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L'ENERGIE ATOMIQUE DU CANADA, LIMITEE

CONCEPTION D'UN SYSTEME DE COMMANDE MULTIVARIABLE

POUR UNE CENTRALE NUCLEAIRE CANDU 600 MWe*

par

S. Mensah et P.D. McMorran

SOMMAIRE

Ce rapport présente les résultats d'une étude sur la
conception d'un régulateur multivariable pour une centrale
nucléaire du type Gentilly-2. Le modèle linéaire utilisé
durant la conception du régulateur a été obtenu par
simplification et linéarisation d'un modèle de référence
dénommé G2SIM. Les résultats de simulation en boucle
ouverte ont montré que les deux modèles possèdent
essentiellement la même dynamique lorsqu'ils sont soumis â
de faibles perturbations.

Après une revue critique des techniques multivariables,
nous avons décidé d'investiguer plus â fond les méthodes
d'affectation de pôles. En nous inspirant des travaux de
certains chercheurs, nous avons développé une série
d'algorithmes â la fois puissants et souples pour le
positionnement des pôles par retroaction des sorties. Nous
avons implanté ces algorithmes â l'intérieur de MVPACK, un
ensemble sophistiqué de modules pour la conception assisstée
par ordinateur.

Le régulateur conçu avec ces algorithmes à partir du
modèle linéaire a ensuite été implanté sur le modèle
non-linéaire de référence. Après quelques ajustements des
gains du régulateur, las résultats de simulation ont montré
que les performances du régulateur multivariable sont
satisfaisantes. En fait ces résultats indiquent la relative
supériorité du régulateur multivariable par rapport au
contrôleur conventionnel existant.
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by
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ABSTRACT

This paper reports the results of a case study on the
design of a multivariable regulator for a nuclear power
station of the Gentilly-2 type. In this study, a design
model was derived by simplifying and linearizing equations
in the G2SIM non-linear model. Open-loop simulation showed
good agreement between transient responses of both models.

After a critical review of multivariable design tech-
niques, we decided to explore the avenue of pole shifting
with output feedback. Using and extending the results of
some authors, a comprehensive set of application-oriented
algorithms for closed-loop pole shifting were derived. These
algorithms are implemented via several modules in the MVPACK
computer-aided design package.

A controller was designed for the linear model, then
implemented on the non-linear simulation. After adjustment
of controller gains, mainly in the dynamic section of the
feedback, simulation results showed that the performance of
the multivariable controller on G2SIM is satisfactory. The
results demonstrate the relative superiority of the multi-
variable controller over the existing conventional controller.
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sponsored by the Canadian Nuclear Society,
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(i)

NOMENCLATURE

Symbol description

A Plant dynamics matrix (2), (3)

A Compensator companion matrix (9)

A Compensator dynamic matrix (14)

A*,A Composite system dynamics matrices (10),(14), (16)

B Plant input matrix (2),(3)

B*,B Composite system input matrices (10), (14), (16)

B Compensator input matrix (16)

b Plant input matrix (6)

C Plant output matrix (2)

C Compensator matrix (17)

C*,C,C Composite system output matrices (9),(14),(16),(13)

D Compensator matrix (17)

e Plant output deviation vector (17)

H Feedback matrix (22)

K Feedback matrix (5)

KD Compensator matrix (16)

K Compensator input matrix (14)

K*,K,K Feedback matrices (9),(14),(16),(13)

k^ Feedback matrix (7)

m Number of inputs

n Number of states

p Number of outputs (6)



(ii)

NOMENCLATURE (continued)

Symbol

q

r

t

U

u

X

X

Y

y

Description

Vector used in equivalent sine
input system

Compensator order

time

Input vector

Input vector

Augmented state vector

Plant state vector

Composite system output vector

Plant output vector

Greek Letters

h
U

1

PP
pd

T

Compensator coefficients

Compensator state vector

Input variable

Rank of matrix C*

Rank of matrix C*

Time delays

Superscripts

i

-1

o

Matrix transpose

Matrix inverse

Steady state

Defining
Equation

(6)

(7)

(10),(14),(16)

(8),(14),(16)

(10),(14),(16)

(2)

(7)

(9)

(6)

(11)

(15)

(1)



1. INTRODUCTION

Nuclear plants, like most plants in the chemical and

process industries, are multivariable, that is, they have

several outputs that must be controlled and several inputs

that may be adjusted. Such plants are said to have dynamic

interaction because each input may affect several outputs.

Controllers for these plants have traditionally been designed

by conventional single-variable methods, treating each control

loop as independent in the initial design. Interactions are

then accommodated empirically, via simulation techniques.

For large nuclear generating stations, operating closer to

maximum capacity, more rigorous design methods promise to

lead to better control. Multivariable techniques can handle

the simultaneous analysis of several plant variables, poten-

tially allowing system performance specifications to be met

directly, during the controller design process.

This paper reports the results of a case study on the

problem of designing a multivar\able regulator for a CANDU

nuclear power station of the Gentilly-2 type. The study covers

almost all the steps in the design of a control system, from

the derivation of a linear design model to the implementation

of the controller on a non-linear simulation. It also includes

a critical review of existing multivariable techniques and the

development of some powerful design algorithms based on pole

shifting. These algorithms are implemented in a sophisticated

computer-aided design package, MVPACK [1]. This study is the

first application by CRNL* of multivariable techniques to the

design of power reactor control systems.

*Chalk River Nuclear Laboratories
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2. DEVELOPMENT OF DESIGN MODEL

The reference model for this project was the G2SIM

Code {2], developed to test the CANDU PHW-600 control

system. A real-time simulation version of G2SIM is

available at CRNL where it operates on a computer in the

Dynamic Analysis Facility. Although simple when compared

to existing design codes, G2SIM is a fairly large non-

linear model that can be described in the compact formalism

of functional analysis [3], â s follows:

x(t) = f(x(t),x(t-T),u(t),u(t-T)] (1)

where

x(t) is the state vector

u(t) is the input vector, and

T are the time delays

Consequently, G2SIM cannot be used directly in the

analysis prescribed by most multivariable techniques which

deal only with linear, ordinary differential equation, models.

Hence the development of a linear model is in general a pre-

liminary requirement in the design of a multivariable

controller.

To reduce the order of the reference model before the

linearization process, the following approximations and

assumptions were made:

- the reactor dynamics are approximated by a point

kinetics model with two delayed neutron groups and

one average decay heating group,

- heat transfer in the fuel is modelled by an average

fuel temperature derived from a two-shell model,
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- instantaneous valve dynamics,

- time delays are neglected or replaced by first-

order lags

- constant volume of steam in boiler riser,

- the dynamics of the turbine power are approximated

by a first-order lag.

The simplified non-linear model obtained is then

linearized about a steady-state operating condition using

small perturbation theory. The result is the linear design

model called G2LDM* described by the state-space equations

x(t) = Ax(t) + Bu(t)
(2)

y(t) = Cx(t)

where

x(t) is a state vector, of dimension n

u(t) is an input vector, of dimension m

y(t) is an output vector, of dimension p

with

n = 24

m = 5

p = 8

*G2 Linear Design Model
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In equatipn [2], the plant dynamics matrix is

given by

L9x J (3)
CO

X ,U

the plant input matrix is given by

-[ill
L9uJx°,uc

(4)

and C, the plant output matrix, is obtained by linearizing

the equations describing the plant outputs in G2SIM.

A computer code called G2LDM uses steady-state infor-

mation from G2SIM to calculate the plant matrices A, B

and C for any given operating condition.

3. VALIDATION OF G2LDM

The purpose of the G2LDM validation exercise was to

assess the degree of confidence with which the linear model

could be used to design a regulator for the reference non-

linear model, G2SIM.

The validation is based on perturbing the open-loop

simulations of both models with the same disturbances under

similar conditions. Step disturbances were used because they

strongly excite the dominant modes of the system. The open-

loop simulation tests were done at full power and at 80% of

full power. These two operating conditions lead respectively

to boiling and non-boiling coolant in the reactor outlet

header. The dynamics of G2SIM and G2LDM were then compared

using the transient responses of their plant outputs.

Typical results are presented in Figures 1 to 3. They show

that for small j.~rturbations, the linear model G2LDM has
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basically the. same dynamic behaviour as G2SIM. The few

discrepancies are due to some of the simplifying assumptions,

and to some non-linear phenomena that cannot be adequately

linearized. For the purposes of this study, the agreement

between the transient responses of G2LDM and G2SIM is

satisfactory.

4. MULTIVARIABLE CONTROL THEORY

For almost three decades, there has been considerable

interest in the design of control systems using multivariable

techniques [4,5], Pole assignment with state feedback [6]

and linear quadratic optimal control [7] are two well-developed

techniques. Unfortunately they require the use of complex

state reconstructors [8,9] that may be difficult to realize

for relatively large systems. The development of multivariable

techniques requiring only output feedback is thus of great

practical importance.

Some authors have attempted to establish an equivalence

relationship between state and output feedbacks [10-13] .

Their conclusions show that this relationship exists only in

some rare cases.

After the first results of Kimura [14] and Moore [15],

Porter, Bradshaw and Fletcher [16-18] gave the conditions

for a joint eigenvalue-eigenvector assignment. The analysis

of these conditions shows that complete eigenstructure

assignment is possible only for very special systems.

•The results of Davison and Wang [19], Topaloglu and

Seborg [20] , Munro and Novin [21] and Seraji [22-25] on

pole shifting with output feedback can be applied to almost



- 9 -

all linear systems. The multivariable technique used in

this case study is an original and successful combination

of these results.

Volt Shl&tlng with Dynamic

Using the results of Davison and Wang [19] together

with the numerical method of Aplevich [26] , we developed

and implemented, in MVPACK, an algorithm for pole shifting

with static output feedback [27] . For the linear design

model G2LDM described by equation (2), this algorithm can

be used to assign min (n,m+p-l)., i.e. 12, closed-loop poles

and to stabilize the system. Unfortunately, closed-loop

simulation of G2LDM and of the controller designed with

this algorithm showed that the result is not completely

satisfactory. Moreover, the controller required significant

modification when implemented in G2SIM.

For these reasons we developed a new design technique

using a compensator with prescribed open-loop dynamics in the

pole shifting process. The development of this technique

is based on a subtle use of the following theorem [28]:

The.on.zm

If the system given by equation (2) is cyclic [29],

completely controllable and observable, and if B

and C are full rank matrices, then » linear feedback

of output variables

u = Ky (5)

can almost always be found such that max(m,p) eigen-

values of the closed-loop matrix A+BKC are arbitrarily

close to max(m,p) preassigned values, where the pre-

assigned values are chosen so that any complex numbers

appear in complex conjugate pairs.
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Ve.\)e.topme.n£

If the system described by equation (2) satisfies the

above assumptions, a vector g can be found so that the

following equivalent single-input system

x = Ax + by (t)

y = Cx

b = Bg

(6)

is completely controllable and observable.

Let us assume that the input variable p. (t) is

obtained from a dynamic compensator of order r described by

where

i< = P

r-1

ur = - E
 si^

(7)

i=0 i=0

&^ are constants chosen to specify compensator

open-loop poles

y * is the i t h derivative of y

k. are the gain matrices
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Defining an augmented state vector

X

•0
(8)

with x plant state vector

y compensator state vector

it can be shown [30] that the state-space description of

the compensator is

y = K C*X (9)

where C*, the system output matrix, is given by

C*

C

CA

0

Cb

0

0

CA Cb (r+l)px(n+r)

A , the compensator companion matrix, is given byc

o
0

1

0

0

1

0

0

r-1
rxr



- 12 -

and K*, the feedback matrix, is given by

K* = [ko,k1#. •kr].lx(r+l)p

Equation (6) and (9) can now be combined to give the state-

space aquation of the composite (plant-compensator) system.

X = A*X + B*U

Y = C*X

U =

(10)

where

A* =

A b,0

0 A (n+r)x(n+r)

and

B*

By construction, the system of equation (10) is con-

trollable and observable.

If p is the rank of matrix C*, it is well known that

p < min[(r+l)p, n+r] (11)

Then, for a full rank matrix C*, the theorem stated above

can be applied directly to the system of equation (10) to

assign min t(r+l)p, n+r] poles with the feedback law

U = K*Y (12)
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When C* is rank-deficient, a full rank matrix Cpx(n+rj can
be obtained from C* so that the theorem can be ^

applied to the triple (A*,B*,C) to assign p poles with the
P

feedback law

U = KCX (13)

where K is derived from K* by removing the columns of

K* corresponding to the linearly-dependent rows

of C*.

In any case, the feedback matrices K* or K can be

computed using the algorithm described in [27] . However,

when C* is not of full rank, the feedback matrix K* must

be built by setting to zero the columns corresponding to

the linearly-dependent rows of C*, and filling the other

columns from the corresponding columns of K, before imple-

menting the controller.

It is shown in [30] that, for a practical implementation

on the linear model, equation (10) can be modified to give

where

A =

X = AX + BU

y = cx

U = KY

A 0

(14)

B 0

0 I.

1,0
K =

K_

q

o
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0

0

-6,

1

0

kr-l ~ 6r-lkr

kO ~ 6Okr

and I is an identity matrix of dimension rxr.

Now a similar development can also be performed for

the dual system of equation (2). The details of the deri-

vation are given in [30]. The maximum number of assignable

poles becomes

p. < min[(r+l)m, n+r] (15)

and the closed-loop system can be efficiently implemented as

X = AX + BU

Y = CX

U = KY

(16)
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A
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B =

B.

and

KD

Bc •

c

0

" 0

. q 1 .

0

\

K =

K. =

K r g ' K

_ Ip °

k!

'Kr-l-6r-lKr J

To assign the maximum number of poles with a given

compensator of order r, both the rank p and p, must be

evaluated before one can decide whether to use the direct

or the dual system in the conceptual design.

The proposed method for pole shifting with a dynamic

compensator leads to the following algorithm.

Mgonlthm

Step 1 Input A, B, C. Pick H so that Ah=A+BHC has

distinct eigenvalues* and set A=Ah.

Step 2 Compute open-loop eigenstructure for primal and

dual systems.

*This is to ensure that matrix A is cyclic.
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Step 3 Enter a vector g for each system so that, in each

case, the resulting SIMCr system is completely co:

trollable. Give order of compensator.

Step 4 Compute matrix C* and its rank for primal and dual,

then select the design system.

Step 5 If matrix C* of the selected system is not full

rank, form a full rank matrix C from C*.

Step 6 Give compensator coefficients S. and form

system-compensator matrices A* and B*.

Step 7 Select the preassigned eigenvalues and compute K*

using the techniques suggested in [27].

Step 8 Form the appropriate closed-loop system from

equation (14) or (16).

Step 9 Compute the closed-loop eigenstructure. If results

are not satisfactory, go to Step 1, Step 3, Step 6

or Step 7.

This algorithm offers the designer many degrees of

freedom, i.e.

- selection of matrix H and of vector q,

- choice of the compensator order together with

its coefficients,

- selection of the preassigned eigenvalues.

These degrees of freedom, taken together, give the

designer a powerful tool to achieve most of his design

Single-Input Multiple-Output
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objectives. The entire algorithm is implemented in

MVPACK [1] as one master module which calls four slave

modules to execute the tasks.

Approach &QK thz lmple.me.nta.tion o& the. Contnolte.fi in G2SIM

From equation (14) or equation (16), the controller

can be redefined as

V =

u = C U + D e
c c

where

y is the controller state vector

e = y-y is the plant output deviation

u is the plant input vector

with, for the design made with the direct system,

Ac = AP ; Bc = KP

C c = [q,0] ; Dc = qkr

and for the design made with the dual system

A = A ; B = Bc c c c

Cc = KD '• Dc =

(17)
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Now for G2SIM, the controller has to be discretized.

The incremental form of equation (17) is [30]

A Uk = CcA\ + Dc A ek

where the approximations used for (A.-I) and B. are

(18)

(A,-I) =* T(I-i A T ) " 1 A,, (19)

B, =s T(I-i A T ) " 1 B^ (20)
1 £ C C

I

t and T is the sampling period.

At the sampling time kT, the input vector actually

applied to G2SIM is given by

Uk = uk-l + A uk

5. CONTROLLER DESIGN

From Table 1, it is seen that the design model, G2LDM,

is open-loop unstable. Our objective was to design a con-

troller to meet the following specifications:

- closed-loop stability with a stability margin

greater than 45°,

- damping factor at least equal to the critical

damping ratio,

- reactor power overshoot should be less than 2%,



TABLE 1

G2LDM OPEN-LOOP POLES

AT PULL POWER

0.0

0.0

-2.9057 x 10-8

-7.0357 x 10-7

-1.9692 x lO"3

-1.1355 x lO"2

-2.7264 x 10"2

-4.3236 x 10-2 ± j 1.3016 x 10~2

-0.1331 ± j 0.2924

-0.1562 ± j 2.5030 x 10~2

-0.2040 ± j 9.4621 x 10"2

-0.3579

-0.4545

-0.50

-1.0854

-1.8139 ± j 2.5989

-2.5861

-2.8051

-6.6306

80% OF FULL POWER

3.7235 x10-8

0.0

0.0

-2.6478 x 10-7

-2.0196 x 10-3

-1.2209 x 10-2

-2.7197 x 10~2

-4.1161 x 10"2 ± j 8.5069 x 10"3

-0.1570 ± j 0.2488

-0.1714 ± j 2.2243 x 10"2

-0.1986 ± j 9.5860 x 10~2

-0.2510

-0.3785

-0.4545

-0.50

-1.6169 ± j 4.2942

-2.7374 i j 5.0924 x 10~2

-6.5453
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- plant response to a step disturbance should settle

in 70 to 200 seconds,

- at steady state, the controller should be able to

handle small disturbances and variations of

parameters.

Ve-i-ign

The following design process was carried out using

the full-p6v7er steady-state data.

First, the feedback matrix

H =

0

0

1.33

0

0

0

0

0

0

0

0

-309.87

0

•

•

0

0

0

0

0

(22)

was chosen to make the system explicitly cyclic. Then the

vector q = [1.25,0.,0.75,1.,1.] was chosen to prevent the

second input variable from being used during the pole shifting.

A second-order compensator with poles at the origin was

selected to assign 18 closed-loop poles. To meet the desigr

objectives, the locations of the closed-loop poles were chosen

to be

(-0.025+J0.018, -0.04, -0.06, -0.07, -0.08, -0.1,

-0.15, -0.2, -0.3, -0.35, -0.4, -0.455, -0.505,

-0.6, -0.75, -0.9, -1.15)
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The MVDCOM module of MVPACK was then used to compute

the feedback matrix K from which the matrices of equation

(18) were derived as

o.

0.

1.

0.

Cc "

1.25

0

0.75

1

1

0

0

0

0

0

3, =

0.8 14.9 -42.3 0.7 1.9 -0.7 0 -0.2

0.04 -0.005 0.9 -0.09 0.14 -0.19 0 -0.34

D =

1 . 9

0

2.47

1.52

1.52

-10.6

-0.3

-6.36

-8.48

-8.48

0

-0.003

0

0

0

-2.2

0

-1.30

-1.73

-1.73

5.75

0

3.45

4.60

4.60

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0
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6. CONTROLLED PERFORMANCE

The performance of the controller on the linear

design model, G2LDM, was excellent. However, when incor-

ported into the non-linear model, G2SIM, simulation results

showed that some adjustments to the controller were required.

These adjustments were made on the following basis:

- retain the integral action of the controller only

on plant outputs whose steady-state performance

needs to be improved,

- increase the reactor power feedback gain in the

zone control loop,

- reduce the controller-induced coupling between

the primary and the secondary systems.

The matrices of the resulting controller are now

Bl -

0.7

0.14

0

0

0

-0.007

0

0

0

0

0

0.1
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10.29 -0.11 0.0 -2.2 5.75 0 0 0

0 -0.3 -0.003 0 0 0 0 0

2.47 -6.36 0.0 -1.30 3.45 0 0 0

1.52 0 0 -1.73 4.60 0.99 0 0

0 0 0 0 1.0 0 0 0

The performance of the multivariable controller on

G2SIM is compared to the conventional controller performance

in Figures 4 and 5. It can be seen that the multivariable

controller effectively stabilizes and regulates the system.

In fact, the comparison of dynamic responses shows that for

this type of disturbance the multivariable controller gives

improved regulation of the plant, in an overall sense.

7. SUMMARY AND CONCLUSIONS

A case study on the design of a multivariable con-

troller for a CANDU PHW-600 has been completed. The study

covering almost all the important aspects in the design of a

control system leads to the following conclusions.

The analytical linearization of a complex non-linear

model is a tedious time-consuming process. It is proposed

to look toward numerical linearization and system identifi-

cation for the derivation of a linear model having a wide

range of validity.

A multivariable controller for a complex non-linear

model can be designed under realistic assumptions using a

reduced linear model. The results are very promising since

they show that multivariable control can lead to improved

overall regulation. It is interesting to notice that multi-

variafr e techniques require an extensive use of simulation

to assess controller performance.
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To extend this study we are designing various con-

trollers using different multivariable techniques. This

will allow the selection of the most effective methods for

practical applications.

8. REFERENCES

[1] P.D. McMorran, "Development of Multivariable Methods

for Plant Control", Proceedings of 7th Simulation

Symposium on Reactor Dynamics and Plant Control,

Ecole.Polytechnique de Montreal, Unpublished report,

1980 May.

[2] J.P. Lucas, private communication, 1979 April.

[3] A. Kolmogorov et S. Fomine, "Elements de la Theorie

des Fonctions et de 1'Analyse Fonctionnelle", Editions

de Moscou, 1977.

[4] A.G.J. MacFarlane, "A Survey of Some Recent Results in

Linear Multivariable Feedback Theory", Automatica,

Vol. 8, pp. 455-492, 1972.

[5] P.D. McMorran, "Multivariable Control in Nuclear Power

Stations, Survey of Design Methods", AECL-6583,

1979 December.

[6] W.M. Wonham, "On Pole Assignment in Multi-Input

Controllable Linear Systems", IEEE Trans, Aut.

Control, AC-12, pp. 660-665, 1967 December.



- 27 -

[7] M. Athans, "The Role and Use of the Stochastic

Linear-Quadratic-Gaussian Problem in Control System

Design", IEEE Trans. Auto. Cont. AC-16, pp. 529-552,

1971 December.

[8] D.G. Luenberger, "Observers for Multivariable Systems",

IEEE Trans. Aut. Control, AC-11, pp. 190-197, 1966 April.

[9] R.E. Kalman and R.S. Bucy, "New Results in Linear

Filtering and Prediction Theory", Trans. ASME, J. Basic

Eng. Ser. D, pp. 95-108, 1961 March.

[10J N. Munro and A. Vardulakis, "Pole-Shifting Using

Output Feedback", Int. J. Control, Vol. 18, pp. 1267-

1273, 1973.

[11] H. Seraji, "On Pole Shifting Using Output Feedback",

Int. J. Control, Vol. 20, pp. 721-726, 1974.

[12] R.V. Patel, "On Output Feedback Pole Assignability",

Int. J. Control, Vol. 20, pp. 955-959, 1974.

[13] B. Porter, "Eigenvalue Assignment in Linear Multi-

variable Systems by Output Feedback", Int. J. Control,

Vol. 25, pp. 483-490, 1977.

[14] H. Kimura, "Pole Assignment by Gain Output Feedback",

IEEE Trans. Aut. Control, AC-20, pp. 509-516,

1975 August.

[15] B.C. Moore, "On the Flexibility Offered by State

Feedback in Multivariable Systems Beyond Closed-Loop

Eigenvalue Assignment", IEEE Trans. Aut. Control,

AC-21, pp. 689-692, 1976 October.



- 28 -

[16] B. Porter and A. Bradshaw, "Design of Linear Multi-

variable Continuous-Time Output-Feedback Regulators",

Int. J. Systems Sci., Vol. 9, pp. 445-450, 1978.

[17] A. Bradshaw, L.R. Fletcher and B. Porter, "Synthesis

of Output-Feedback Control Laws for Linear Multi-

variable Continuous-Time Systems", Int. J. Systems

Sci., Vol. 3, pp. 1331-1340, 1978.

[18] L.R. Fletcher, "An Intermediate Algorithm for Pole

Placement by Output Feedback in Linear Multivariable

Control Systems", Int. J. Control, Vol. 31,

pp. 1131-1136, 1980.

[19] E.J. Davison and S.H. Wang, "On Pole Assignment in

Linear Multivariable Systems Using Output Feedback",

IEEE Trans. Aut. Control, AC-20, pp. 516-518, 1975 August.

[20] T.J. Topaloglu and D.E. Seborg, "A Design Procedure for

Pole Assignment Using Output Feedback", Int. J. Control,

Vol. 23, pp. 741-748, 1975.

[21] N. Munro and S. Novin, "Pole Assignment Using Full-

Rank Output-Feedback Compensators", Control Systems

Centre Report No. 387, Univ. of Manchester, Inst. of

Science and Technology, 1977 October.

[22] H. Seraji, "Pole Assignment Techniques for Multivariable

Systems Using Unity Rank Output Feedback", Int. J.

Control, Vol. 21, pp. 945-954, 1975.

[23] H. Seraji, "Pole Assignment Using Dynamic Compensators

with Prespecified Poles", Int. J. Control, Vol. 22,

pp. 271-279, 1975.



- 29 -

[24] H. Seraji, "Pole Placement in Multivariable Systems

Using Proportional-Derivative Output Feedback", Int.

J. Control, Vol. 31, pp. 195-207, 1980.

[25] H. Seraji, "Design of Multivariable PID Controllers

for Pole Placement", Int. J. Control, Vol. 32,

pp. 661-668, 1980.

[26] J.D. Aplevich, "Direct Computation of Canonical Form

for Linear Systems by Elementary Matrix Operations",

IEEE Trans. Aut. Control, AC-19, pp. 124-126,

1974 April.

[27] S. Mensah, P.D. McMorran, M. Polis and W. Paskievici,

"Multivariable Controller for Nuclear Plants Based on

Pole Shifting", AECL-7249, 1981 February.

[28] E.J. Davison and R. Chatterjee, "A Note on Pole

Assignment in Linear Systems with Incomplete Feedback",

IEEE Trans. Aut. Control, AC-16, pp. 98-99,

1971 February.

[29] W.M. Wonham, "Linear Multivariable Control: A

Geometric Approach", Springer Verlag, New York,

p. 16, 1979.

[30] S. Mensah, "Contrdleur Multivariable pour une Centrale

Nucle"aire CANDU PHW-600 MWe", These de Doctorat,

Ecole Polytechnique de Montreal, Univ. de Montreal,

in preparation.



ISSN 0067 - 0367

To identify individual documents in the series
we have assigned an AECL- number to each.

Please refer to the AECL- number when re-
questing additional copies of this document

from

Scientific Document Distribution Office
Atomic Energy of Canada Limited

Chalk River, Ontario, Canada
KOJ 1J0

ISSN 0067 - 0367

Pour identifier les rapports individuels faisant
partie de cette se>ie nous avons assign^
un nume>o AECL- a chacun.

Veuillez faire mention du num6ro AECL- si
vous demandez d'autres exemplaires de ce
rapport

au

Service de Distribution des Documents Officials
L'Energie Atomique du Canada Limite'e

Chalk River, Ontario, Canada

KOJ 1J0

Price $3.00 per copy Prix $3.00 par exemplaire

1193-82


