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(54) Method for controlling a nu-
clear fueled electric power gener-
ating unit and interfacing the 
same wi th a load dispatching sys-
tem 

(57) A pressurized water reactor 
(PWR) nuclear fueled, electric 
power generating unit is controlled 
through the use of on-line calcula-
tions of the rapid, step and ramp, 
power change capabilities of the 
unit made from measured values of 
power level, axial offset, coolant 
temperature and rod position taking 
into account operator generated, 
safety and control, and balance of 
plant limits. The power change ca-
pabilities so generated may be fed 
to an automatic dispatch system 
which provides closed loop control 
of a power grid system. 
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2N3 

tfsa, 



2 1 2 - 2 1 0 9 

i d / 3 

^ 1 0 5 

Calculate the Programmed Coolant Temperature (TPROG) 
(either average, hot leg or cold leg) 

TpROG " T N L + k 3 fa, 
where: k3 is a known constant 

T N L * No-Load coolant temperaiure (avg. hoi or cold) 

Calculate the "Temperature Difference at the Starting Point 
of the Reduced Temperature Power Increase* ( A T J C ) 

ATjc 'Minimum (T-TpROG,-4*F) 

where! T* Measured coolant temp, (either avg. hot leg or cold leg) 

Determine the Moderator Temperature Coefficient, in pem/ f 
at the start of the Reduced "fomp. Power Increase 
Use the "Moderator Temp- Coeff. vs. Turbine. Power" 
curve at the appropriate power ( P ] £ ) and measured 
coolant temperature (T). . v 

/•I07 

M 

7 

FIG. 6 



llftS 

9 1 9 9 4 A i 

•X 113 

Set up the following relationships between various parameters 
with either P J Q J and A T 

A T « Q 2 + b 2 P j O T 

a 2 « A T x c - b 2 P i c 

b 2 • Power Coefficient (pcm % Power) . <P 
Moderator Temperature Coefficient (pcm/°F) 

oCp« kj + k2 P j o t ( k l ^ 2 a r e k n o w n constants) 

2 

a 4 « f (Tp, PJQT) 

b 4 - f ( T F , P T O l ) 

TF»AT+TPROG,F 

TPR06,F"TNL+^3 P|QJ ( k j is a known constant) 

FIG. 7 
V ' 



2mm 
12.//S 



13/(3 
:122489 

125 

Save the 
calculated fyp 

"W)saved»pup 

Go to F I G . 3 Q 

AZT 

Set 
ITFIRSTO " 0 

( P U P ' f F b p j M v e d l ^ ^ 

Jfor k some constant) 

I s 
this calculation for a 

J 0 % step power increase?. 

Y e s „ 
. r 1 3 5 

F ^ j "Minimum ( 0 . 1 , f y ^ 

Stop 

P u p « 5 % / M I N U T E 

power increase 
capability 

pSU* Step Rjwer 
increase capability 

8 b 



11 G B 2 1 2 2 4 0 9 A 1 

SPECIFICATION 

Method for controlling a nuclear fueled electric power generating unit and interfacing the 
same with a load dispatching system 

5 5 
This invention relates to a method for controlling a nuclear fueled electric power generating unit 
by generating on-line, real t ime representations of the rapid power change capability of the unit 
and is especially useful in interfacing the unit wi th a network dispatching system. 

In an electric power generating network incorporating a plurality of power generating units, 
10 some of the units are run continuously at full power to provide for the base load. The power 10 

output of other units is varied to fol low the variable portion of the load and to regulate the 
power output. It is common practice to control the generating units in the network automatically 
through a central dispatching scheme which allocates the portion of the network load to be 
carried by each individual unit in accordance wi th a pattern which generates the required power 

15 in the most economical manner while providing sufficient spinning reserve to accommodate any 15 
increase in load or the unexpected loss of a generating unit. The modern dispatch system 
utilizes a digital computer that rapidly and continually, at intervals of one to four minutes, solves 
the load distribution problem and updates the allocation of load to the individual generating 
units. This requires that the dispatch system be supplied with the operating status and rapid 

20 power change capability of each unit in the network on a comparable time scale. 20 
Because of their high capital cost and relatively inexpensive fuel costs, nuclear power plants 

have traditionally been base loaded, that is, run at full power continuously to supply the base 
load. However, as the nuclear capacity in a network increases, there comes a time when the 
nuclear plants can no longer all be base loaded, but at least some must load follow. 

25 Unfortunately, though, the rapid power change capability of the nuclear generating unit is not 25 
easily determined as in the case of fossil fueled or hydroelectric plants. This has led to the 
practice of the nuclear plant operator calling in to the dispatcher by telephone his estimation of 
the rapid power change capability of his unit or in the use by the automatic dispatching system 
of a predetermined fixed step change capability. The former practice, of course, takes 

3 0 considerable time while the latter results in less than optimal results since the fixed step change 30 
is a conservative figure and often a large rapid power change can be accommodated by the 
nuclear generating unit through a ramp change as opposed to a step change. 

The difficulty in determining on an on-line, real t ime basis the rapid power change capability 
of a nuclear generating unit is that the ability of the nuclear reactor to change its power level on 

35 a short term basis depends not only upon the present state of the reactor but upon its past 35 
history. This is due to the fact that, as a byproduct of the fission reaction, xenon is formed. 
Xenon has a very high cross section for neutron absorption and, in effect, poisons the reactor, 
l imiting its ability to increase power output rapidly. The time constants for the generation and 
decay of the xenon are such that the real t ime level of the xenon in the reactor is a function of 

4 0 the operating level of the reactor over the past several hours and, for practical purposes, does 4 0 
not change over the cycle t ime of one to four minutes used by the dispatch system. 

The difficulty in determining the rapid power change capability of a nuclear generating plant 
is not only due to the amount of xenon present, but also to its distribution in the reactor. This 
phenomenon can best be understood by considering the manner in which a nuclear reactor is 

45 controlled. The fissionable material is contained in fuel rods which are oriented vertically in the 45 
reactor. A reactor coolant, ordinary water in the case of the Pressurized Water Reactor (PWR), 
circulates around the fuel rods and is heated by the thermal energy released by the fission 
reactions. In the fission reaction, the uranium atoms split releasing a number of neutrons in 
addition to the thermal energy. Some of the neutrons escape and others are absorbed or 

50 captured, for instance, by the xenon present, but still others split another atom to keep the 50 
reaction going. However, the neutrons released by splitting of an atom are traveling too fast to 
split another atom and must first be slowed down to the critical energy level. The coolant acts as 
a moderator which reduces the energy level of the neutrons to the required level. In order to 
control the fission rate, boron is dissolved in the coolant. The boron absorbs neutrons so that, 

55 by controlling the coolant boron level, the reactivity of the reactor can be regulated. Since there 55 
is a large volume of coolant, changes in reactivity effected through the boron control system 
require a substantial amount of t ime and are used, therefore, to make long term adjustments in 
reactivity. 

Another means of controlling the reactivity of a nuclear reactor is the control rod system. The 
60 control rods are inserted vertically into the reactor between the fuel rods to absorb neutrons and 60 

thereby regulate the fission rate. Since the control rods are mechanically positioned and their 
effect on the fission reactions is immediate, they represent the most rapid means of controlling 
the reactor reactivity. 

A third mechanism by which the power output of a nuclear power unit is effected is through 
65 changes in the reactor coolant temperature. The thermal energy transferred to the reactor 65 
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coolant is used to generate electric power in a steam turbine-generator combination. If additional 
load is placed on the nuclear generating unit by opening the turbine throttle valve, the increase 
in energy utilization by the turbine-generator wil l result in a decrease in the reactor coolant 
temperature. This drop in reactor coolant temperature increases its moderating effect so that 

5 more neutrons are slowed to the critical velocity and therefore the power output of the reactor is 5 
increased. This, of course, wil l also increase the coolant temperature until an equilibrium state is 
reached. 

The three means by which reactor power output is varied do not all have the same effect on 
power distribution in the reactor. Under ideal conditions, the highest power level in the reactor 

10 occurs at the center of the cylindrical reactor core and tapers off in the radial and both vertical 10 
directions since more of the neutrons escape as the periphery of the core is approached. Since 
boron control and temperature reduction act through the reactor coolant which circulates 
throughout the core, they have little disturbing effect on this ideal pattern of reactor power 
distribution. However, the control rods, which are inserted and withdrawn vertically from above 

15 the core, do distort the ideal power distribution pattern in the vertical direction. The distorting 15 
effect is compounded by the presence of the xenon which becomes distributed vertically in 
accordance wi th the past history of the power distribution. The amount by which the location of 
the maximum power level in the vertical direction deviates from the vertical midpoint of the core 
is referred to as the axial offset an can be either positive or negative depending upon whether it 

2 0 is located above or below the midpoint, respectively. Each reactor has a target axial offset which 2 0 
' is the desired location of the maximum power point in the vertical direction, and this offset, 

which can be positive or negative, changes during the fuel cycle. 
The amount of permissible deviation from the target axial offset is a function of the total 

power level of the reactor. At lower power levels, larger axial offsets are tolerated while at higher 
25 total power levels, the axial offset must be confined within narrow bands around the target 25 

offset. Since rod control has a direct effect on axial offset, the amount of rod travel, and hence a 
large portion of the rapid power change capability of the reactor, depends upon the current total 
power level and axial offset, wi th the latter, of course, being a function of the past history of the 
reactor as manifested by the xenon distribution. 

3 0 The amount of rapid power change available through a reduction in reactor coolant 30 
temperature is also limited. It is a function of plant design, and control and protection 
limitations. Furthermore, the two rapid means for changing reactor output, rod control, and 
reactor coolant temperature reduction are interrelated. 

In summary, the power restrictions on a nuclear power plant generally depend on both the 
35 current power level and the axial core power distribution. Either of the factors can be limiting. 35 

For example, it is possible to be operating at 50% power wi th the power skewed toward the top 
of the core to such a degree that further power increases are not possible without violating 
technical specifications. If a nuclear plant is remotely dispatched and the axial power distribution 
is ignored, the dispatcher does not know of any restrictions on plant capabilities until the 

4 0 protection system (or plant operator) defeats further remote dispatching to prevent a plant trip, a 4 0 
violation of technical specifications and /o r a forced power reduction. This sudden loss of 
expected capabilities could result in a serious, prolonged economic penalty (as standby plants 
are brought on line, for example), a curtailment in the ability of the network to meet its load 
demand (resulting in off-nominal voltage or frequency operation), and /o r possibly a loss of 

4 5 network stability (requiring load shedding) due to the inability of the plant to supply spinning 45 
reserve. 

Evaluation of the impact of the axial core power distribution on power capabilities is not a 
simple matter, and knowledge of it by itself is not particularly effective in forming a network 
dispatcher of plant restrictions in advance. The relationship between axial power distribution, 

5 0 power level and core limits is complex. The power distribution changes wi th turbine load 50 
changes. Hence, limitations can materialize during a power change after network load commit-
ments have been made. 

It is the principal object of the invention to improve on-line rapid power change capability for 
a nuclear power generating unit. 

55 The invention resides broadly in a method of controlling a nuclear fueled electric power 55 
generating unit including a nuclear reactor having control rods which can be selectively 
positioned in the reactor core to control the reactivity of the reactor and having a reactor coolant 
which serves as a heat transfer medium between the reactor core and electric power generating 
apparatus including a turbine-generator, through power changes completed within a t ime period 

6 0 over which the xenon level in the reactor does not change appreciably, said method comprising 6 0 
the steps of: measuring the current power level of the reactor and the axial offset; measuring the 
current control rod position; measuring the reactor coolant temperature; determining the 
additional amount that the power level can be increased through a change in reactor coolant 
temperature during said t ime period; characterized by determining on an on-line, real-time basis 

65 from the measured power level, axial offset and rod position, the maximum amount that the 65 
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power cart be increased over the current power level within said t ime period through 
repositioning of the control rods; selecting and effectuating a power change for the unit 
including an increase in power up to a predicted total power increase equal to the total amount 
that the power can be increased through repositioning of the control rods and through a change 

5 in reactor coolant temperature; and operating said unit to change to power level from said 5 
current power level by said selected change in power. 

According to the present invention, the rapid power change capabilities of a nuclear fueled, 
electric power generating unit are generated on a real-time, on-line basis for use in controlling 
the unit alone or in a network dispatch system. In addition to analyzing the constraints imposed 

10 on short term power changes by the core physics of the nuclear plant, the invention also takes 10 
into account any balance of plant limitations and operator ordered constraints. 

Conventionally, the nuclear plant is designed to accept step power changes of preselected 
magnitudes, for instance a step power increase of 10% and a step decrease equal to the lesser 
of the load rejection capability of the plant or the difference between the current power level and 

15 the min imum designed power level. However, depending upon the current state of the core 15 
physics, the plant is very often capable of making larger rapid power changes or controlled 
intermediate changes by ramping the power from the current level to the desired level at a 
selected rate. A typical ramp rate for a PWR, for instance is 5% per minute. For purposes of this 
discussion, rapid power changes wil l include step changes and ramp changes which are in this 

20 general range. Such ramp rates are available in a PWR through rod control and through a 2 0 
decrease in reactor coolant temperature. In the preferred embodiment of the invention, the rapid 
ramp decrease in power capability is equal to the current power level minus the larger of the 
minimum permitted operating level of the reactor or the lower limit of automatic reactor control, 
for instance, the 15% power level. 

25 The above power change capabilities are all rather easily calculated. The most difficult power 25 
change capability to determine is the ramp increase. As previously mentioned, this is so because 
the ability to increase power rapidly is dependent not only on the current power level but also 
on the amount of xenon present and its axial distribution in the reactor core. 

Broadly speaking, the rapid power increase capability is determined by measuring on an on-
30 line, real-time basis the current power level, control rod position and reactor coolant temperature 30 

and, from these measured values, determining the maximum amount that the power can be 
increased over the current power level through repositioning of the control rods and through a 
change in reactor coolant temperature. More specifically, the additional power available through 
rod movement is determined by using the power level measurements to also determine the axial 

35 distribution of the power as represented by the axial offset, and generating a respresentation of 35 
the axial offset response characteristics of the reactor as a function of power and rod position 
from the current measured values of rod position, axial offset and power level. A limit is then set 
for the axial offset. Initially, the maximum axial offset at which full power can be achieved for 
the current core cycle burnup conditions is selected. Next, it is presumed that the control rods 

4 0 are withdrawn a predetermined amount. For the initial iteration, full rod withdrawal is presumed. 4 0 
From the presumed control rod withdrawal, a predicted power increase is determined. Using the 
predicted power increase and the presumed rod withdrawal, a predicted axial offset is 
determined from the previously generated axial offset response characteristic. This predicted 
axial offset is then compared wi th the selected maximum axial offset and, if it is equal to or less 

45 than the selected limit, the predicted power increase is used as the power increase available on 4 5 
the control rods. If, however, the predicted axial offset exceeds the selected limit for the axial 
offset, the presumed rod withdrawal is reduced incrementally, and the process is repeated. 
Several iterations may be needed to bring the power increase available down to a level which 
wil l not exceed the axial offset l imit. 

50 The axial offset response characteristics for the current state of core physics are generated by 50 
storing a plurality of families of curves, each representing the axial offset characteristics as a 
function of control rod position and power level for a selected reactor xenon distribution. The 
families of curves are divided into groups associated wi th the state of core cycle burnup. For 
instance, in the preferred embodiment of the invention, three groups associated wi th the 

55 beginning, middle and end of the core burnup cycle were selected. After selecting the group of 55 
families of curves corresponding to the current state of core cycle burnup, the family of curves 
which most closely expresses the relationship between the current measured values of rod 
position, axial offset and power level is selected. This is accomplished by selecting from each 
family of curves in the selected group the curve corresponding to the current power level and 

6 0 determining from each such curve an expected value of axial offset at the current measured 60 
value of rod position. The family of curves associated with the selected axial offset curve which 
minimizes the difference between the expected axial offset and the measured axial offset is then 
selected as representative of the current state of the core physics. The difference between the 
expected and measured values of axial offset is applied to this family of curves as a bias to 

65 adjust the curves to actual conditions. The predicted axial offset is then determined from this 65 
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adjusted fami ly of curves using the predicted power level and the selected rod position. 
The predicted power increase is determined by convert ing the presumed change in rod 

position, wh ich is equal to the difference between the selected rod position and current rod 
position, to a predicted reactivity change and then determining the increased power level as a 

5 funct ion of the reactivity change. This is accomplished by storing integral rod worth and power 5 
defect curves for the several core cycle burnup states, and selecting f rom the former the percent 
change in reactivity wh ich would be effected by the change in rod position and using the latter 
to convert this percent change in reactivity into the predicted power increase. 

As previously discussed, increased loads placed on a PWR unit tend to lower the reactor 
10 coolant temperature wh ich results in an increase in reactor reactivity to meet the new demand. 10 

The constraints on addit ional power available through a reduction in reactor coolant temperature 
are the l imits wh ich define the acceptable operating region for reactor temperature. The limits 
wh ich are of most interest in determining the power increase available include the turbine 
throt t le valve saturation l imits and core safety a n d / o r steam moisture carryover considerations. 

15 The power available is determined by generating a funct ion def ining the change in power as a 15 
funct ion of reactor coolant temperature, selecting limits for the temperature, and determining 
the max imum value for the temperature related power change funct ion as permitted by the 
l imits. Since it is assumed that the control rods wi l l be wi thdrawn to the fullest extent possible 
and since their effect is essentially immediate, the initial condit ions for determining the power 

2 0 available through a drop in reactor coolant temperature are the predicted power level and 2 0 
' reactor coolant temperature expected f rom the repositioning of the control rods. The expected 

temperature drop is selected as the larger of (1) the difference between the programmed 
temperature and the measured reactor coolant temperature, and (2) a preselected typical reactor 
coolant temperature deviation f rom the programmed level dur ing a rapid power increase on 

2 5 control rods. A typical value for this temperature deviation is — 4° Fahrenheit. The funct ion 25 
def ining the change in power as a funct ion of reactor coolant temperature has a slope equal to 
the reactor power coefficient divided by the average reactor moderator temperature coefficient. 
The l imits are defined as linear functions of reactor coolant temperature and power and are 
solved simultaneously w i th the funct ion def ining the change in power as a funct ion of reactor 

3 0 coolant temperature to determine the maximum power change permitted by the limits. 3 0 
Once the total change in power available on the control rods and through a drop in reactor 

coolant temperature has been determined, the axial offset l imit is adjusted to a value associated 
w i th the predicted total power level and all of the remaining calculations are repeated to 
generate a refined solution for the available power. 

3 5 Finally, the power available through a step increase is reduced to that available through a 35 
ramp increase if the latter is less than the preselected step increase. This l imitation on the step 
increase in power wou ld occur, for instance, where a power increase was in progress or ful l 
power output was being approached and the ful l step increase was no longer available. 

Al l of the step and ramp changes in power, both increases and decreases, are further l imited 
4 0 by the balance of plant protection system, and operator-inserted l imits if the latter are more 4 0 

restrictive. Balance of plant l imits are associated w i th the temporary loss of key components and 
systems. Protection system l imits are generally defined as the margins to departure f rom 
nucleate boi l ing or ki lowatt per foot set points. Operator l imits are defined as restrictions on the 
magni tude in the change of power or on the f insl power level. 

4 5 The rapid power change capabilit ies of the nuclear unit are used by the network dispatch 4 5 
system along w i th the capabilit ies of other units in the load network in determining the load to 
be allocated to each unit. Actual changes in power in the nuclear unit are effected by 
posit ioning the thrott le valve in accordance w i th power change signals generated by the 
dispatch system. The rod control system thus repositions the control rods to accommodate for 

5 0 the demanded power change. Since the power change signal f rom the dispatcher is l imited by 5 0 
the power available on the rods and through a drop in reactor coolant temperature, maximum 
util ization of the rapidly available power can be made wi thout exceeding the nuclear unit 's 
capabilit ies. 

The present invention encompasses the method for control l ing a nuclear fueled power 
5 5 generating unit . 5 5 

Figure 1 is a schematic diagram of a nuclear fueled electric power generating unit and 
network dispatch system integrated in accordance wi th the teachings of the invention: 

Figures 2a, 2b, 2c and 2d comprise a logic f low diagram for determining, in accordance w i th 
the teachings of the invention, the approximate current axial xenon distr ibution in the reactor 

6 0 represented in Fig. 1; 6 0 
Figures 3a, 3b and 3c comprise a logic f low diagram for determining in accordance w i th the 

teachings of the invention the power available on the reactor control rods alcne; 
Figure 4 is a graphical representation of typical l imits on the axial offset in a PWR and of 

some of the techniques of the present invention; 
6 5 Figure 5 is a graphical representation of a tvo:cal temperature operating region for a PWR and 65 
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of other techniques according to the invention; 
Figure 6 is a logic f low diagram for determining in accordance wi th the teachings of the 

invention the initial conditions for calculating the power increase available through a drop in 
reactor coolant temperature; 

5 Figure 7 is a logic f low diagram for setting up the relationships necessary to define the 5 
reduced temperature transient trajectory in accordance wi th the teachings of the invention; and 

Figures 8a and 8b comprise a logic f low diagram for determining the maximum power 
increase available on temperature drop, the 5% per minute power increase available, and the 
step power increase available. 

10 Fig. 1 illustrates schematically a nuclear fueled pressurized water reactor (PWR) electric power 10 
generation unit 1 integrated in accordance wi th the teachings of the invention into an automatic 
dispatch system. The power generating unit 1 includes a nuclear steam supply system (NSSS) 
3, a turbine-generator combination 5, and a remote dispatch interface system 7. 

The NSSS 3 includes a nuclear reactor 9 which generates heat which is transferred to a steam 
15 generator 11 by a reactor coolant (water) in a primary loop 13. The steam generator 11 supplies 15 

steam to the turbine-generator combination 5 through a secondary loop 15 which includes the 
turbine throttle valve 17. 

The reactor 9 is provided wi th control rods (shown collectively as 19) which, as mentioned 
above, are inserted in and retracted from the reactor core to regulate reactor reactivity and to 

20 control the vertical distribution of power in the reactor (axial offset). Rod position is controlled by 20 
the power distribution and rod control system 21 which monitors the power level in the reactor 
as measured by flux detector 23, the reactor coolant temperature as measured by the 
temperature detector 25, and a reference temperature supplied by the turbine throttle valve 1 7. 
The flux detector 23 measures the neutron flux level, which is indicative of the power level, in 

25 the upper and lower halves of the reactor 9. The sum of the two readings is the total power 25 
level of the reactor and the difference is used to determine the axial offset in the well-known 
manner. The temperature detector 25 provides the average coolant temperature for either the 
hot or cold leg of the primary circuit 13. The reference temperature supplied by the turbine 
throttle valve is representative of the power demand placed on the NSSS by the turbine-

30 generator: 30 
The reactivity of reactor 9 is also controlled by a boron system 27 which dissolves boron, a 

neutron absorber, in the reactor coolant in controlled amounts. A boron control system 29 
regulates the level of boron in the reactor coolant as a function of the axial offset as measured 
by the flux detector 23, the reactor coolant temperature as detected by temperature detector 25, 

35 and the power demand as indicated by the reference temperature supplied by the turbine 35 
throttle valve 17. 

While, as mentioned above, the control rods 19 and boron system 27 control the reactivity of 
the reactor 9, in practice they are used in a passive mode to maintain operation of the reactor 
wi thin design parameters rather than for initiating power changes in the NSSS/turbine-

4 0 generator combination. This is possible because the PWR exhibits a negative moderator 4 0 
temperature coefficient. As more thermal demand is placed on the reactor, the reduction in 
reactor coolant temperature increases its moderating effect and thereby increases reactor 
reactivity. The reactivity increases to meet the demand within design and control limits. 

Thus, an increase in PWR power output is effected by opening the turbine throttle valve 17. 
45 This results in more energy input to the turbine 31 and more output from the generator 33. The 45 

initial increase in energy is provided by the stored energy of the steam in the secondary loop 
15. However, this increases the demand for thermal energy by the steam generator 11 which 
results in a reduction in reactor coolant temperature. The lowered reactor coolant temperature 
results in an increase in reactivity to the level needed to meet the demand. The control rods 19 

50 and boron system 27 are then used to adjust the reactor temperature to a programmed level. In 50 
order to improve system response, the reference temperature, representative of the power 
demand, is fed forward from the throttle valve 17 to the rod control system 21 and boron 
control system 29. As mentioned above, the boron system is slow to react and it therefore has a 
negligible short-term effect on reactor temperature. The rod control system, however, has an 

55 immediate effect on reactivity and, therefore, reactor temperature. If the increase in power 55 
demand is more than can be met by the rod control system, that is, withdrawing the rods as far 
as possible within prescribed restraints such as axial offset does not provide sufficient increased 
reactivity to bring the reactor temperature to the programmed level, the increased reactivity can 
be provided by the reduced reactor coolant temperature until the boron system has had t ime to 

6 0 respond. 60 
The turbine throttle valve 17 is controlled by the turbine throttle valve controller 35 in a 

conventional manner. Desired changes in power can be supplied to the controller 35 locally 
through manual inputs by the operator, as indicated in Fig. 1, or remotely by a dispatch 
computer 37 through remote dispatch permissive interlocks 39. The remote power change 

65 commands can be generated manually as an alternative to, or as an addition to, those generated 65 
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by the dispatch computer. The permissive interlocks 39 include the operator permissive interlock 
which allows the operator to take over exclusive control of power changes, protection system 
inhibits which assure that power changes commanded do not exceed NSSS capabilities, and the 
other inhibit signals which assure that other plant limits are not exceeded. 

5 The remote dispatch interface system (RDIS) 7, which is represented functionally in Fig. 1, 5 
takes measured NSSS data, balance of plant (BOP) data and operator inserted power change 
limits, and calculates the rapid power change capabilities of the plant. This is the major piece of 
dynamic (i.e., on-line) information needed to integrate the nuclear unit into the economic remote 
dispatch algorithms of the power network. The RDIS calculations are concerned with the rapid 

10 power change capabilities because they are the most l imiting from a plant control point of view. 10 
Generally, larger power changes wi l l be available at slower rates since the operator can take 
advantage of the boron control system. 

The NSSS rapid power change capabilities are determined, as indicated in block 41 in Fig. 1, 
f rom measured plant conditions and correlations of core physics parameters. These calculations 

15 must factor in both power (reactivity) and axial power distribution limits. The measured 15 
conditions are power, axial offset, rod position and reactor coolant temperature. 

Generally speaking, the balance of plant is capable of handling any power change within the 
range of 15% to 100% power if all systems and components are functioning. If any of these 
are temporari ly inoperable, the power change capabilities of the NSSS may have to be 

2 0 restricted. Any balance of plant limitations on NSSS capabilities are determined as indicated by 20 
' block 4 3 of Fig. 1 by monitoring the status of key components and systems (feedwater pumps, 

condensate pumps, recirculating water pumps, feedwater heaters, steam reheater valves, etc.) 
and factoring in the effects of their inoperability. More simply, the operator can evaluate the 
effects of out-of-service components (using standard techniques) and then insert any limitations 

2 5 in the plant power capabilities calculations. 25 
As indicated by block 45 in Fig. 1, provisions are also made for the operator to insert limits 

on the magnitude of power changes and on the absolute minimum and maximum power limits. 
These are needed to account for any temporary restrictions on plant output (PCI limits, rod bow 
penalty, N-1 loop operation, etc.). These limits subtract from the NSSS power change 

3 0 calculations. 30 
The rapid power change capability of the PWR as calculated by the RDIS 7 can be used by 

the operator in making power changes, but preferably it is applied to the network dispatch 
computer 37 along wi th similar data from the other plants in the network. The RDIS can be 
implemented at the location of the plant, wi th the power change capabilities being transmitted 

3 5 over remote lines, or it can be implemented at the remote dispatch computer 37, wi th plant 35 
input data being transmitted over remote lines. 

The dispatch computer also has available the incremental unit power costs of each plant in the 
network. The incremental power costs weigh heavily in the dispatcher loading allocation 
decisions. Generally, the most power wi l l be produced from the cheapest sources. There are 

4 0 frequent exceptions to this rule, however. For example, transmission losses or the need to 4 0 
maintain an inefficient unit operating at a minimum load for spinning reserve duty may override 
the economy of producing power at a given plant. Any power generation limitation of a unit on 
a network generally influences the loading of all units on the network. If, for example, a plant 
temporarily loses its ability to supply further power increases, the dispatch computer wi l l 

4 5 reevaluate the incremental unit power costs, transmission losses, and other economic factors 45 
and redistribute (if necessary) the present and future power generation requirements of all 
operating units on the network to minimize costs. 

The dispatch computer 37 utilizes the power change capability applicable to each plant, 
network load demand, current load allocations, and stored economic data to generate power 

5 0 change commands which are applied to the turbine throttle valve controller 35 through the 5 0 
remote dispatch permissive interlocks 39. An example of a suitable economic dispatch system is 
disclosed in commonly owned U.S. Patent No. 3 ,932 ,735 which is incorporated herein by 
reference to illustrate a complete system. In the patented dispatch system, on-line indications of 
the rapid power change capability are not supplied to the computer. Instead, preselected power 

55 generation restrictions are utilized. The power generation restrictions of fossil (and other) units 55 
are generally known in advance or are easily determined from the current output level and basic 
performance data. Hence, these plants are readily factored into the economic manipulation of a 
network. The same is not true for nuclear power plants. 

The RDIS of the present invention provides the on-line rapid power change capabilities of a 
6 0 PWR unit to the dispatch computer 37 for use in the economic dispatching scheme. The RDIS 6 0 

7 of Fig. 1 generates representations of the fol lowing rapid power change capabilities: 
1) ramp decrease; 
2) step decrease; 
3) ramp increase; 

6 5 4) step increase. 65 
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10 

Considering that the dispatch computer cycle t ime for load allocation is one to four minutes, 
the ramp rates under consideration for rapid power change calculations are those which affect a 
significant power change in this t ime frame. A typical rapid ramp rate for a PWR is a 5% 
change in power per minute and this rate wi l l be used in the illustrations although it is to be 
understood that this particular rate is not critical to the operation of the present invention. 

The functions performed by the RDIS are best carried out by a digital computer such as the 
plant general purpose computer or the network dispatch computer. The manner in which each 
of the four categories of rapid power change capabilities is determined wil l be described 
separately. 

10 
5% /Minute Power Decrease 

Generally speaking, 5 % / m i n . power decreases of any magnitude are within the capabilities of 
the rod control system and are within the bounds, which expands as power decreases, of current 
axial power distribution control strategies (e.g. constant axial offset control). The ramp decrease 

15 capability (PDN) the plant, taking into consideration any balance of plant or operator inserted 15 
limits, is: 

PDN = minimum of [(PTU-L), APLO, BOP Limits] (1) 

20 where: 20 
PTU = current measured turbine load (output); 
L = maximum of [• 15, PLO]; 
.15 = 15% = lower limit of automatic operator control; 
PLO = operator inserted lower power limit; 

25 APLO = operator inserted power change limit. 25 

Step Power Decrease 
Step decreases in power (PSD) up to the design load rejection capacity (PLR, e.g. 50% or 90%) 

are available. Hence: 
30 30 

PSD = minimum of [APLO, (PTU-PLO), P lR, BOP Limits] (2) 

5% /Minute Power Increase 
The power increase available at 5 % / m i n . (PUR) is the sum of the power available on control 

35 rods (PR) and that available through a reduction in reactor coolant temperature (PT), less any 35 
protection system limits operator inserted or BOP restrictions. Therefore: 

P u p = minimum of [(PR + Px), protection system limits, operator inserted limits, BOP lim-
itations] (3) 

40 A. Power Available On Control Rods 40 
The basic concept behind the determination of the power available on control rods is to 

determine how much rod withdrawal is available within the constraints of the axial power 
distribution. This amount of withdrawal plus the rod worth characteristics wil l yield the amount 
of reactivity that can be supplied by the control rods. The power coefficient can then be usd to 

45 convert this reactivity to a power change. 45 
The one difficulty with the above procedure is that the relationship between rod withdrawal 

and axial power distribution limits is not single valued. It depends on the axial xenon distribution 
in the core at the time. Unfortunately, axial xenon distribution is not directly measurable. A 
calculation of the xenon distribution would involve an analysis of the core in light of the 

50 t ime/power history for the preceding two or three days. 50 
To overcome this lack of measured xenon data and calculational sophistication, a series of 

correlations have been developed that wil l allow an indirect determination of the xenon 
distribution that exists in the core and wil l provide an accurate relationship between rod 
withdrawal and axial power distribution. The use of these correlations is subdivided into three 

55 steps. In the first, the approximate existing xenon distribution (AXe) is determined by comparing 55 
the measured rod position (Rp) and axial offset (A.O.) with those possible under various 
preselected AXe's. This wil l give the power/axial of fset / rod posit ion/AXe correlation that most 
closely matches current operating conditions. The second step adjusts this correlation to more 
closely match the current operating parameters. In the final (third) step, the adjusted correlation 

60 is used (through an iterative scheme) to determine the amount of rod travel possible within axial 6 0 
offset limits. This information is then used (as described above) to determine the power available 
on rods alone. 

The procedure to calculate the power available on control rods alone can be outlined as 
follows: 

65 1. Determine the Approximate Axial Xenon Distribution 65 
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2. Adjust A.O. and Rp Data to Closely Reflect the Xenon Distribution 
3. Calculate Power Distribution Limits 
4. Calculate Power Available (PR) on Maximum Allowed Rod Travel 
The logic f low of this procedure is illustrated in Figs. 2 and 3 and the details of each step 

5 fol low. The circled Roman numerals in these logic flow diagrams and the others indicate the 5 
f low between the separate figures. 

1. Determine the Approximate Axial Xenon Distribution 
Correlations or families of curves of rod position (Rp), axial offset (A.O.) and power (P) for 

10 various xenon distributions (AXe) and at selected stages of core burnup (typically beginning, 10 
BOL; middle, MOL; and end, EOL or core life) are stored. These correlations are available as 
analytical expressions (generally a polynomial of 4 th or lower order) or as table lookups wi th 
interpolation routines. 

As shown in block 47 in the f low diagram of Fig. 2a, the appropriate state of core burnup is 
15 determined first. The group of families of curves at various xenon levels for the determined core 15 

burnup state is then selected as indicated in block 49 . Block 51 illustrates such a group wherein 
each family of curves corresponds to a selected xenon distribution (AXe)k at the determined core 
burnup state. Next, as directed in block 53, and as illustrated in block 55 of Fig. 2b, the curve 
corresponding to the measured turbine power (PTU) is selected from each family of curves at 

2 0 each xenon level (AXe) represented in block 51. Using the measured control rod position (Rp)m 20 
' and the rod position versus axial offset curves for the measured turbine power level shown in 

block 55, the expected axial offset, AO,, is determined in block 57 for each xenon level available 
(generally three such levels are satisfactory). Block 59 illustrates graphically the manner in which 
such a determination is made. Each of the expected values of axial offset is then compared with 

25 the measured axial offset in block 61 of Fig. 2c to determine the expected axial offset closest to 25 
the measured value. This expected axial offset is associated wi th the correlation that most 
closely represents the actual xenon distribution in the core and is labeled AO. The corresponding 
xenon level is labeled AXe. The family of axial offset versus rod position curves corresponding to 
the xenon distribution AXe is selected as indicated in block 63. This family of curves, which is 

3 0 illustrated in block 65 , is defined by the relationship set forth in block 67 of Fig. 2d. 30 

2. Adjust AO and Rp Data to Closely Reflect the Xenon Distribution 
A bias, which is calculated in block 69 of Fig. 2c as t j ie difference between the measured 

axial offset, A0 m , and the closest expected axial offset, AO, at the measured rod position, is 
35 applied in block 71 of Fig. 2d to the equation set forth in block 67. This has the effect of 35 

shifting the family of curves illustrated in block 65 vertically to more closely align the correlation 
wi th the actual xenon distribution. This adjusted family of curves is then stored in block 73. 

3. Calculate Power Distribution Limits 
4 0 Figs. 3a, 3b and 3c illustrate the logic f low for calculating the power distribution limits. 4 0 

Initially, a determination is made in block 75 of Fig. 3a of the most positive axial offset at which 
100% power is permissible. As previously discussed, restrictions placed on axial offset dictate 
that the power level attainable by the reactor decreases the more the axial offset deviates from a 
desired or target value. In fact, full power is only attainable within a relatively narrow band 

4 5 around the target axial offset. While the target axial offset is located near the vertical midpoint 45 
of the reactor core, its exact location varies as a function of the core cycle burnup state. 

Fig. 4 illustrates graphically the limitations on power as a function of axial offset with axial 
offset plotted on the abscissa and power on the ordinate. Since increases in power through 
withdrawal of the rods in the upward direction tend to cause the axial offset to increase in the 

5 0 positive direction, the limit on positive axial offset is of most interest here. As can be seen from 50 
Fig. 4, 100% power is attainable wi th an axial offset more positive than the target axial offset 
up to the upper l imit of the target band, THBI. Thus, as determined in block 75 of Fig. 3a, the 
maximum axial offset, A0max, at which ful l power is permissible, is equal to the sum of the target 
axial offset, TAO, and the target band upper l imit, TBHI. 

55 The value of AOmax calculated in block 75 assumes that the calculated power increase 55 
capability wi l l allow full power to be reached. Of course, this need not be the case. Using AOmax 

for full power wi l l generate conservative results, that is, the actual upper power level that could 
be reached wi l l be larger than the one calculated. This can be understood by reference to Fig. 4 
again. Assuming that it is determined, as indicated by the point A, that the calculations which 

6 0 fol low determine that an increase to only 6 5 % power can be attained by maintaining the axial 60 
offset wi th in the limits for 100% power, it is obvious that by withdrawing the rods further the 
power wi l l go up to, for instance, the point B, but the axial offset wi l l also increase. This is 
acceptable, however, as long as the axial offset remains wi th in the prescribed limits defined by 
the curve C. The conservatism thus introduced by using the axial offset l imit for 100% power 

65 can be maintained in the calculations to cover contingencies or it can be iterated out. 65 
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If the more realistic calculation of the increased power available is desired, an iteration flag, 
ITFIRST, is set equal to ONE in block 77 of Fig. 3a. Thus, on the first iteration, ITFIRST wil l still 
be equal to ONE when tested in block 79 and the calculation of the power available on the 
control rods and through a reduction in reactor coolant temperature, PUP, proceeds in a manner 

5 discussed below. After the value of PUP has been determined, ITFIRST will be equal to ZERO so 5 
that when the program loops back to block 79, as indicated through the connection X and 
ITFIRST is again interrogated, the program wil l branch to block 81 where AOmaK is updated in 
accordance wi th the equation shown which defines the axial offset limit, curve C shown in Fig. 
4. Thus, the allowable axial offset is modified to reflect the permissible value for the axial offset 

10 at the predicted power level. 10 

4. Calculate Power Available (Pn) on Maximum Allowed Rod Travel 
On the first iteration, the total rod travel A R p is determined in block 83 of Fig. 3a as the 

difference between the measured rod position and the final rod position, assuming that the rods 
15 can be fully withdrawn. On the second and subsequent iterations, the rods are at first also 15 

assumed to be fully withdrawn as indicated in block 8 4 before the total rod travel is determined 
in block 85. As wi l l be seen below, final rod position may then be incrementally reduced from 
the fully withdrawn position for subsequent calculations of R p in block 85 . 

The change in rod position, R p, is converted to a reactivity change A p , in block 87 of Fig. 3b 
2 0 using an integral rod worth versus rod position curve. A set of these curves is shown in block 2 0 

89 for three core cycle burnup stages labeled BOL, MOL and EOL. As shown by the example 
using the midlife curve, a change in rod position R p produces a change Ap in integral rod worth 
as measured in percent mille (pcm) change in reactivity. 

The change in reactivity, Ap, is used in block 91 to detemine the predicted upper power level, 
25 PF, that could be reached based upon the presumed rod withdrawal alone. This is accomplished 25 

using a set of power defect versus turbine power curves such as those shown in block 93. 
Knowing the current power level, PTU, the corresponding value of p can be determined using the 
curve associated with the appropriate core cycle burnup state, such as MOL. By adding A p to 
this value of p, the predicted final power level PF can be determined. 

30 Next, the predicted axial offset, A0F , for the predicted power level PF is determined in block 3 0 
95 using the predicted final rod position, R P F and the adjusted family of rod position versus axial 
offset curves stored by block 73. This step is illustrated graphically to block 97 of Fig. 3c. If the 
predicted axial offset, AOF, is less than or equal to the maximum allowable axial offset, AOmax, as 
determined in block 99, then PF is the final power level that can be reached on rods alone and 

35 the change in power effected thereby is equal to PF minus the current power level PTU as shown 35 
in block 101. If, however, A0 F exceeds AOmax, a new assumption of rod withdrawal is made in 
block 102 by reducing R P F by two steps and a new calculation of the predicted power and 
predicted axial offset is made by looping back to block 85 in Fig. 3a. Several iterations may be 
needed to determine the maximum power level attainable on control rods alone within axial 

4 0 power distribution limitations. 4 0 

B. Power Available Through a Reduction In Reactor Coolant Temperature 
The power available through a reduction in reactor coolant temperature is limited by 

constraints imposed by the turbine-generator, the steam generator, and reactor control and 
45 safety limits. The permitted reduced temperature operating region is illustrated graphically in 45 

Fig. 5. The initial condition for the power available through a reduction in coolant temperature is 
the predicted power attainable on control rods alone, for instance, the point 1 in Fig. 5. The 
increase in power available on a temperature drop is represented by a trajectory 2 across Fig. 5. 
This trajectory is a function of moderator and power coefficients. The transient ends when the 

50 trajectory reaches any of the boundaries of the operating region, for instance, the point 3. This 50 
intersection determines the total power, PT0T, available on rods and temperature drop. 

1. Starting Point of Trajectory 
The f low logic for determining the initial conditions for the reduced temperature trajectory is 

55 shown in Fig. 6. The power level P,c, at the starting point of the reduced temperature increase is 55 
calculated in block 103 as the sum of the current power level and the predicted power increase 
available on the control rods. The initial temperature conditions are determined by first 
calculating the programmed coolant temperature at the initial power level. The programmed 
temperature is a linear function of the power level as indicated in the equation set forth in block 

60 105. Next the temperature difference, AT,C, at the starting point o f t h e reduced power increase 6 0 
is determined in block 107 as the minimum (most negative) of: the difference between the 
measured coolant temperature and the programmed coolant temperature, and a typical 
temperature deviation from the programmed value during a rapid power increase on control rods 
which is assumed to precede the power increase on temperature. A typical value for this 

65 expected temperature drop is — 4° Fahrenheit. As a final step in determining the initial 65 



10 G B 2 1 2 2 4 0 9 A 10 

condit ions for the reduced temperature power increase, the moderator temperature coefficient at 
the start of the transient, aMlc , is determined in block 109 in pcm/ °F . using the moderator 
temperature coefficient versus turbine power curves shown in block 111 at the appropriate 
power, P1C, and measured coolant temperature, T, for the existing core cycle burnup state. 

5 5 
2. Reduced Temperature Transient Trajectory 

A determination of the trajectory dur ing a reduced temperature power increase requires 
setting up a number of relationships as shown in block 113 of Fig. 7. The equation for the 
trajectory beginning at the starting point determined by the calculations in blocks 103 and 107 

10 of Fig. 6 is: 10 

AT = a2 + b2PT0T (4) 

where AT is the deviation f rom the programmed temperature and PTQT is the total power 
15 including current power plus that available from rod control and from the reduced temperature 15 

trajectory. The constant a2 defines the intersection of the trajectory w i th the ordinate axis and b2 

represents the slope of this function. As can be seen from block 113, the slope, b2, is equal to 
the reactor power coefficient, ap, divided by the moderator temperature coefficient, am . The 
power coefficient, ap, is the slope of the appropriate power defect versus turbine power curve 

2 0 il lustrated in block 93 . Since this curve is defined by a quadratic equation, the slope, ap , is a 2 0 
' linear funct ion of the total power PT0T. 

The moderator temperature coefficient is a linear function of power for a given temperature as 
shown by the curves in block 111. The variable, am, is the average value of .the moderator 
temperature coefficient at the initial condit ion (point 1 in Fig. 5) and at the final condition (point 

25 3). The moderator temperature coefficient at the initial conditions, aMIC, was calculated in block 25 
109. The linear equations defining the curves shown in block 111 are used to calculate the 
moderator temperature coefficient at the final point, aMF, w i th a4 being the ordinate of the 
appropriate curve at zero power and b4 being the slope. 

The f inal temperature, TF (at point 3) is equal to the sum of the programmed final temperature 
3 0 TPROG.F a r , d the temperature deviation AT. The programmed final temperature, TPF10Q F, is a linear 30 

funct ion of the power w i th the no load temperature, TNL, and a constant K3 as the initial 
conditions. 

3. Determine Power Increase Available 
3 5 Figs. 8a and 8b show the f low logic for determining the power increase available at 35 

5 % / m i n u t e . As a first step, the l imits of the trajectory as defined by the boundaries of the 
acceptable operating region shown in Fig. 5 are determined in block 115. The right boundary 4 
is the turbine thrott le value saturation characteristic. It is a linear funct ion of the temperature 
deviation, AT, the total power, PT0T, and the constants a and b. The lower boundary 5 in Fig. 5 

4 0 is generally set by core safety a n d / o r steam moisture carryover considerations. In general, it is 4 0 
composed of a series of straight line segments which are a linear function of the temperature 
deviation, AT, the total power, PT0T, and the constants a, and b v The boundary of the left side 
of the acceptable operating region shown in Fig. 5 represents the lower l imit of automatic 
control; however, it is not a factor in determining the power increase on temperature drop. 

4 5 An examination of Fig. 5 shows that the reduced power temperature trajectory 2, if projected 4 5 
far enough, wi l l intersect both of the boundaries 4 and 5; one at the edge of the acceptable 
operating region and one outside. The initial conditions and slope of the trajectory determine 
which boundary wi l l be intersected first. In block 117, each of the equations of block 115 is 
solved simultaneously w i th the 10 equations of block 113, to determine the intersection of the 

5 0 reduced temperature trajectory w i th each of the boundaries 4 and 5. Since it can be seen from 5 0 
Fig. 5 that the trajectory always intersects the boundary defining the acceptable operating area 
before intersecting the other boundary, the smaller value of PT0T obtained in block 117 is 
selected in block 119 as PF|NAL. PHNAL represents the final power that could be achieved on both 
the control rods and through the reduced temperature power increase. 

5 5 Next, the power increase available at 5 % / m i n u t e , Pup, is determined in block 121 as the 55 
min imum of: the difference between PFINAL and the current power level, PTU, the difference 
between the highest permitted power level PH, as determined by the operator and the current 
power level PTU, the largest power change APHI permitted by the operator, the difference 
between nominal rated ful l power PN0M and the current power level PTU, the margin to departure 

6 0 f rom nucleate boil ing, the margin to the kilowatt per foot protection setpoint, and the balance of 6 0 
plant l imitations. 

If this was the first attempt at calculating Pup, as indicated by ITFIRST being equal to ONE 
when tested in block 123 of Fig. 8b, the calculated value of Pup is stored as (Pup)SAVED ' n block 
125 , ITFIRST is set to ZERO in block 127, and the program returns to block 79 in Fig. 3a as 

65 indicated by the tag X. As previously described, 3 calculation of axial offset wi l l then be made 6 5 
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using the axial offset l imit associated with the predicted power level to be reached wi th the 
power increase, Pup. Again the ppwer available on rods alone wil l be determined by incremen-
tally reducing the assumed rod withdrawal until the predicted axial offset is wi thin limits. This 
power estimate wi l l then be used as the initial conditions for determining a new value for the 

5 power available on a temperature reduction, with the two revised power calculations summed 5 
and compare with the other limits to provide a new estimate of PUP. 

This t ime when ITFIRST is tested in block 123 it wil l be equal to ZERO, and a test is then 
made in block 129 to determine if the new value of Pup has converged to within a preset limit, 
K, of the last calculated value of Pup, i.e. (Pup)SAVED- If n ° t the new value of Pup is saved in block 

10 131 and additional iterations are made until the magnitude of the difference between successive 10 
calculated values of Pup is equal to or less than K. A typical value for K would be 1%, and about 
5 to 6 iterations would typically be required to reach this state of convergence. 

When the conditions of block 129 are met, a determination is made in block 133 whether 
this calculation is for a step increase or not. If not, PUP is the 5% per minute power increase 

15 capability. 15 

Step Increase 
The PWR units designed by the assignee of the present invention are designed to accept a 

10% step increase. However, this increase in power is subject to the same limitations as Pup: 
2 0 axial offset limits, temperature limits, maximum power limits, safety limits, operator limits and 2 0 

BOP limits. Therefore, as indicated in block 135 of Fig. 8b, the step power increase is 
determined as the minimum of 0.1 (10%) or Pup which, as shown above, already has taken into 
consideration the appropriate limits on a power increase. 

While specific embodiments of the invention have been described in detail, it wi l l be 
25 appreciated by those skilled in the art that various modifications and alternatives to those details 25 

could be developed in light of the overall teachings of the disclosure. Accordingly, the particular 
arrangements disclosed are meant to be illustrative only and not l imiting as to the scope of the 
invention which is to be given the full breadth of the appended claims and any and all 
equivalents thereof. 

30 30 
CLAIMS 

1. A method of controlling a nuclear fueled electric power generating unit including a 
nuclear reactor having control rods which can be selectively positioned in the reactor core to 
control the reactivity of the reactor and having a reactor coolant which serves as a heat transfer 

35 medium between the reactor core and electric power generating apparatus including a turbine- 35 
generator, through power changes completed within a t ime period over which the xenon level in 
the reactor does not change appreciably, said method comprising the steps of: 

measuring the current power level of the reactor and the axial offset; 
measuring the current control rod position; 

4 0 measuring the reactor coolant temperature; 4 0 
determining the additional amount that the power level can be increased through a change in 

reactor coolant temperature during said time period; 
characterized by determining on an on-line, real-time basis from the measured power level, 

axial offset and rod position, the maximum amount that the power can be increased over the 
45 current power level within said t ime period through repositioning of the control rods; 4 5 

selecting and effectuating a power change for the unit including an increase in power up to a 
predicted total power increase equal to the total amount that the power can be increased 
through repositioning of the control rods and through a change in reactor coolant temperature; 
and 

50 operating said unit to change to power level from said current power level by said selected 50 
change in power. 

2. A method according to claim 1 wherein the step of determining the power increase 
capability through repositioning the control rods includes the steps of: 

(a) generating a representation of the current axial offset response characteristics of the 
55 generating unit as a function of current power level and rod position from the current measured 55 

values of rod position, axial offset and power level; 
(b) selecting a limit for the axial offset; 
(c) selecting a predetermined withdrawal of the control rods; 
(d) determining the predicted power increase available wi th said preselected withdrawal of 

60 said control rods; 6 0 
(e) determining from said axial offset response characteristic the predicted axial offset which 

would be effected by said preselected control rod withdrawal and said predicted power increase, 
and 

(f) comparing the predicted axial offset with the selected axial offset l imit and when said 
65 predicted axial offset is less than or equal to the selected axial offset limit, using the predicted 65 



11 G B 2 1 2 2 4 0 9 A 12 

power increase as the amount the power can be increased through repositioning of the control 
rods and, when the predicted axial offset exceeds the selected axial offset l imit, selecting a 
smaller preselected withdrawal of the control rods and repeating steps (d) through (f). 

3. A method according to claim 1 or 2 wherein the step of determining the current axial 
5 offset response characteristic of the generating unit includes the steps of: 5 

storing a plurality of families of curves, each representing the generating unit axial offset 
response characteristic as a function of control rod position and power level for a selected 
reactor xenon distribution; 

selecting the family of curves that most closely represents the relationship between the current 
10 measured value of rod position, axial offset and generating unit power level; and 10 

wherein said step of determining from the axial offset response characteristic the predicted 
axial offset, includes selecting from said selected family of curves and curve corresponding to 
the increased power level and determining from said selected curve and the selected control rod 
position, the predicted axial offset. 

15 4. A method according to claim 3 wherein the step of selecting the family of curves which 15 
most closely represents the relationship between the measured values of rod position, axial 
offset and power level includes the steps of: 

selecting from each family of curves the curve corresponding to the current power level; 
determining f rom each selected curve an expected value of the axial offset at the measured 

2 0 value of control rod position; and 20 
selecting as the selected family of curves that family associated with the selected power curve 

which minimizes the difference between the expected axial offset and the measured axial offset. 
5. A method according to claim 4 including the step of adjusting the selected family of 

curves by applying as a bias to the axial offset values for said curves, the difference between the 
2 5 measured axial offset and the expected axial offset determined from said selected curve of said 25 

selected family of curves. 
6. A method according to claim 3, 4 or 5, wherein the step of storing families of curves 

including storing a plurality of groups of families of curves, the families of curves of each group 
being associated wi th a selected core cycle burnup state of the reactor, and wherein the step of 

3 0 selecting the family of curves that most closely represents the relationship between the current 30 
measured values of rod position, axial offset and generating unit power level includes as a first 
step selecting the group of families of curves associated with the current core cycle burnup 
state. 

7. A method according to any of claims 2 - 6 including fol lowing the step of determining the 
35 amount that the power level can be increased through a change in reactor coolant temperature, 35 

the steps of: 
modifying the selected axial offset l imit to the maximum axial offset allowable at the predicted 

total power level, which is the sum of the current power level and the total increase in power 
available through rod control and through drop in reactor coolant temperature; and 

4 0 repeating all of the steps after step (b) of claim 2. 4 0 
8. A method according to claim 7 wherein selected axial offset l imit is modified in 

accordance wi th the fol lowing relationship: 

TBHI 
4 5 A .0 . M = TAO + 45 

P + P TU ~ r U P 

where: 
TAO = target axial offset; 

5 0 TBHI = allowed positive deviation from TAO at full power; 50 
PTU = current power level; 
Pup = predicted total increase in power available from rod control and through a drop in 

reactor coolant temperature. 
9. A method according to any of claims 2 - 8 wherein the step of determining the predicted 

55 power increase comprises the steps of: 55 
determining ARP, the change in rod position, as the difference between the selected rod 

position and the measured rod position-
converting ARP to a reactivity change, Ap; and 
determining the increased power level as a function of the reactivity change, Ap. 

6 0 10. A method according to claim 9 wherein the step of converting the change in rod 60 
position Rp to a reactivity change, Ap, comprises the steps of: 

storing an integral rod worth curve representative of the relationship between rod position and 
the percent change in reactivity effected by a change in rod position for the current reactor core 
cycle burnup condition; and 

65 determining f rom the integral rod worth curve the percent change in reactivity to be effected 65 
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by the change in rod position ARp. 
11. A method according to claim 10 wherein the step of determining the increased power 

level as a function of the reactivity change, Ap, includes: 
storing a power defect curve representative of the relationship between the power output and 

5 the percent change in reactivity for the current reactor core cycle burnup condition; and 5 
determining from the power defect curve the increased power level to be effected from the 

reactivity change, Ap. 
12. A method according to claim 11 wherein the steps of storing said integral rod worth 

curves and said power defect curves include the steps of storing a plurality of each of said 
10 curves each for a selected core cycle burnup condition of the reactor and wherein the steps for 10 

determining the reactivity change, Ap, and the increased power level include as a first step 
selecting the appropriate curve associated with the current core cycle burnup condition. 

13. A method according to any one of the preceding claims wherein the step of determining 
the amount that the power level can be increased as a result of a change in reactor coolant 

15 temperature comprises the steps of: 15 
generating a function defining the change in power as a function of reactor coolant 

temperature; 
selecting limits for said temperature related power change function; 
determining the maximum value for said temperature related power change function as 

2 0 permitted by said limits; and 20 
setting the power level available as a result of a change in reactor coolant temperature equal 

to said maximum value. 
14. A method according to claim 13 wherein said limits include turbine throttle value 

saturation limits and at least one of the core safety limits and steam moisture carryover limits. 
25 15. A method according to claim 13 or 14 wherein the step of generating a function 25 

defining change in power as a function of reactor coolant temperature includes the steps of 
selecting as the initial conditions for said function a selected deviation from a programmed value 
for coolant temperature, and the sum of the current power level and the increase in power 
available through rod movement. 

3 0 16. A method according to claim 15 wherein the initial temperature deviation from the 30 
programmed temperature is selected as the more negative of 1) the difference between the 
programmed temperature and the measured reactor coolant temperature, and 2) a preselected 
typical reactor coolant temperature deviation from the programmed temperature during a rapid 
power increase on control rods. 

35 17. A method according to claim 16 wherein the preselected typical reactor coolant 35 
temperature deviation from the programmed temperature is about — 4° Fahrenheit. 

18. A method according to claim 16 or 1 7 wherein the said function defining the change in 
power as a function of reactor coolant temperature has a slope equal to the reactor power 
coefficient divided by the average reactor moderator temperature coefficient. 

4 0 19. A method according to claim 15, 16 or 17 wherein said selected limits are defined as 4 0 
functions of reactor coolant temperature and power level and said functions are solved 
simultaneously with said function defining the change in power as a function of reactor coolant 
temperature to determine the maximum power change permitted by said limits. 

20. A method according to claim 19 wherein the slope of the function defining the change 
45 in power as a function of reactor coolant temperature is equal to the reactor power coefficient 4 5 

divided by the average of the moderator temperature coefficient at the initial conditions and at 
said maximum power level. 

21. A method according to any of claims 1 3 - 2 0 wherein said selected limits are defined by 
the equations: 

50 50 
A t = a + bPT0T 

and 

55 AT = a, + b, PT0T 55 

where PT0T is the total power including the change due to a drop in reactor coolant temperature 
and a, b, a, and b, are constants. 

22. A method according to claim 21 wherein said function defining the change in power as' 
60 a function of reactor coolant temperature is defined by the equation: 6 0 

AT = a2 + b2 PT0T 
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5 

ap (power coefficient) 
where: b2 = 

am (moderator temperature coefficient) 

and a2 = AT,C - b2P lc 

where: 
P,c = the power level after the change in power through rod movement; and 

10 ATIC = the deviation in the temperature from a programmed value after the change in power 10 
through rod movement. 

23 . A method according to claim 22 wherein the power coefficient ap is defined by the 
equation: 

15 ap = K, + K2PT0T 15 

wherein K, and K2 are constants. 
24 . A method according to claim 23 wherein the moderator coefficient am is defined by the 

relationship: 
20 20 

amic + amf 

25 and 25 
« m i c = a 3 + b 3 P I C 

a3 = f(T,P,c) 
b3 = f(T, P1C) 
«mf = a4 + b4 PT0T 

3 0 a4 = f(TF, PT0T) 3 0 
b4 = f(TF, PT0T) 
TF — AT + T p r o g , f 

TpROG. F = T n l + K3 P t o t 
where: 

3 5 T = measured coolant temperature 35 
T f = reactor coolant temperature at PT0T 

T n l = no load coolant temperature 
K3 = a constant 

and wherein the above equations and those of claims 22 and 23 are solved simultaneously wi th 
4 0 each of the equations of claim 21 to determine the value of PT0T at the intersection of each of 4 0 

the l imit functions and the function defining the change in power as a function of reactor 
coolant temperature and selecting the smaller value of PT0T as the total power available. 
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