fuzzy reliability

A fuzzy description of loads means that we will also have a
fuzzy reliability criterion to deal with. The Power Not Supplied PNS
\alue is fuzzy just as a result of the uncertainly in load values.
Furthermore, nothing prevents us from considering that the failure
rales X and repair times r are also affected by uncertainty. Under this
light. X and r could have a fuzzy definition, and the unavailability U
and the average annual energy not supplied ENS will also be fuzzy,
from the fuzzy multiplication of fuzzy numbers:

ENS=XrPNS or ENS = U PNS

where X - fuzzy failure rate
r - fuzzy mean repair time
U - fuzzy unavailability
PNS - fuzzy average Power Not Supplied

Therefore, a reliability criterion RB, translated by PNS or
ENS values, is also fuzzy. The fuzzy reliability assessment of a
distribution network has followed the techniques presented in [8].
Reliability evaluation in the study included branch failures,
switching device location and load transfer through open loops.

Finally, because the possible values of branch flows could
exceed branch limits, we have defined two new criteria: the
robustness of a solution (based on the oc-cuis above which the fuzzy
flows arc within branch limits) and the inadequacy of a network
(based on the sum of the fuzzy flow subsets that exceed hranch
limits).

F. Robustness and Exposure

Robustness RO is the only non-fuzzy criterion. We define
technical robustness of a solution as an index deriving from a FPF
study. As it is clear in Fig.4a, for some scenarios of loads the
power demand will have the possibility of exceeding the limit
Pniax ' n branch capacity. This happens below membership level a;
so, (1-a) is an index of how much uncertainty the system is able to
cope with - it is a robustness index (and EX = a is an Exposure
index). Therefore, minimizing a, in terms of planning, means that
the planner wishes to accept solutions that cover or arc technically
sound in a wider range of possible future scenarios.

Two solutions with robustness associated with a\ and 02
are onlv comparable for the levels above which thev are both
robust, which means that they would both operate normally and fail
from time to time. Below Max {cq ,02) . one of them would still
be able to meet the loads, but the other one would fall into a
situation of possible repressed demand. Comparisons between
more than two solutions must be made by successive destilations
guided by the (1-a) index.

G. Inadequacy

The right tail of the branch power flow distribution will be
used to define the fuzzy concept of branch inadequacy INDr (Fig- 2
b). It may be interpreted as the consequence of some adverse
demand scenarios, for w'hich the distribution system will not be
able to cope with. Facing this structural constraint, the utility will
not authorize more loads to connect to that particular line.
Therefore, the actual load allowed will be less than the forecasted
load - it is an event of a nature different from disconnecting load
thai was previously being supplied.

'1 MW pnm P4 O (P4-Pmax)
a) b)

Fig 4. a) Possibility distribution for a line power flow;
below level a, load may exceed the thermal limit Pmax * b) fuzz>'
description of the branch inadequacy; system inadequacy will be
obtained by adding branch inadequacies

One is facing here a situation of possible repressed demand,
which incurs in social costs of a nature different from those related
to power not supplied as a consequence of failures. Therefore, we
decided to keep this analysis independent of reliability
evaluations, by making explicit a new criterion.

We have thus defined a measure of system inadequacy lN'sys
of a distribution system as the (fuzzy) sum of the possibility
distributions of branch inadequacies:

INsys =

n. branches

I lNbr
br=l

H. Fuzzy operations

The basis of fuzzy set theory will not be described in this
paper. The reader is invited to consult paper [10], for a quick
reference and an overview of fuzzy sets on Power Systems.

The comparison between two fuzzy numbers is based on the
concepts of Removal, Median and Amplitude presented in | l l ] .
This comparison is mostly needed during the selection procedure of
the Genetic Algorithm, namely because in general we will be
minimizing in all the objectives evaluated under a fuzzy criterion.
The application of these criteria proved adequate to the problems he
have dealt with.

THE NEED FOR A STRATEGY

Solving for a paih in the tree of futures means that one has
anticipated that this particular path would be followed. But
decisions to be taken today arc influenced by decisions at a later
time. Therefore, even if two paths share some nodes, it is just
natural that optimal decisions at the very same node would be
different, according to the path studied.

In many aspects of the planning activity, engineers face
decisions that are not only irreversible, but also that have
consequences that escape the law of large numbers (which roughly
states that the frequency of occurrence of an event will only
approximate its probability for a large number of trials).

Therefore, assessing the merits of long term investment
policies on the basis of average returns is meaningless in many
cases: the future will happen only once, and it is unlikely that there
will be any repetition of events or circumstances, such that a bad
decision could be later compensated by a lucky one. This explains
the success of risk analysis approaches to system planning, in
many fields of activity; in power systems, several authors have
also stressed its importance [5].

An acceptable strategy, for a decision maker, will be one in
which decisions are not largely regrettable, no matter which
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plausible (or feared) future occurs. Certainly, decisions will not be
optimal, for the actual path followed along but they will not (if
possible) have catastrophic consequences. In fact, the best strategy
would be the one that would minimize the regret felt for any
decision, no matter what future becomes actual.

The concept of regret is central in this risk analysis
approach. It is deeply related with other two concepts: robustness
and exposure. A solution would be 100% robust if it would be
considered good in no matter which future. Exposure is associated
with futures for which regret would be felt, related to some decision
taken.

THE NEW METHODOLOGY

The main steps of the new methodology are:
1. Previous step: defining all the data required, including the

tree of fuzzy futures;

2. For each path in the tree of fuzzy futures:
-> determine the (conditional) ideal plan in terms of the
attribute values, as if one would know that precisely this
path would occur;

3. Considering all the paths and all the conditional ideals:
-> determine the strategy that minimizes the regret (felt for
the decisions taken), in all futures.

GENETIC ALGORITHMS

Genetic Algorithms (GA) arc search and optimization
methods based on natural evolution [12] and have been extensively
described in the scientific literature. We will not describe the basis
of GA because they have been often enough addressed in many
published papers in Power Systems (see for instance [9]). However,
it is important to emphasize the most important reasons that lead
us to the use of GA in this model:

- GA do not require "well behaved" objective functions,
easily tolerating discontinuities and non-linearities which are hard
to include in pure mathematical programming methods.

- The results of a GA are not only one "optimal" solution
but a large group of solutions.

- GA are well adapted to distributed implementations,
allowing computation time to be drastically reduced.

Two crucial issues deserve attention when building a GA:
chromosome coding and fitness evaluation. A chromosome is just a
string of bits representing the variables in a problem; the coding
strategy, however, is determinant in the efficiency of the algorithm
- it may represent, under implicit form, many constraints, which is
very advantageous. Fitness evaluation tries to measure the
"desirability" of the solutions - therefore, building a fitness
function may include not only the positive criteria under which
solutions are measured, but also penalties for violating constraints
that could not be represented directly in the coded chromosomes.

A. Chromosome coding and Fitness functions

The chromosome coding in this study has followed the
general strategy described in [9].

A solution is a dynamic sequence of network topologies
through time. The fitness of a solution must reflect both its desired
and the unwanted properties. Unwanted features are, for example,
unfeasible topologies or non-radial configurations (open loops are
accepted, J-Jt not closed loops). These features are firstly
investigated and if detected, determine immediately a low fitness
value for the solution. If a solution x passes this topological test,
its fitness is then evaluated under the following scheme.

In £lej2_2. of the methodology, the fitness fuzzy value f of a
solution x, within a trajectory in the tree of futures, is obtained
from the fuzzy equation

fitness(x) = M - q(IC+PL) - C2VQ - C3RB - C4EX - C5IN

where
M - Large (enough) constant value
CJ - constants externally fixed

and the other indices have been already defined.

When dealing with the tree of futures as a whole, in Step 3.
fitness is now evaluated as follows: if, in each criterion

opt
j j
o

f j

f

Value of attribute i in future k, for the ideal

jk - Value of attribute i in future k, for alternative x

then Rcgretik = Max {0, (f J - f°P l)}

and the general objective will be to minimizing the overall regret
in the decisions to be taken, translated by maximizing

6
fitness(x) = M - X ( c i • min(Max [(Regretjfc), k = l . . . n ] | )

i=i
where...

M - Large (enough) constant value
q - parameters
n - number of paths in the tree of futures
i - number of criteria

which means minimizing the overall regret in the decisions to be
taken.

In order to obtain a picture of the non dominated border of
the solution set obtained at the end of the genetic process, we have
adopted an approach that gave very good results: rewarding
"geographical isolation". Whenever a solution is detected at any
generation with enough different (and good) objective value for
some criterion, it gets a reward added to its fitness value and is kept
surviving to the next generation. This allowed a nice covering of a
(thick) non dominated border of the solution domain.

THE IMPORTANCE OF MULTI-CRriERIA

The application of this methodology and the GA model
allowed us to recognize a very important result, with direct
implications in future model developments: we were able to
identify projections of domains of feasible solutions, in the
attribute space, that were clearly not convex.

In Fig. 5 and 6 we depict one of such cases: the projection
of the GA solutions for a IS kV planning problem(different from
the case study) over 4 time stages, at the end of a circa 300
generation process, on two planes, formed by couples of criteria,
such as: in Fig.S, investment vs. reliability, seems quite classical;
in Fig. 6, investment vs. losses displays clearly a non convexity.

The fact that the set of solutions is not convex (with special
incidence on the non dominated border) makes it evident that some
classical approaches of "pseudo-multicriteria", that would just
perform an optimization using as single criterion a linear function
of all criteria in the problem (adding them up multiplied by some
weights) are misused: they can never detect "hidden" solutions in
the concave parts of the solution set which, in fact, might become
the most attractive to the decision makers (who knows?).
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The fact that the set of solutions is not convex (with special
incidence on the non dominated border) makes it evident that some
classical approaches of "pseudo-mullicritcria", that would just
perform an optimization using as single criterion a linear function
of all criteria in the problem (adding them up multiplied by some
weights) are misused: they can never detect "hidden" solutions in
the concave parts of the solution set which, in fact, might become
the most attractive to the decision makers (who knows?).

This discovery gives even more importance to the use of
CA, because we have demonstrated that they deal adequately with
this feature of the planning problems.

RESULTS

The results from Step I are:

- A large set of (fuzzy) non-dominated solutions obtained by
the genetic process described above.

- A conditional decision set for each trajectory in the tree of
fuzzy futures. From this set we are able to determine the
ideals for each criterion, in each possible trajectory. These
values will be used in phase 2 to calculate possible regrets
from the decisions taken.

Applying the Genetic Algorithm platform, followed by
engineering judgement, we were able lo define the ideals for each
path in the tree of futures of Fig. 1. These ideals are plotted in Fig.
6 as circles in the plane [Cost x Reliability). The average run time
in a NeXT machine was of 400 seconds for each path.

A second Genetic Algorithm was then run to find strategies
that would in all cases minimize the regret felt for not having
implemented an ideal solution in every path. The average run time
in a NeXT machine, for the whole tree of futures, was around 30
minutes. However, a parallel solution as described in the next
Chapter, using 5 workstations, reduced almost 5 times this run
time, to around 6 minutes, which is absolutely acceptable for a
planning model and so complex.

The final solution consists of the following robust
strategy, described in terms of substations (R/A stands for
"reinforce or alleviate", meaning the need of either a transformer
capacity reinforcement or load transfer to other substations:

Stage A (0-1 year) : Do nothing.
Stage B (1-3 years): Build Sta Marinha (31.5 MVA)
Stage C (3-5 years): R/A Verdinho (+31.5 MVA)

R/A Serra do Pilar (+31.5 MVA)
Sta. Marinha Substation alleviates the load in the
neighboring substations; however, load growth still forces
load transfers from Verdinho and Serra do Pilar to the new
substation.
Stage D (5-15 years):

If Dl happens: Reinforce Sta Marinha (+31.5 MVA)
R/A Gaia (+31.5 MVA)
R/A VPR (+31.5 MVA)

If D2 Happens: Reinforce Sta. Marinha (+31.5 MVA)

Results gave also important indications about which main
feeders should be reinforced or newly built, and when. All these
results took in consideration also uncertainties in costs, reliability
indices and other. Namely, reliability has been assessed taking
also in account the influence of switching device location policies.

The maximum regrets for implementing the robust strategy
are displayed in Fig. 6. One may see that the robust strategy does
not coincide with any of the "optimal" solutions for each path in
the tree of futures. It is interesting to notice that in some cases the
robust strategy leads to improving reliability (as in futures P2 and
P4). The regrets in the Cost criterion represent the value of the
"lack of perfect information".

Figure 7 shows, in a bi-dimensional space, global
deviations that are obtained with the best risk aversion strategy,
relatively to the ideal solutions that would be possible to adopt, if
one could perfectly know beforehand what future would occur.

These deviations can be interpreted as potential regrets,
from the "risk analysis" point of view. Both investment cost and
ENS are fuzzy and therefore they are represented here by their
removal values of the possibility distributions.

These regret values may be seen as the opportunity cost for
a crystal ball - utility management has the option of paying for
hedging or buying such ancient technological device and guessing
the future. It is the cost of information.

EPNS
200

PI

O-Ideals • - Robust Plans 5 0 ° Cost(M$)

Fig. 7 - Ideals for each path and actual regrets felt, in each of the
possible futures.
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PARALLEL PROCESSING

The platform developed at INESC allowed us to take
advantage of parallel processing, in order to speed up run times.
This is achieved by building a cluster of workstations, linked by a
LAN such as Ethernet. One of the workstations acts as a Master and
all the machines may process, in parallel, the analysis of different
alternatives, in order to determine their fitness values. This is the
most time consuming operation (remember that fitness evaluation
includes fuzzy power flow, fuzzy reliability, fuzzy investment
calculations...).

The operations that require centralized control by the
Master station are very simple indeed - selection, crossover and
mutation are mainly comparisons and bit operations. Therefore,
the execution time of a Genetic A gorilhm is reduced (divided)
almost by the number of stations in parallel, and increased by the
communication time through the LAN. When fitness evaluation is a
heavy operation (as it is the case here), communication times
become negligible and the parallel processing in a cluster of
machines becomes very advantageous.

CONCLUSIONS

This paper presents a new methodology for electric
distribution network planning. This methodology leads to the
substitution of the single criterion /optimal solution concept by a
new integrated notion of expansion strategies in order to obtain
solutions that are more flexible and adaptable to changing futures.

It was developed based on two poii.cs: a technique grounded
on genetic algorithms and fuzzy set concepts for the generation of
solutions and expansion strategies; and a planning philosophy
based on the robustness evaluation of these strategics, guided by a
paradigm of multicriteria risk analysis.

The main purpose of this model is to respond to the system
planning fundamental requirements:

- It is able to deal with real sized networks.
• Allows a mullitemporal representation
- Generates sets of solutions.
- Permits multicriteria analysis, keeping the criteria and

their respective tradeoffs explicit.
- Allows the planner to obtain indices that measure the

distance between the strategies to implement and the ideal
solutions he would choose if he could have a perfect knowledge
about the future.

- Is well suited to distributed implementations, leading to
reduced acceptable computation times.

The planning philosophy adopted is the one that minimizes
the regret in the decisions taken - and this implies that the
consequences of these decisions are evaluated within the large set
of uncertainties and futures defined.

So, the combination of GA and Fuzzy Sets concepts proved
to be both suitable and resourceful, enhancing the representation
ability of the models and the flexible interpretation of concepts
such as fitness.

The real case study worked out jointly by a team of
researchers and engineers from an utility fully demonstrated the
usefulness of the new methodology and its adherence to reality,
being mature to be considered as a potential addition to the tools
currently adopted in practice. It further showed the need to provide
the possibility of including other criteria or constraints, such as
limits on short-circuit ievels. which is trivial to do within the
Genetic Algorithm framework.

The success of the approach and the models presented open
the way for developing planning aid tools for distribution design
that represent reality and its constraints in a way closer to the
reasoning of planners and decision makers.
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Abstract-Thc use of energy storages influences the distribution
system planning process and by the analysis of economics,
reliability and environmental aspects of storages new struc-
tures of distribution network can be found.
For the planning process a storage unit should be modelled as a
buffer facility. Storage dimensioning requires that load curves
in the network nodes supplement the planning data. Optimal
dimensioning of the storage, search for the optimal places in
the network and the standardisation of the storage units in the
planning time horizon arc the steps of the discussed method of
the dynamic programming.
The calculation shows that the storages size of 20-200 kW and
about two hours capacity can be economically used In the dis-
tribution system if their lifetime is at least 6 years. To ensure
cost benefit two more conditions must be satisfied: economic
parameters should be favourable and storage should be con-
structed of transportable units.
To illustrate this an example of planning with battery storage
has been shown.

I. INTRODUCTION

The objective of power utilities is to meet the electrical en-
ergy needs of the customers as economically as possible with
acceptable degree of reliability and quality. The planning
process, a continuous task of these utilities, is a decisive step
of system optimisation and consists of a sequence of system
expansions to future years. In a medium voltage level the
distribution systems are planned as loop systems, but most of
them are operated radially. This makes it possible to avoid
expensive capital investment in additional distribution
equipment and reduces operation and protection complexity
of loop systems.

Paper SPT PS 27- 05- 0345 accepted
for presentation at the IEEE/KTH
Stockholm Power Tech Conference,
Stockholm, Sweden, June 18-22,1995

In most cases of the distribution network planning peak
load is the important quantity criteria, because the distribu-
tion system must be designed to carry the maximum load. In
the reality electricity supply to customers is effected in a
characteristic daily cycle. The power peak at noon and a
lower demand at night cannot be avoided by means of net-
work configuration. There are several utility management
techniques for peak load levelling such as: power imports,
economic incentives, economic penalties and various energy
storage systems (pumped hydroelectric, compressed air,
hydrogen, thermal storage, super conducting magnetic en-
ergy storage and electrochemical energy storage by means of
rechargeable batteries). In principle, energy storage devices
(ESD) are used by utilities to convert economical off-peak
electrical power into other forms of energy from which
electricity can be regenerated during peak power demand
periods.

Energy storage devices offer many managerial, environ-
mental, and economic benefits for electric utility companies
[12]. The economic benefits of energy storage in the distri-
bution systems are: minimisation of transmission and distri-
bution losses, exchange of energy, the saving of energy in
storage during the cheaper tax period. Also the levelling of
peak power can minimise the cable and transformer dimen-
sions or shift the need of adding new electric equipments to
a later period. That is the main reason why the selection of
the storage devices should be realised with the on-time plan-
ning, as a procedure fully integrated into the existing plan-
ning system [3,9].

In this paper at first a motivation for use of energy storage
in distribution system will be discussed. Attention will be
paid to storage model realised as a buffer unit and to load
curves forecasting in the distribution nodes using the neural
network technique. Some additional remarks concerning
optimal storage dimensioning for the characteristic year
curves will be discussed.

Based on developed models the network planning proce-
dure using dynamic programming will be defined in chapter
III. The elements of this three steps process storage dimen-
sioning, storage placement in the horizon planning and stor-
age standardisation will be discussed and the software reali-
sation described. The results of some calculation will be
presented.

The paper ends with some conclusions and literature.
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II. ENERGY STORAGE

A. Motivation for Storage in Distribution Network

There are many factors that affect the choice of new tech-
nology. Some of them can be directly evaluated in terms of
economic calculation. Some are not quantifiable in money. It
is relatively complex to predict which technologies will
succeed and which will fade out. In the technical word there
is only one truth:
"Technology tells us what can be done; economics tells is

what should be done-politics tells us what will be done"[11].
In recent years, several energy storage load levelling/peak

shaving systems have been successfully installed into dis-
tribution networks [2,4,7]. For electric utility companies en-
ergy storage devices offer many managerial, environmental,
and economic benefits. The economic benefits of using
energy storage in the distribution systems are: minimisation
of transmission and distribution losses, exchange of energy,
energy saving in the storage during the cheaper tax period
(1,12). Also the levelling of peak power can minimise the
cable and transformer dimensions or shin the need of adding
new electric equipments to a later period. The progress in
the storage technology (actually as a storage technique is
battery storage in use) is the main reason why the selection
of the storage devices should be realised with the on-time
planning, as a procedure fully integrated into the existing
planning system.

The battery energy storage system (BES) consists of three
major subsystems [1,2] (battery subsystem, power converter
and balance of plant). The batteries are connected with the
electric utility through the power converter, which rectifies
AC to charge the batteries, and later converts DC to AC to
supply the utility load. The battery subsystem is sized to
satisfy the energy required (kWh) by the customer for
shaving a peak load up to necessary limitation. In contrast,
the power converter subsystem is sized to satisfy the peak
power requirement (kW) of the load, which corresponds to
the peak discharge rate of the battery. The greatest potential
for BES is in multifunction applications. These include:
peak shaving of customer load, load levelling, energy/power
for uninteruped loads, generation reserve requirement,
automatic generation control, deferment of new generation
units construction, deferment of new transmission
construction, reduction of magnetic field effect.

The parameters of BES, namely energy and power, are
strongly dependent on the specific load profile given by the
end-users (fig. 1). For the same load but for different load
profiles the energy capacity can make a big difference in the
costs of storage units and this fact confirms the necessity to
take the daily load profile into consideration to get the com-
putations sufficiently exact. The energy storage also requires
the analysis of not only the peak load in the network nodes
but also the energy demand in the planned network.

Charge Discharge

0 4 8 J 2 16 20 h 2

Fig. 1: Principe of the peak shaving with energy storage

The energy of the ESD should be balanced during the time
period T and should use a model containing 24-hour load
flow for the simulation of the operation of storage options.

B. Load Modelling

Introduction of storage problem to the planning process
needs completion of planing data with load curves in the dis-
tribution nodes. Such load curves depend on composition of
customers, season and day of week. There are some methods
using only one curve of "the worst case" load curves (for
example for the third Wednesday in winter) for a network
node [10]. But for the storage dimensioning such a curve
docs not give sufficient information. The dimensioning
process and in consequence storage economics, depend on
two parameters, power and energy of storage. Using only a
worst case load curves a planning error cannot be avoided
and the result of this planning cannot be reliable [6].

The load profile is determined by the composition and
shapes of the customer loads in different geographic loca-
tions [6]. These also reflect the value of service continuity to
residential (Al), commercial (A2), small industrial (A3), in-
dustrial (A4) or cumulating heating (A5) customers. The
percent contribution of specific customers in the global load
of a node is the basis for computation of twelve typical daily
load curves for each session (spring, summer, autumn, win-
ter) and day type (Sa-Saturday, Su-Sunday, Wd-workday).
These curves build together a characteristic load curve for a
year.

The year load curve forecasting has been done using a neu-
ral network load predictor [8]. It contains twelve specific 6-
12-6-3-1 feed forward neural network with additionally sort
cut connection in each. This load predictor is selected and
trained in consideration of real power utility date. The pre-
diction error is between 3-9% for the energy and 2-8% for
the peak power. The middle load prediction error is less then
10%.

Figure 2 shows schematically the load forecasting process
used in the planning with energy storage.
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C. Storage Modelling and Dimensioning

For the planning process a storage can be modelled as a
buffer unit. The balance of energy effects in 24 hours. Some
restrictions on a charge and discharge process and concern-
ing own losses should be taken into consideration depending
on storage type. For example for battery storage the storage
dimension is connected to the load which should be cut
(^max'^lim) a n ^ t 0 t n e 'oat^ c u r v e which has been taken in
to consideration too. Looking for an optimal storage the cost
of storage (dependent on load and energy of storage) and the
benefits are to balance. For one load curve there is only one
optimal storage by the constant cost parameters [3].

For the planning with energy storages the characteristic
year load curves forecast by NN-predictor are used. It con-
tains twelve daily load curves. A storage may be selected
now simultaneously for each of the curves so that load level
cannot be greater then load limitation (Pjim). It depends on
storage energy which has been required.

Fig. 3 explains the problem of choosing the optimal stor-
age for two representative load curves. In this case a BES
should have the power of Ps=Pmax-Pjjm and the energy of
W

selection of
optimal placement
of storages

selection
of optimal storages
in the time horizon

step 1 step 2 step 3

planning data
including
forecas*
load curves

selection of
storages corresponding
to the load growth
in the time horizon
(20 years)

Fig. 4: Planning of distribution network with energy s tonga as t dynamic
programming problem

III. NETWORK PLANNING

A. Generally

The planning of the distribution network is a continuous
task of power utilities. Minimising the costs of delivered en-
ergy is also a planning objective [5,9]. The costs of service
delivery include capital costs of equipment, distribution en-
ergy losses, costs of maintenance and loss of revenue from
unserviced energy. In distribution planning usually capital
costs and the costs of energy losses are emphasised, because
these are the major cost elements and the ones most likely to
be reduced by careful planning.

The consideration of reliability is done using the "n-P
model. Other planning criteria (like fixed cable dimensions,
permissible voltage drops, permissible cable ways) are taken
into the planing process as restrictions.

Voltage and current criteria used in normal and emergency
states are of special importance to protect customer and
utility equipment.

The integration of the storage problem into planning algo-
rithm is done on the basis of the dynamic programming rule
of Bellman. It requires the coalition of these specific tasks
(load curves forecast, energy storage model and storage op-
timisation, horizon planning). In figure 4 three steps of a de-
veloped procedure are shown.

In the next chapter the steps of this method will be dis-
cussed.

B. Selection of the Optimal Placement of Storage

The energy storages should be located in the nodes of dis-
tribution networks. The use of energy storage in one of
loops node influences the parameters as a maximal load and
load factor in it self and in neighbouring nodes. Quantity of
influence depends also on storage size and limes of the peak
load behaviour in the loop. Using an analysis of storage di-
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mension the optimal size of storage for each of the nodes can
be found. An order of the nodes in an distribution network
loop can be determined analysing peck shaving aspects
mentioned above in 24 hours for the 12 characteristic load
curves for each year (see also part II.C). For this a value of
use for each the nodes in the network using multiparameler
evolution is computed.

C. Storage in the Time Horizon

The determination of storage size and its placement is
based on the analysis of forecast load curves in the network
nodes in following exploitation years.

For load forecasting it is necessary to have appropriate
knowledge about mix of the customers in the network nodes
which can be changed in the exploitation time. The peak
load for the nodes in time horizon should be also given. It
can also be done for example by the yearly load growth
which will be expected in the network.

All the data serve for fixing of 12 characteristic load
curves for each of planning year. Analysing this daily load
curves for network loop in each of nodes a transfer of per-
missible load for the network equipment can be detected. To
avoid the occurrence of the condition mentioned above one
of the two strategics will be used:

• installation of one or more energy storages in the over-
load loop, in the order corresponding to the optimal
place classification

• reinforcement of the network using the parallel cable of
the same cross-section in the overload places

The choice of the expansion strategy has been done using
economic criteria.

At one hand costs of measures (investment and exploita-
tion cost of storage and cable) have been computed. Here it
is really important that for the storage the lifetime between
5-10 year lifetime should be put. It is done because, for the
economic calculation, a battery storage (as only one recently
available storage) can be taken into consideration.

On the other hand the advantage connected with the use of
storage (such a reduction of loss of power and energy in the
distribution network, tariff benefits) minimised cost of the
BES. The storage unit will be used in the network node if its
application is cheaper then other network investments.

The maximum load in the nodes changes with the exploi-
tation period. Because of this to decide on the optimal stor-
age size which should be installed could be difficult. The use
of different size of storage in the year sequence in the same
node is not economical. That causes that the storage size
should be standarised. For optimisation calculation the big-
gest optimal storage in the node will be selected for each
storage sequences.

D. Software Implementation

The consideration of the energy storages in the power net-
work planing process requires full information which is nec-
essary for the planning (actual network structure and pa-
rameters, geographical data) supplement to the date which is
necessary for the load modelling and storage optimising
(mentioned in part II).

A system of programs called GENPEX (Graphical Electric
Network Planning Expert System) is available for interactive
planning of the distribution network and it has been also for
the computation with energy storage extended. The neural
network load prediction model and optimisation storage
model have been implemented into this software system
additionally. The data base of GENPEX has been so pre-
pared that the characteristic of loop nodes using twelve
characteristic daily load curves is possible. The GENPEX
written in LISP programming language allows to compute a
procedural or intelligent algorithms. This latter way can be
taken in advance directly by writing of "if ..than.." rules.
This possibility is especially usable when the planning
process should be conducted interactively because storage
optimisation calculation are time extensive.

IV. EXAMPLES

A. Systematic Node Examination

Two example groups have been presented in the paper.
The first one takes aim at the general problem of use of
battery storage in the distribution network. The costumers
mix favourable for the storage use should be determined.

For this investigation a separate 10 kV node, supplied by a
10 km 3x150 mm2 NAKBA cable has been analysed. The
1001 combination of five customers groups (Al-AS) has
been taken into consideration. Peak load of this test node
was 2000 kW. An economic computation has been done us-
ing following data:

lifetime (TjJ of battery 5-10 years, vary
lifetime of cable 30 years
specific cost of BSE: 900 Dfv^/kW

and 400 DM94/kWh
discount rate 8-10 %, vary.

Results of computation show some regularity. For example
when a part of accumulated heat (A5) increases in the global
mix a size of optimal storage will be reduced. It makes
smaller economic benefit in analysed node. If the part of
industry customers (A4) in mix is greater than use of storage
is more advantageous.

The changing of the average storage parameters for all
1001 load patterns will be shown in the fig. 5. A standard
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(n-1) deviation is by this calculation between 15% , for
TL=10 years and 24% for TL=5 years.

The computation results show trends. By growth of life-
time of storage increases also the average storage power
from 40 kW by TL=5 up to 142 kW by 10 years lifetime. The
average energy of storage amount corresponding to the TL
from 41,5 KWh to 353 kWh and the average storage ca-
pacity is between 1,04 and 2,49 hours.

In the figure 6 the analysis of the influence of lifetime and
discount late on a number of benefit load patterns have been
shown.

The x-axis describes a benefit of storage use in percent of
the storage cost. A value on y-axis corresponds to the num-
ber of load patterns (m) with cost benefits only. It is clear to
see that this number considerable rises with the growth of
TL of storage. For nine and ten years TL they are 73 or 188
patterns with benefit of 40%. For five years TL are only 19
patterns profitable.

The influence of different discount rate on the storage
benefit is smaller (see fig. 7)
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Fig. 5: Average parameters of energy storage for 1001 load curves patterns
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The results of this systematic computation have been used
by optimising of planning algorithm. The pre-selection of
the preferable nodes in the network loop with could be cho-
sen using an intelligent procedure saves more the 50 % time
needed for the all optimisation calculation.

B. Horizon Planning

Using the GENPEX a calculation for 13 nodes 10 kV net-
work loop has been done. The loop is shown in the figure 7
in an unfolded form in such a way that x>th ends of it refer
to the same 110 kV/10 kV main station. This presentation is
especially useful for a presentation of time expansion of
network.

We can see (fig. 7) that storages (black triangle) are situ-
ated at the different nodes of the loop. It depends on the lo-
cation strategy (see also part II C). We can also see that irre-
spective to probably overload part of the loop (it is always
cable part close to the main station) optima] storages -se-
lected using the order of the nodes- situated far a way from
this part influence load flow in the loop in such a way that
the overload can be avoided.
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Fig 7: Planning example. A network loop expansion in time horizon for 20

years by use of battery storage
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In this loop there are in use five storage sizes:
51- 20k\V/40kWh
52- 40kW/60kWh
53- 60k\V/100k\Vh
54- 80k\V/150 kWh
55- 110kW/220kWh
A peak power of nodes has been given in this figure in kW

too. For each of nodes a mix of customers has been set corre-
sponding to real urban power network. A percentage parts
of customers group were: Al- 30-40%, A2- 20-50%, A3- 20-
40%, A4- 20-40%, A5-10-20%.

Load growth in all the nodes has been fixed by this test
computation as 2% per year.

The fig. 8 shows a total power of storages in this network
depending on planing year. We can see that in the right half-
loop the loads arc cumulated on the end of loop and optimal
storage cannot bring much benefit and can defer network in-
vestment.

But in the left side after the cable investment in the first
year the next cable investment can be shifted for nine years
altogether.

Total energy storage power has been in use in this network
for 20 years is 2800 kW and the energy which the storages
can shift is 5100 kWh.

Maximal total power of storages appears in year number
three and it is 320 kW. That corresponds to about 6% of
peak power of the analysed loop

V. CONCLUSION

The paper discusses the possibility of integration of energy
storages in the planning of distribution system. Using a con-
figuration changing technique it is not possible to reduce the
load factor. The advantages of the storage unit for distribu-
tion system are shown. This proved technique can bring
more advantages for the construction of distribution net-
work.

For stationär)' applications such a load-levelling in electri-
cal utility distribution system the cost factor is not so critical
when the battery system is developed as a modular and
transportable one.

The optimal storages located in the distribution are charac-
teristically between 30-200 kW (1,6-2 h). In the cases when
the use of battery storages has been longer than 6 years the
economic effect by the deferment of the new equipment
investment can be observed.

Not only a selected storage stays six years in use. Because
of economic condition concerning lifetime such a storage
should be used in other node, for example in other network
loop. That requires a mobile storage construction.

The load forecasting data and the economical factors
(especially for the 20 years time horizon) are not precise in
this matter. This requires the sensitive analyses of the results

for different dispersion range. Such a investigations can be
done using, for example, the fuzzy-mathematics.
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