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ABSTRACT 

In recent years, intermachine oscillations in a 
multimachine plant have received particular attention from 
power system engineers due to the undesirable effects of 
these oscillations on the system, and also due to the fact 
that the individual stabilizers now in use are not effective 
in damping out all modes of oscillation. A multivariable 
stabilizer may be advantageous to stabilize a multimachine 
plant in which all parallel connected units in the plant are 
acted upon at the same time. 

In this thesis, an optimal multivariable stabilizer is 
proposed based on the Generalized Heffron-Phillips model of 
a multimachine plant and on linear optimal control theory. 
The feedback function of the stabilizer is determined by 
minimizing a given quadratic cost function subject to the 
system dynamic constraints. The effect of different 
weighting matrices (0) on the system performance is 
discussed. Nonlinear simulation results for different 
disturbance cases are reported to demonstrate the great 
capability of such a controller to damp out the intermachine 
oscillations. 
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CHAPTER 1 

INTRODUCTION 

1.1 INTERMACHINE OSCILLATIONS IN A MULTIMACHINE PLANT 

In the rapid development of electrical power systems, 

different types of large capacity generators, fast, high 

gain excitation systems and extremely high voltage 

transmission lines with long distances have been used. This 

makes the power system stability problems more severe than 

was the case earlier. In a multimachine plant, 

electromechanical oscillations which are due to the 

interactions of the machines have received particular 

attention from power system engineers because the damping of 

these oscillations is usually poor even for machines with 

damper windings and they can be inadvertently enhanced by 

the inappropriate action of certain control systems which 

may be added to the plant. In this case, a number of 

problems may be encountered [12][25], namely: 
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(1) the rise of periodic variations in the electrical 

quantities of voltage and current at the bus or in the tie 

line connecting the plant to the system; 

(2) the rise of sustained hunting of machines and 

controllers within a plant; 

(3) the initiation of torsional shaft oscillations in a 

particular multistage turbo-generator unit. 

The most extreme of these problems is dynamic 

instability due to negative damping. Even in stable 

situations insufficient damping of these oscillations may 

limit the ability to transmit power out of the plant. 

For an m-machine plant, if the plant is not 

electrically symmetrical with respect to the common plant 

bus due to differences between the generating units or their 

loadings, or from differences in the machine controllers or 

their settings, this system will tend to have m different 

electromechanical oscillating modes. One of these modes 

represents oscillation between the plant as a whole and the 

system bus, while the others represent intermachine 

oscillations in the plant. 

How to minimize these undesirable oscillations and 

their effects becomes an important and practical problem in 

power system control studies. Since the electromechanical 

oscillations are usually fast compared with the governor and 
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the turbine time constants, stabilizing action can not be 

obtained through these systems. The use of fast, high gain 

exciters makes damping signals more effective. Also, 

investigations have shown that it is more convenient, more 

effective and cheaper in certain situations to use 

excitation control to improve the stability of power systems 

than to use the other methods, such as adding parallel 

transmission lines, using capacitor compensators, etc.. 

Because of this, considerable attention and efforts have 

been directed toward the excitation control systems. 

1.2 INDIVIDUAL POWER SYSTEM STABILIZER 

Up to now, individual power system stabilizers (simply 

termed PSS) have 

machine as shown 

Usually only one 

been developed and are widely used for each 

in the single line diagram of Figure 1.1. 

signal, rotor speed or acceleration, AC bus 

frequency or electrical power, is injected into each 

excitation control loop. Reference [5] and reference [16] 

are representative papers which can be used for design and 

analysis of a power system stabilizer used for one 

generator. 

Figure 1.2 is the block diagram of a typical PSS in 

which G(s) is the transfer function of the PSS. G(s) is 



Stabilizers 

--iwe SIB 

Exciters 

EX 

Generators 

Ef 
G 

Unit 
Transformers 

••••••••••• STB EX 

STB EX 

Transmission 
Line 

G: Generator 
EX: Excitation system 
STB: Stabilizer 

Figure 1.1 Individual power system stabilizer for 
each machine 

Vref+ 

EX 

K
A 

1+T AS 
A 

Saturation 
Function 

G(S)  

STB 

Stabilizing signal 

Figure 1.2 Block diagram of a PSS 
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designed usually by frequency response techniques using a 

linear model of the generator. For any input signal, the 

transfer function of the stabilizer must compensate for the 

gain and phase characteristics of the excitation system, the 

generator, and the power system. It is important to realize 

that, although the individual power system stabilizers are 

widely used now and yield satisfactory results in certain 

situations to provide damping to some oscillations, there 

still exist some inherent disadvantages, namely: 

(1) For a multimachine plant, each machine has its own 

stabilizer which is individually designed for that machine. 

The interactions between machines can not be considered 

easily and this may result in one or more modes of 

oscillation being left undamped. The individual stabilizer 

is only sensitive to a certain range of oscillation 

frequencies, this characteristic limits its further use in a 

sophisticated system which needs increased damping of both 

the internal plant oscillations and the oscillation of the 

entire plant with respect to the system to which it is 

connected. 

(2) The individual stabilizer is based on one 

stabilizing signal, which may produce some undesirable 

effects on the system, such as the shaft torsional vibration 

problem. The danger of mutual excitation of one machine 

from another may arise or be enhanced by the inappropriate 
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cross coupling of excitation systems from the input of a 

speed stabilizing signals (121[24](25]. 

(3) It is important to realize that the transfer 

function of an individual stabilizer designed by frequency 

response techniques and assuming a linear generator model is 

strongly influenced by voltage regulator gain, generator 

power level, and AC system strength. Consequently any 

change of these factors can strongly influence the function 

of the stabilizer. 

1.3 MULTIVARIABLE STABILIZER 

In order to overcome these disadvantages of an 

individual stabilizer, a multivariable stabilizer for a 

multimachine plant has been proposed recently (24] such that 

all parallel connected units in a plant can be acted upon at 

the same time in a coordinated way. The block diagram for a 

multivariable stabilizer is shown in Figure 1.3. 

The influence of such a stabilizer on improving system 

dynamic performance is discussed in detail in Chapter 4. 

Here only one important merit is mentioned, that is, modern 

control theory can be easily applied to design it. It is 

relatively easy to develop guidelines for the setting of 

such stabilizers because modern control theory has been 

fully developed. Experience has shown that modern control 

theory is a very useful tool for designing a multi-input 
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multi-output control system in many areas of engineering. 

EX 

EX 

EX 

G 

G 

r -v^"v""v"--1 

V

Multivariable 

stabilizer 

G: Generator 
Ex: Excitation system 

Figure 1.3 Multivariable stabilizer for a multi-
machine plant 

In Reference [24], modal control theory was used to 

design a multivariable stabilizer. The purpose of this 

thesis is to present another new type of multivariable 

stabilizer designed by using linear optimal control theory. 

The details of this approach are given in Chapter 3, while 

in Section 1.4, only the very basic concept of the linear 

optimal control theory is introduced. 

1.4 OPTIMAL MULTIVARIABLE STABILIZER 

This stabilizer is called an "optimal multivariable 



stabilizer" since optimal control theory is used to design 

it. The characteristics of linear optimal control theory 

can be summarized as follows: 

(1) It is based on the time domain state space 

equations of a system rather than on the frequency domain 

transfer function of the system, which is used in so-called 

traditional control theory. 

(2) It is suited to a multi-input multi-output system. 

(3) An analysable formula can be used from linear 

optimal control theory to calculate the optimal feedback 

function so that a specified performance cost function can 

be minimized. 

In the early 1970's, Yu,Y.N. [26] and Anderson,J.H. 

[1], et al, began to introduce the optimal control 

techniques to excitation and/or governor control systems for 

turbine-generator units. The research work in this area has 

been developed quickly and fruitful results in this area 

(References from [1] to [3], [7] to [11], [13], [17], [18], 

[20], [27] ) demonstrate that the optimal controller for a 

single machine can improve the system dynamic performance 

much more than other types of controllers both theoretically 

and practically. The extension of this theory to a 

multimachine plant has been made by this author to obtain a 

new type of multivariable stabilizer which shows its higher 
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potential for providing damping of the intermachine 

oscillations as reported in Chapter 4 of this thesis. 

In the optimal multivariable stabilizer design, some 

special problems associated with such a design must be 

considered carefully and adequately. These are: 

- the determination of a suitable reduced order model 

to be used to represent the multimachine plant simply and 

adequately. This is discussed in Chapter 2. 

- the determination of a suitable weighting matrix Q to 

obtain the relative optimal results. This is discussed in 

Chapter 3. 

- The dynamic performance of the optimal multivariable 

stabilizer must be checked using the appropriate simulation 

model and suitable internal and external disturbances. The 

results of these studies are given in Chapter 4. 
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CHAPTER 2 

MATHEMATICAL MODEL 

2.1 SELECTION OF A PLANT MODEL 

In controller studies, the primary step is to select a 

satisfactory model for the plant which is to be controlled. 

The following are the main considerations for selecting the 

appropriate plant model for the studies reported in this 

thesis. 

(1) Reduced model 

Theoretically, the more precise a model is, the more 

accurate will be the results; however, if the order of the 

model for a synchronous machine is too high, several 

specific problems may be involved, namely: 

- Some of the state variables of the model might not be 

measurable, in which case state variable observers would 

have to be designed in order to implement a controller which 

is based on state variables. 
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- In the multimachine case with a large number of 

machines, the order of the system will be very high; 

consequently, large storage and long computation times are 

required for the design, and the implementation of a 

multivariable stabilizer is impractical. 

A considerable amount of research work has contributed 

to setting up various types of models to fit the control 

studies. It is shown in References [7] and [11] that a 

third order model for a synchronous machine is sufficient 

for many excitation system control studies at least for 

small signal disturbances. Also, Reference [12] recommends 

that for small disturbance studies it is sufficient to use a 

linearized version of the synchronous machine model and for 

this purpose, a Heffron-Phillips linearized model can be 

employed. 

It is apparent that an optimal controller based on a 

reduced order linearized model remains optimal only with 

respect to the reduced model and not to the real system. It 

is proved in the literature [7], [11] and [17] that it is 

satisfactory to use a controller based on a reduced model to 

improve dynamic performance of the real system because the 

sensitivity of the model to the neglected factors, such as 

stator resistance, magnetic saturation, etc., is quite low 

in most situations. 
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(2) Linearized model and non-linear simulation 

Since the intent was to use linear optimal control 

theory for designing a multivariable stabilizer, the plant 

model had also to be linear. All the nonlinear system 

equations must be linearized about an operating point where 

small signals are assumed to apply. Consequently, the 

optimal controller based on this linear model is optimal 

only with respect to the linearized model and to the 

particular operating point chosen. However, the nonlinear 

model can be used to simulate the system performance and to 

check whether the linear model is adequate or not. Also, 

the nonlinear model is used in choosing the best weighting 

matrix Q to obtain the relative optimal results for a real 

system. It is convenient to use a linear model for design 

and a nonlinear model for simulation and checking in the 

controller studies. 

(3) State variables and output variables 

It should be pointed out that the choice of different 

state variables will result in different state space models 

[8][10][11][17]. The Generalized Heffron-Phillips model of 

a multimachine plant reported by Vournas and Fleming in 

Reference [23] is a simple yet sufficiently accurate model 

which can be readily used for multivariable stabilizer 

design. The state variables chosen for this model are 

[X]=[A6 Aw EEq' AEf]
T 

and the output variables are 
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[Y]=[APe 
ow AV

't 
AE
f
). The advantages of this model are: 

- The physical meaning of the model is very clear and 

can be easily shown in a block diagram and in state space 

equation form. 

- The degree of interactions between the speed loop and 

the excitation loop, as well as the interactions between the 

multimachines, can be expressed qualitatively and 

quantitatively in this model. Therefore, the multivariable 

stabilizer based on this model can act effectively on the 

electromechanical oscillations caused by these interactions. 

- It is a simple and sufficiently accurate model for 

design and simulation. 

Accordingly, this model was chosen for the optimal 

multivariable stabilizer deeign. The following sections 

briefly describe the derivation of the model as done by 

Vournas and Fleming [23]. This material is included here 

for completeness and convenience of readers. 

2.2 THE HEFFRON-PHILLIPS MODEL FOR A SINGLE-MACHINE PLANT 

A single line diagram of a single machine-infinite bus 

system is shown in Figure 2.1(a). Figure 2.1(b) shows the 

corresponding phasor diagram for this situation. The 

following assumptions are adopted for this system as well as 

for the multimachine model: 
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Vt Xe 
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Figure 2.1 (a) Single machine-infinite bus system 
(b) Phasor diagram for system in 

Figure 2.1(a) 

-axis 

(1) The resistances of the system components are not 

included, 

(2) Transformer voltages and magnetic saturation 

of the machine are not included, 

(3) The damping windings are not included, 

(4) The mechanical power of the turbine is assumed 

to remain constant during the investigation. 
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Under these assumptions, the basic equations, which are 

the stator voltage equations, the rotor winding equation, 

the power equation and the swing equation, become: 

Vd =X q i q 
(2.1) 

Vq =E q1-x di i d 
( 2.2) 

Vt= f1 +Vq (2.3) 

( 1+Td0IP)EqimEf-(Xd-X di ) id (2.4) 

E d=y+(Xci-Xd 1 )id (2.5) 

Pe=Eqd q 
(2.6) 

2H 2 (2.7) P 
6+ La 

P6=Pm—Pe 
o o 

p6= - wo (2.8) 

where La0=377 rad./sec. is the synchronous speed. 

From the phasor diagram shown in Figure 2.1, 

i
d 

i
q

Eq - V. cos6 

X + X d e 

n i 6 
Vins

X + X q e 

(2.9) 

(2.10) 

Combining these equations, eliminating all variables 

other than 6 , E P
e 

and V
t 
and linearizing around an 

operating point, the Heffron-Phillips model for a single 
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machine is obtained as follows and the block diagram is 

shown in Figure 2.2. 

APe =y6 +K2AE q' +1(8 AVin (2.11) 

AV. 
in 

AE '=( -3 

q 1 + k
3

T
do

's 
)(AEf -K4 AS+K9 i Av. n 

) 

Ay=K5Ad+K6 q 'AE +K7 AV. in 

6P 0 

2Hs 
Aw 

IC3

TcloK3s 

3. Ad 

7 

I AV. 
in 

Figure 2.2 Block diagram of Heffron-Phillips 
linearized model for a single 
machine-infinite bus system 

AV 

(2.12) 

(2.13) 
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The definition of all the coefficients and their 

operating point values are summarized here; 

Kl

K
3 X

e 
+ X

d 

APe 

AS 

APe 

xd
=   i v. do - !SUIIi 

E Xq 
ns 

xe + xd CIO 1110 xe + x cos 6o 

q in

0,V. 
in 

xe xd

!Es -T
do A6 

• AVt 
AS 

AV
t 

= --r 

xe xe,
= xe + xa iqo 

E q,V . 

Xd - xd 
V. sin60

= Te r771 Vino 

1 
xd vsaxq  Tr do 

V. / _ 
xe xq Vto 

S
o 

E ,V 
Vino cos60 - xe  xd Vto Vim' sq in 

xe vq0

4,17 xe + 
Xd 

Vto 
in 

K
7 

= dot 

8,E 
V.

APe 
K 

= ZVI; 

I  
A 

K9 T --g-do AV 
in 

vdo  Xq Vqo Xd 

, V X + X 
sindo + -rx xd cosy o

to e q th e

Xq 

xe + 4 

- xd Eqdo 
q- -   igo cosS0 + xe 

+ X 
siao 

xd - xd
cos60

d,E 1 xe xd 
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2.3 GENERALIZED HEFFRON-PHILLIPS MODEL FOR A MULTIMACHINE 

PLANT 

Figure 2.3 (a) is the single line diagram of an 

m-machine plant connected to an infinite bus and 

Figure 2.3(b) is the phasor diagram tor this system. 

The Generalized Heffron-Phillips model of a 

multimachine plant is an extension of the single machine 

model. 

In the phasor diagram (Figure 2.3 (b)), it should be 

emphasized that the machines are represented as variable 

voltages behind q-axis reactances (Eqd in series with xq ) • 
This representation of the machines was chosen as the basis 

for the multimachine model derivation. 

Since the voltage Eqdk will always lie on the q-axis of 

the kth machine, the effect of the kth machine on ith 

machine is evaluated in two ways, i.e, through a change of 

the angle between the machine rotor (dik) and through a 

change in the magnitude of Eqdk . With this representation 

of the machines shown in Figure 2.4, the Thevenin Equivalent 

at the terminals of each machine can be taken. Such an 

equivalent for the ith machine is shown in Figure 2.5. 
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in 

1 

V 
1 

V
tm 

(a) 

V. 
in 

X • i 
di 

, !i 
di 

di

b
i k 

di Qi y i 

(b) 

t 

Eqdk 

in=Eqdn 

Figure 2.3(a) Single line diagram of an m-machine 
plant connected to an infinite bus 

(b) Phasor diagram for the system in 
Figure 2.3 (a) 
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vtl 
Eqd1 

V 

Eqd i 

Eqdm

x x. qi 1 

• V Xqm m 

X 

Figure 2.4 Machine in the representation of Eqd 
behind q-axis reactance - 

i xei Vei 

Figure 2.5 Thevenin equivalent circuit for the 
plant as seen trom the terminal of 
the ith machine 

n 

The Thevenin parameters are obtained as follows: 

Eqn 

x
ei 

X
i 
+ X

oi (2.15) 

ITT
ei E a qdk 

(2.16) . 
k=1 1
k#i 
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a 
ik 

1 
x
oi k 1 xk 

+ x
qk 

k 

1 

where Vet and N dk are phasors. 

For the infinite bus n 

x is 0 
qn 

Eqdn 

an 

V. 
n } 

(2.17) 

(2.18) 

(2.19) 

With the Thevenin equivalent and the phasor diagram of 

Figure 2.3, the current of the ith machine can be obtained 

by taking the d- and q-axis components of the voltages: 

i di

i
q
 . 

1 

Using the same 

model, from Eqns. 

gets the linearized 

( E
qi 

- E a 
ik Eqdk 

cos 6 . 
i 

k = 1 
k # i 

E 
( 

a. Eq sin 6 ) 
k = 1 Dc  ik 

k¢i 

(2.20) 

(2.21) 

procedure as in the single machine 

(2.1) to (2.8) and (2.20) to (2.21), one 

equations of the plant in matrix form 
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with the [K] coefficients generalized and three new 

coefficient matrices [R1] to [R3] representing the variation 

of the Eqd's for a change in the other machine variables: 

[Ato ]•  =too [TM -1 
( APm pe l )- [D] [Tm [Da] 

[APe p-- (1(11 [A6]+[1(2] [AN 1 14-[K8] [LiE cid ] 

/ 
[AN 1 • '1=[Td] t[AEf]-[K4][a]+[K9][AEqd] 

-[K3]-1 [ E '1 ) 

[AV 1=[K5][Ad]+[K6][AE 1]4.[K71[AEqd 

[R1][AE
qd
]=[R2][A61+[R3][AE '] 

(2.22) 

(2.23) 

(2.24) 

(2.25) 

(2.26) 

The mxm parameter matrices are defined as follows: 

2H
1 

mechanical 
starting times 
(inertia constants) 

2H2

D
1 

D
2 

damping factors [D]= 

2H
m - 

D
m 

>(2.27) 
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T dol 
T do2 • 

field open circuit 
time constants 

T dom _ 

The generalized coefficients K and R are defined as 

follows: 

APei KI 
ik Ad

k 

K2ii = APei K2ik = 0 (i # k) 
qi 

• 

K3. 
xei + xdi  

is xei + Xdi K3ik 
= 0 (i # k) 

Ai l. 
K4
ik 

= 
Tdoi Adk 

AX74.i.
K5
ik 

= 
A( k 

AVti 
K6
ii -- T— K6ik  = 0 (i # k) 

AE 
qi 

Avii 
1(7 ik = ( i # k) X 7 . . = 0 AE

qdk 
, 

3.3. 

AP0i
K8ik = ti— "la- ( i # k) 

1 
' X 8i i = 0 

qdk

= T 

iii E  • 

K9ik doi AE
q
dk 

RI 
ik 

. AEqdi 
( i # k) 

. 
RIii = 1 AEgdk 

AE0 31. R2
ik Ad 

R3.. 
1.3. 

k 

Egli 
AEg
i

R3
ik 

= 0 (i # k) 
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The values of these coefficients as functions of the 

operating point are given in Appendix A. After eliminating 

the vector [AE
qd 

from Eqns. (2.23) to (2.25) using 

equation (2.26), one obtains the Generalized 

Heffron-Phillips model: 

where 

[6P
e

1=[M11(d614-[M21 [AE '1 

•  
EAEq'1=E d 1-1 ([6,E

f
I -N41 1/16 [AE 1 1) 

[AV
t

]=P451 (6]+[M6] [AE 

[m11--[K1]+[K8] (R11-1 [R21 

[M21=[K2]4-[K81 [R11 -1 [R3] 

[M3] =- [K3]-1 +[K91 [R1.] [R3] 

[M41=[K4]-[K9] [R11-1 [R2] 

[M5]=[K5]+[K7] [R11-1 [R21 

[M6]= [K6] +[K7] (R11 -1 [R3] 

(2.28) 

(2.29) 

(2.30) 

(2.31) 

The physical meaning of [Ml] to [M6] is more general 

than [K1] to [K9] (shown in Figure 2.2). Since only 

independent variables are involved in their definition, the 

Eqd 's having been eliminated. With all other 6's and E "s 

kept constant, the definitions of M1 to M6 are: 
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MI ik 
APei
A6
k 

APei 

P ik LI 
-r
E' 
--. 
qk 

.1 

f cli
TM3ik doi E r

qk 

.1 
AE aiM4ik = 

Tdoi Ad
k 

AV 
ti 

M5ik = Ad 
k 

ay 
M6. = 

ti 
3.k AE` 

qk 

synchronizing coefficient between 
machine i and k 

change in electrical power due to 
increased field flux linkages of 
the kth machine 

magnetizing effect of the kth 
machine field flux linkages 

demagnetizing effect due to the 
angle of kth machine 

change in magnitude of the 
terminal voltage due to the kth 
machine angle 

change in magnitude of the 
terminal voltage due to the kth 
machine field flux linkages 

The block diagram of Generalized Heffron-Phillips model 

is shown in Figure 2.6. It gives a complete description of 

the interaction relationships between m machines. 

Further, the Generalized Heffron-Phillips model can be 

expressed in a state space form, i.e, 

[X]=[A][X]+[B](U] (2.32) 

[Y]=[C][X] (2.33) 

in order to satisfy the requirement for design using linear 

optimal control theory. 
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Let 

the state vector [X] = [AS Aw AE ] 
(3mx1) 

q' 

the input vector [U] = APm AEf (2.34) 
(2mx1) 

the output vector [Y] 
(3mx1) 

APe A Alit 1

From equation (2.22) and (2.28) to (2.30), 

the plant matrix is : 

0 [Im] 0 

[A] . wo[Tm]
-1 

[m2] = -(60[T ] [Ml] -[p][114]-1 _ -1 

(3mx3m) -[Td] -1[M4] 0 
[Td]

-1 
[M3] 

_ -, 

the input matrix is: 

(2.35) 

0 0 

[B] wo[rm]-1 (2.36) 
(3mx2m) 

0 [Td] 

and the output matrix is: 

[Ml] 0 [1.12] 

(C] 0 [1m] 0 (2.37) 

( 3mx3m) 
(M5] 0 [M6] 

where [I m] is an mxm unit matrix. 



27 

(M11 

w CT o m 

(M51 

(M2] 

F 
CH61 

[M4] 

Figure 2.6 The block diagram of Generalized 
Heffron-Phillips model 

(AVt 
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2.4 INCLUDING THE AVR'S IN THE GENERALIZED HEFFRON-PHILLIPS 

MODEL 

So far, the machine model in the state equation form 

with both the field voltage and the mechanical power as 

independent inputs has been obtained. 

According to the assumption (4) given in section 2.2, 

the changes in mechanical power input Pm are considered 

zero. 

When each generator in the plant is assumed to be 

excited by a static AVR of the type shown in Figure 2.7, the 

generalized state equation for this system can be obtained 

from Figure 2.7 directly as follows: 

Vre KA 
1+TAS 

KpVt 

-KpVt 

Figure 2.7 Static excitation system 

[AEf l  1 (DCA][AVref ]-[KA][Avt
]—[AE ]) 

[T
A

I 
(2.38) 
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Now the generalized block diagram shown in Figure 2.8 

can be added to the Generalized Heffron-Phillips model. 

tire f 

ev 
[KA] [TA] -1

Figure 2.8 The generalized block diagram of static 
AVR system 

In Figure 2.8 the excitation gain matrix is : 

[KA]= 

K
Al 

• 

KAm_ 

and the excitation time constant matrix is : 

TA1 

ETA] = 
TAm 

> (2.39) 

The components of the vector [AE f] are now state 

variables not input variables as in Figure 2.6 and jaV
ref 

becomes the input vector. 

Then, the state vector is : 
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[X] =C A6 Aca ISE
q 

AEf IT 
(4mx1) 

The input vector is : 

[U] =CAV l > (2.40) 
(mxl) ref 

and the output vector is : 

[Y] 
(4mx1) 

APe Aw AVt AEf . 

The state and output equations are in the form of 

Now, 

[X]=[A][X]+[B][U] and 

(Y]=[C][X] 

the plant matrix is : 

(2.41) 

(2.42) 

0 [Im] 0 0 

- wo[rm]-1 [Ml] - [D] [TM ] -1 - wo[Tri ]-1 [M2] 0 
[A] = 

-[Td]-1 (M4] 0 [Td r1 [M3] [Td ]-1

- [KA] [TA] [M5] 0 -[K 
A
] [T

A 
]-1 [M6] - [T

A
]-1

_ 

(2.43) 

The dimension of [A] is 

The input matrix is : 

4mx4m. 

0 

0 
[B] (2.44) 

(4mxm) 0 

[1(A [TA]

-.1_ 
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and the output matrix is: 

[Ml] 0 [M2] 0 

0 [I
m
] 0 0 

[C] (2.45) 
(4mx4m) [M5] 0 [M6] 0 

0 0 0 [I
m
]

AIM 

2.5 THE DATA OF A THREE MACHINE PLANT AND ITS MODEL 

In this thesis a three machine plant is considered. 

This was based on the physical elements of the Boundary Dam 

Power Plant of the Saskatchewan Power Corporation. The 

configuration of this system is shown in Figure 2.9. 

t j0.0194 

V 2j0 0 

Vt3j0.0327 

0.0087-1-j0.067 

Figure 2.9 A three machine plant to infinite bus 
system 

The data and operating points of the three machines are 

given in Table 2.1 and Table 2.2 respectively. All pu 

values have been referred to a 100 MVA base. The data of 

the excitation system for the three machine plant are shown 
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in Table 2.3. 

Table 2.1 Generator data for a three machine plant 
shown in Figure 2.9 

Generator 
number 

Rating Inertia 
constant 

Damping 
factor 

Xd =X 
q 

X d q 1=X' Td' ' External 
reactance 

(MVA) H(secs) D(pu) (pu) (pu) (secs) (pu) 

1 166.6 4.30 8.0 1.164 0.146 3.84 0.0194 

2 166.6 4.30 8.0 1.029 0.124 3.84 0.0194 

3 325.0 10.35 10.0 0.625 0.084 6.86 0.0327 

Infinite / 1000 , .0001 .0001 1000 0.067 

Table 2.2 Operating points for machines shown in 
Figure 2.9 

Generator 
number 

' Active 
Power 

(MW) 

Reactive 
power 

(MVAR) 

Terminal 
voltage 

(au) 

Voltage 
angle 

(degree) 

Power 
angle 

(degree) 

E A
q

(pu) 

1 90.00 27.55 1.050 13.777 50.13 1.6831 

2 90.00 27.55 1.050 13.777 47.53 1.5876 

3 175.50 20.51 1.050 15.863 57.57 1.5701 

Infinite 
bus 

-345.11 16.74 1.000 0.000 0.00 1.0000 
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Table 2.3 The data of excitation systems for the 
three machine plant 

Generator number Excitation gains 

KA 

Time constant 

TA (secs) 

Limitation gains 

K P 

1 135.3 0.02 5.0 

2 287.4 0.05 5.0 

3 324.0 0.02 5.0 

Under the above conditions, the plant matrix A, the 

input matrix B and the output matrix C of this system can be 

calculated by use of the Generalized Heffron-Phillips model 

and the results are shown in Table 2.4, Table 2.5 and Table 

2.6 respectively. These are the matrices for the equations 

[i]=[A][X]+[B] [U] and (Y]=[C] [X]. 



Table 2.4 The plant matrix A 

o o o 

o 0 0 
o o 0 

-122.37 18.247 28.168 

18.231 -126.89 29.605 

11.733 12.344 -79.217 

-0.847 0.154 0.202 

0.137 -0.796 0.195 

0.065 0.071 -0.385 

-381.33 -184.08 24.734 

-98.102 -403.80 28.446 

-190.19 -320.47 -1048.5 

1 0 0 0 0 0 0 0 0 

0 1 0 0 0 0 0 0 0 
0 0 1 0 0 0 0 0 0 

-0.930 0 0 -144.09 26.197 36.829 0 0 0 

0 -0.930 0 26.215 -152.46 40.250 0 0 0 

0 0 -0.483 14.308 15.557 -91.374 0 0 0 

0 0 0 -1.597 0.308 0.373 0.260 0 0 

0 0 0 0.273 -1.587 0.378 0 0.260 0 

0 0 0 0.111 0.126 -0.661 0 0 0.146 

0 0 0 -1461.2 -1016.9 -912.1 -50.000 0 0 

0 0 0 -681.72 -1490.6 -753.4 0 -20.000 0 

0 0 0 -1707.4 -2126.1 -5232.3 0 0 -50.000._ 
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Table 2.5 The input matrix B 

o 

o 

0 

o 

o 

o 

0 

0 

0 

6765.000 

0 

0 0 

0 0 

0 0 

0 0 

0 0 

0 0 

0 0 

0 0 

0 0 

0 0 

5748.000 0 

0 0 16200.000 



Table 2.6 The output matrix C 

2.791 -0.416 -0.643 0 0 0 3.287 -0.598 -0.840 0 0 0 

-0.416 2.895 -0.675 0 0 0 -0.598 3.478 -0.918 0 0 0 

-0.644 -0.678 4.350 0 0 0 -0.786 -0.854 5.017 0 0 0 

0 0 0 1 0 0 0 0 0 0 0 0 

0 0 0 0 1 0 0 0 0 0 0 0 

0 0 0 0 0 1 0 0 0 0 0 0 

0.056 0.027 -0.004 0 0 0 0.216 0.150 0.135 0 0 0 

0.017 0.070 -0.005 0 0 0 0.119 0.259 0.131 0 0 0 

0.012 0.020 0.065 0 0 0 0.105 0.131 0.323 0 0 0 
0 0 0 0 0 0 0 0 0 1 0 0 

0 0 0 0 0 0 0 0 0 0 1 0 

0 0 0 0 0 0 0 0 0 0 0 1 
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The matrices Ml to M6 which represent the interactions 

between three machines are shown in Table 2.7 

Table 2.7 The matrices Ml to M6 

Column 

Row 

1 2 3 

1 2.7915 -0.4163 -0.6426 

M1 2 -0.4159 2.8947 -0.6753 

3 -0.6442 -0.6778 4.3496 

1 3.2868 -0.5976 -0.8401 

M2 2 -0.5980 3.4778 -0.9182 

3 -0.7856 -0.8542 5.0171 

1 -6.1314 1.1810 1.4318 
M3 2 1.0499 -6.0944 1.4516 

3 0.7609 0.8677 -4.5350 

1 3.2506 -0.5911 -0.7761 

M4 2 -0.5245 3.0563 -0.7490 

3 -0.4427 -0.4838 2.6393 

1 0.0564 0.0272 -0.0037 

M5 2 0.0171 0.0703 -0.0049 

3 0.0117 0.0198 0.0647 

1 0.2160 0.1503 0.1348 

M6 2 0.1186 0.2593 0.1311 

3 0.1054 0.1312 0.3230 
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CHAPTER 3 

OPTIMAL CONTROLLER DESIGN 

3.1 INTRODUCTION 

In this Chapter, the method of designing an optimal 

controller is presented. Section 3.2 briefly describes the 

basic concepts of linear optimal control theory. Section 

3.3 gives one method to solve the Riccati equations to get 

the optimal parameters of the controller. In Section 3.4, 

an optimal multivariable stabilizer for a multimachine plant 

is developed. 

3.2 OUTLINE OF LINEAR OPTIMAL CONTROL THEORY 

3.2.1 The Principle Of Designing An Optimal State Variable 

Feedback Controller Using Parameter optimization [4] 

According to linear optimal control theory, for a given 

system represented in the state equation form: 

[X]=[A][X]+[B][U] (3.1) 

where [X] is the state vector of dimension nxl 
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[X] is the time derivative of [X] dimension nxl 

[A] is the coefficient matrix of dimension nxn 

[B] is the input matrix of dimension nxr 

[U] is the control vector of dimension rxl, 

the optimal control may be realized by use of the all state 

variable feedback. The block diagram of the closed-loop 

system is shown in Figure 3.1. 

[ 
[B] 

[A] 

Figure 3.1 Closed-loop system using state variable 
feedback 

The closed-loop control system which makes a given cost 

function minimum is defined as the optimal control system 

corresponding to this given cost function. From this 

definition, there is not any one absolute optimal control 

system. A system which is optimal for one cost function 

need not be optimal for any other cost function. Therefore, 

the design of an optimal controller involves finding such an 
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optimal feedback matrix K that a given cost function is 

minimized. The given cost function describes a desired 

system performance criterion. 

In this case a quadratic cost functions denoted as 

J= 1/2  5 4.( [X11. [0j [X] + [U] I [R] [U] )dt (3.2) 
0 

was used. In equation (3.2), [Q] is an nxn weighting matrix 

and [R] is an rxr weighting matrix. All the non-diagonal 

elements of [Q] and [R] are zeros. [Q] and [R] are positive 

definite (or semi-positive definite) and symmetric matrices 

which are chosen by the investigator. In general, [R] is 

chosen as a unit matrix. High value elements of [Q] 

penalize the deviations of the corresponding state variables 

more severely than lower value elements. 

From linear optimal control theory, when [0] and [R] 

are given, the optimal feedback function [K] which leads to 

the minimization of the quadratic cost function is obtained 

by using 

[K]=-[1 1 [B]T [P] (3.3) 

where [P] is the solution of the following Riccati matrix 

equation 

[A] 
T 
[P] + [P] [A] - [P] [B] [R]-1 [B]T [P] +[Q] = [0] (3.4) 

Then the optimal control vector [U] is obtained where 

[U]=[K][X] (3.5) 
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Two aspects need to be considered before obtaining [K]; 

one is how to solve equation (3.4), another is how to choose 

[0]. The first problem is discussed in Section 3.3 and the 

second problem is solved in Section 3.4. 

3.2.2 The Principle Of Designing An Optimal Output Variable 

Feedback Controller 

Sometimes it is difficult to measure all the state 

variables or part of the state variables in a system. For 

example, among the state variables in the Generalized 

Heffron-Phillips model described in Chapter 2 

[X]=[A6 aw AE
q AEf]

T
' A6 and AE q' can not be measured 

directly and accurately, but the output variables 

[Y]=[APe Au) AVt AEf]
T 

can be measured easily and accurately. 

To solve this practical engineering problem, an optimal 

output variable feedback controller represented as follows 

is used. 

For a given linear time-invariant system 

[X]=[A][X]+[B][u] (3.6) 

[Y]=[C][X] (3.7) 

where the state vector [X] and the output vector [Y] have 

the same dimension nxl, [Cl is the output matrix of 

dimension nxn. The given quadratic cost function is 

J= 1/2.n [Y]T [0] [Y] T [R] [U] )dt (3.8) 

Then, substituting (3.7) into (3.8) gives 
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J. 1/2r( [x]r [CIT [01 [Cl (XI+ M T [R] (U] )dt (3.9) 
0 

From linear optimal control theory, when [Q] and [R] 

are given, the optimal output feedback function K which 

leads to minimization of the quadratic cost function (3.9) 

is obtained by 

[K ]=-[R]-1[B]T[F] (3.10) 

where [P] is the solution of the following Riccati matrix 

equation [4] 

[AJ T[P]+[P] [AI-[P] [B] [R1-1 [BIT [P]+[C]T[0] [C]=[0] 

(3.11) 

Therefore the optimal control vector [U] is 

[U]=[K ][Y] (3.12) 

Now the closed-loop system can be shown as in 

Figure 3.2. 

[UI 
BI

[BD 

[A] 

X 

[vi
[C] 

Figure 3.2 The closed-loop system using output 
variable feedback 
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3.3 NUMERICAL SOLUTION OF RICCATI EQUATION 

3.3.1 Introduction 

Because [MT [P]+[P] [A]-[P] [B] [R]
-1
 [BIT [P]+[Q]=[o] 

consists of a second-order item [P][B][R]-1 [B]T [P], it is a 

multi-dimension and second-order algebraic equation. If the 

given system possesses complete controllability, there must 

exist an unique solution for [P] and the corresponding 

feedback matrix must lead to the minimization of the given 

cost function of the system. 

Among several commonly used methods of solving the 

Riccati equation for [P], such as, the iterative method 

[14], the eigenvector method [15], the integration method 

[221, etc., the iterative method is a popular one because of 

its high precision, fast calculation speed and simplicity. 

In Section 3.3.2, the iterative method is described briefly. 

3.3.2 Iterative Method 

To solve [A]T[P]+[P][A]-[P][B][R]-1 [B]T [P]+[Q]=[0] by 

the iterative method, first, convert it to the following 

form: 

[P] ( [A]- [B] [R]
-1 
[B]

T 
[P] )+( [A]-(B] [R]

-1 
[BI

T 
[P] )

T 
[P] 

+[P] [B] [R]
-1 

[B]
T 
[P]+[Q]=[0] (3.13) 

Then from (3.13) obtain the iterative equation as 
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follows: 

[N(k+1) ([A]-(13] [}21-1[BIT [p](k) )4. 

( [A]-[13] [11]-1 [B] [p] (k) ) [p] 
(k+1) 

[P](k) [3] [RI -1 03)T 
[p] 

(k) A.[Q] = [0] (3.14) 

where the superscripts (k) and (k+1) represent the kth and 

(k+l)th iteration respectively. 

If an initial [1]°) is given, [N(1) can be calculated

from (3.14), then replace [N(1) for [NO ) to obtain [N(2)

from (3.14) and continue the iterative calculation in this 

way until 

p(k + 1) - p (k) 

1J 1J 
(i=1,2,...,n; j=1,2,...,n) (3.15) 

where £ is called the permitted error or precision of 

iteration. Finally, [pi(k) is the numerical solution for 

(3.14). 

It can be proved that if the eigenvalues of the matrix 

[A]-[B][R]-1 [B]T[11(k) all be negative real values and 

matrix Q is positive definite (or semi-positive definite), 

the solution [P] (k+1) must be positive definite. If the 

system possesses complete controllability, as long as an 

initial guess of [p](0) is positive definite (or 

semi-positive definite) and enables 

([A]-[B][R]-1 [B1T(p1(k) I) to be stable, the iterative 

process must converge to an unique real solution [P] and the 

corresponding feedback matrix must lead to minimization of 
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the given cost function of the system. 

If the coefficient matrix A is a stable matrix itself, 

[P](°)=[0] can be chosen and ([A]-[B][R] l[B]T[4 °) ) is 

stable. 

If matrix A is unstable itself, [P](0) can not be 

chosen as [0], in this case. [P] can first be obtained from 

a selected operating point at which matrix A is stable and 

therefore [P](
0) 

can be chosen as [0]. Then use this [P] as 

the initial [P]
(0) 

but change matrix A towards the actually 

chosen operating point step-by-step. A subroutine for 

obtaining the initial matrix [E](0) has to be added in this 

case and this makes the program more complicated. 

In order to solve (3.14) on a digital computer easily, 

it is necessary to convert it in some way. Briefly, 

equation (3.14) is of the form of equation (3.16). An 

algebraic matrix equation of this form 

[F]T [P]+[P] [F]=[G] (3.16) 

can be converted to the form of 

[Fl] [Pl] =[G1] (3.17) 

Where [P],[F] and [G] are nxn matrices, 

[Fl] is a (n(n+1)/2)x(n(n+1)/2) matrix, 

[Pl] and [G1] are n(n+1)/2x1 vectors. 
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Equation (3.17) is a linear algebraic equation which 

can be solved easily; therefore, the key to solve (3.14) is 

to obtain the equation in the form of (3.17). The following 

procedure demonstrates the five steps of the technique of 

obtaining (3.17). This is based on the work reported in 

Reference [6]. 

(1) Convert [F]T[P] to the following form: 

[Cl] [P2] 
(n2 xn2) (n2 x1) 

She
 — t TT __rott_o _ .r

The first row of F 1 1 

: 

0 
p11 

P12 

0 
second—row —of 

FTC—e -ie-aird- Ti._F p in 

ThefirstrowoLEL 
0 

P21 

----- — 
P22 

0 The second row of F 

P2n 

'ale  nth row of FT —I 
0 

he nth row of FT— Pnl 

Pn2 

0 'The nth row of— F J 

41.11•• 

•••=6 
Pnn 

(3.18) 
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(2) Convert (P1 [F] to the following form: 

[C2] [P2] 
2 2 ( n xn ) (rf xl) 

F
T 

F
T 

(3) Convert [G] to a column vector [G2] 

Pll 

P12 

P111 

pnl 

Pn2 

Pnn _ 

( 3.19) 

T 
[G21 =[(2 a ...a 

...g
g ...g ] 

(n2x1) 11 g12 '1n g21 g22 2n n1 n2 nn 

(3.20) 

(4) Convert (F]T [P]+[P] [F]=[G] to ([C1]1-(C2])[P2]=[G2] 

Let [F2]=[C1]+[C2], then obtain 

[F2] (P2]=[G2] (3.21) 

Where [F2] is a n2xn2 matrix, (P21 and [G2] are n'axl 

vectors. 
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(5) Eliminate the symmetrical elements 

Since [P] is symmetrical, it is only necessary to 

obtain the upper triangular part of [P] (including diagonal 

elements); the number of these elements is n(n+1)/2 in all. 

Therefore, there are only n(n+1)/2 equations which are 

independent in (3.21), whereas the others ((n2-n(n+1)/2) in 

all) which are dependent should be eliminated. For example, 

P12 and P21 are the duplicated elements in [G2], P21 should 

be eliminated from [G2]: firstly, by adding the 

corresponding column of P21 in matrix [F2] (that is the 

(n+l)th column) to the corresponding column of 
P12 

in matrix 

[F2] (that is the second column), then secondly, eliminating 

the (n+l)th 

[G2] at the 

matrix [P] 

column in [F2], the (n+l)th row in [F2],[P2] and 

same time. The lower triangular elements in 

are all eliminated in such a way that the 

equations remaining in (3.21) are the independent equations 

in the form of [Fl][P1]=[G1]. Solving [Fl][P1]=[G1] for 

every iteration, the final solution [P] is obtained. 

It should be pointed out that from the results of the 

studies reported in this thesis using a VAX 11-780 computer, 

i.e, when the iterative precision was set at 105 , about 5 

iterations and 300 seconds cpu time were needed for the 

three machine plant system, and about 15 seconds cpu time 

for a single machine system using this iterative method. 

The storage and cpu time of a computer will increase much 
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more with increasing of system order, and this is the 

disadvantage of this method. The block diagram for optimal 

output feedback controller design is as follows: 

Give system parameters and 

the operating point 

Setup the system model 

Exl.tax1+taX 
rvl.rrir 1 

s the syste 

completely controllable? 

yes 

no 

Determine the eigenvalues 

(1i) of [A] 

Re A i 4 
no 

Stop 

D.104m,[H]=D1m 

Use the initial 

value process to 
obtain [PP))

DiMI9(0)

Give (Q), 

Iterative number CPO 

Calculate 

LF3n[A]-[Bl [Gil t Eli TN) 

01,-(eNUNCUNIND 
to get (FiT[9]+Pl(F).(G) 

Use (3.18) and (3.19) to 

obtain Ca Jand [C2],then 

V2Malqul 

Use (3.20) to convert 

[G to [02] 

Eliminate the duplicate 
elements in [F2.) and [G2] 
to get IF1HP1MG1) 

Solve [F1][PIMG1] to get 
the [Pl] column vector 

Transform [P1] to the 

symmetric matrix IP] 

01.C8+1 

IPi i-h ij  4f. 

yes 

Calculate 

[1( ]'-t0)-1(BIT(P)(C]-1

Calculate the closed-loop 

system eigenvalues 
01

Type the results 

End 

Figure 3.3 Block diagram for optimal output 
controller design 
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3.4 APPLICATION OF OPTIMAL CONTROL THEORY TO A MULTIMACHINE 

PLANT 

For a three machine plant, an optimal output 

multivariable stabilizer can be designed in the torm shown 

in figure 3.4. 

So far, all problems in designing this optimal output 

multivariable stabilizer, except how to choose the weighting 

matrix Q, have been solved and described in Section 3.2 and 

3.3. Now the choice of the weighting matrix Q is 

considered. 

Optimal output multivariable 
stabilizer 

Dul- [uff] 

[R]-1[
T
[P] 

[AX] 

[c]-1

[Yo)=E eo 

V
ffl 

V ff2 

Vff3 

EX 

EX 

E f 

f. 

EX 
Ef

G2 

G3 

[Y]=[P 63 V 

[DY]=[APe Ata DVt DE 

J 

Figure 3.4 Optimal output multivariable stabilizer 
for a three machine plant 
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3.4.1 Weighting Matrix Q 

It should be emphasized again that an optimal control 

system is defined as that particular system which makes a 

given cost function of this system minimal. Obviously, if 

the weighting matrix Q of a quadratic cost function is 

changed, the corresponding optimal control system must be 

changed. Because the weighting matrix Q is chosen by the 

investigator, it can ,in principle, be any arbitrary value; 

however, from an engineering point of view, the system must 

be practical and investigators must choose [0] to improve 

the system response in some way. [Q] can not be chosen as 

any arbitrary value, rather [0] must be chosen to satisfy 

the requirements of engineering. For a multimachine plant 

system the system small disturbance dynamic stability is the 

main criterion used for checking whether a chosen [Q] is 

suitable or not. In Reference [27], the authors explored 

[0] based on their experience, Moussa and Yu [17] developed 

a method to determine [Q] in conjunction with a left shift 

of the dominant eigenvalues as far as the practical 

controller permitted in a single machine system. This 

author investigated an orthogonal design method to determine 

[Q] for a single machine system [21], although it is not 

entirely free from the need to use experience, it is a 

simple and effective way to choose [0] by analyzing the 

trial results. The multimachine plant is more sophisticated 

than a single machine system, but the experience gained from 
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the orthogonal design method in a single machine case is 

useful and can greatly simplify the procedure of choosing 

RA in the multimachine case. A trial and error approach as 

termed by this author was used for choosing a satisfactory 

weighting matrix [Q] in the multimachine case. The 

procedure is as follows: 

In a three machine case, [Q] is a 12th order diagonal 

matrix expressed as 

[Q]=Diag[gpel qpe2 qpe3 qtal qw2 (1E133 

qvtl qvt2 qvt3 clEfl clEf2 clEf3 ] 
(3.22) 

the subscripts of q correspond to the output variables of 

each machine respectively. Here, the same value of q is 

chosen tor the same kind of variables, such as, 

qpel =q pe2 pe3 etc., then the expression of [Q] can be 

simply termed as 

[Q]=Diag[qpe qw

instead of (3.22). 

qvt qEf ] (3.23) 

The experience gained from the orthogonal design method 

indicates to this author that among these four weighting 

elements, q w and qvt can be defined as dominant elements 

which play an important role in improving system stability, 

while q pe and are the secondary elements which can be 

fixed firstly when qw or q
vt 

is changed to check the system 

performance. It is better to choose small values of qpe and 
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theretore, qpe and q Ef can be firstly fixed as zeros, 

then qw and qvt are changed and their influence on the 

dominant eigenvalues of the system are determined. Results 

for this determination are given in Table 3.1. 

Table 3.1 The influence of qw and A vt on the dominant 
eigenvalues of the three machine plant 
system with qpe = qEf = 0 

Trial number qVt q w The dominant eigenvalues of the 
closed-loop system 

1 0.5 0.001 -1.805±j6.947, -1.810, -3.334 

2 0.1 0.001 -2.072±j6.868, -1.627, -2.798 

3 0.05 0.001 -2.116±j6.854, -1.603, -2.731 

4 0.5 0.0005 -1.368±j7.044, -2.333, -5.050 

5 0.1 0.0005 -1.554±j7.004, -2.095, -4.015 

6 0.05 0.0005 -1.585±j6.996 -2.065, -3.896 

7 0.5 0.0001 -0.834±j7.130, -3.867±j11.443 

8 0.1 0.0001 -0.916±j7.122, -2.952, -11.061 

9 0.05 0.0001 -0.930±j7.120, -2.909, -10.010 

From Table 3.1, it is to be noted that there is a 

counteraction between cica and to shift the dominant 

eigenvalues of the closed-loop system;that is, one 

eigenvalue is shifted to the left but the other one will be 

shifted to the right. It should be pointed out that in 

order to choose the better values of Q t and q
ay 

it is not 
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sufficient to consider only the dominant eigenvalues because 

these eigenvalues are obtained from a reduced and linearized 

model. A more satisfactory way is to check the system 

performance in response to certain disturbances using a 

nonlinear model. The disturbance used here is shown in 

Figure 3.5; it is a 10MW mechanical power step disturbance 

on machine 1 and which could occur in a multimachine plant. 

Mechanical 
power (MW) 

100.0 

90.0 

on machine 1 

0.0 1.0 Time(secs) 

Figure 3.5 Mechanical power step disturbance 
on machine 1 

Figure 3.6(a)-(d) are the time responses of rotor 

speeds and terminal voltages determined for the machines as 

simulated on a nonlinear model tor a disturbance as shown in 

Figure 3.5, and with different q 
Vt 

and qca. The nonlinear 

model used for this is described in detail in Chapter 4. 

'From the responses, it was found that when qw was 

increased (qVt tixed, Figure 3.6(a)-(b)),the system damping 

became better,but the static deviations of the terminal 



55 

voltages increased. If q was increased (qw fixed, 
vt 

Figure 3.6(c)-(d)), the tendency was reversed; i.e, system 

damping decreased, but the static deviations of V 
t 

decreased also. It also appears that there exists a 

counteraction between system damping and static deviation of 

AV
t 
in choosing q

vt 
and qw. 

It is to be noted also that from an eigenvalue point of 

view, the farther the eigenvalues are shifted to the left in 

the complex plane, the better the system damping will be; 

however, it is important to realize that the nonlinear model 

simulations indicate that only a limited range of q and q
w 

produce better system performance. From a visual examinatin 

of the time responses of the system for the tests run, the 

best value of [0] seems to be [Q]=Diag(0 0.0005 0.1 0]. 

Because the optimal control improves system stability 

through the field voltages which change with all the output 

variables, the deviations of field voltages can not be 

penalized severely, i.e, it is better to choose qEf =O. 

The question of a choice of a suitable value of q 
Pe 

arises. q
Pe 

was chosen arbitrarily to be 0.0 for this test 

shown in Figure 3.6(a)-(d). Figure 3.6(e)-(f) are the 

responses with different values of q
Pe 

( 
qw,

 qyt  and qEf are 

fixed). From these responses, it can be concluded that 

q =0 is adequate. 
Pe 
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In summary then, to this point the best value of [Q] 

appears to be Diag(0 0.0005 0.1 0]. 
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Figure 3.6 Responses in the case of 10MW mechanical 
power step disturbance on machine 1 
with different weighting matrix Q 

(a) Rotor speeds of machines 1 to 3 
  [Q]=Diag[0 0.0005 0.1 0] 

[4]=Diag[0 0.001 0.1 0] 
[Q]=Diag[0 0.0001 0.1 0] 
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Figure 3.6 (b) Terminal voltages of machines 1 to 3 
0.0005 0.1 0] [4]=Diag[0 

• 0.001 0.1 0] [4]=Diag(0 
0.0001 0.1 0] [Q]=Diag[0 
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Figure 3.6 (c) Rotor speeds of machines 1 to 3 
  [Q]=Diag[0 0.0005 0.1 0] 

[Q]=Diag[0 0.0005 0.15 ()] 
[Q]=Diag[ 0 0.0005 0.05 0] 
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Figure 3.6 (d) Terminal voltages of machines 1 to 3 
[Q]=Diag[0 0.0005 0.1 0] 
[Q]=Diag[0 0.0005 0.15 0] 
[Q]=Diag[0 0.0005 0.05 0] 
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3.4.2 Optimal Output Multivariable Stabilizer 

From Section 3.4.1, the weighting matrix Q has been 

chosen to be [Q]=Diag[0 0.0005 0.1 01. Applying the optimal 

output feedback technique described in Section 3.2.2, the 

reedback matrix K can be obtained. Its values are shown in 

Table 3.2 and used in Chapter 4 for simulating the 

performance of the optimal controller. 

The eigenvalues of the system without control, and also 

with the optimal output control are shown in Table 3.3. The 

values of the dominant eigenvalues are analyzed in Section 

4.3.1. 

Table 3.3 The eigenvalues of the system without control 
and with optimal output control 

Eigenvalue's number Without control With optimal output control 

1 -44.152 -44.247 

2-3 -16.829±j20.708 -17.846±j20.621 

4-5 -16.550±j1.476 
* 

-22.779, -4.014 
* 

6-7 -2.311±j11.493 -11.027±j15.939 

8-9 -3.094±j9.673 -6.163±j12.396 

10-11 * -0.611±j7.190 *-1.555±j7.004 

12 -3.245 * -2.095 

" * " represents the dominant eigenvalues 



Table 3.2 The optimal output feedback matrix K for the three machine plant 

Feedback 

variables 

Power 

[
(Pe] 

Rotor speed 

[1( ] ' 

Terminal voltage 

[I(Vt] 

Field voltage 

[1KEf] 

Machine 1 2 3 1 2 3 1 2 3 1 2 3 

1 -0.0426 0.0091 0.0055 0.0080 0.0022 0.0035 -0.0013 -0.0676 -0.0530 -0.0008 0.0003 0.00008 

2 0.0133 -0.0406 0.0067 0.0014 0.0108 0.0037 0.0062 0.0087 -0.0376 0.0003 -0.0016 0.00012 

3 0.0069 0.0048 -0.0205-0.0014 -0.0008 0.0118 0.0485 0.0062 -0.0407 0.0002 0.0003 -0.00032 
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3.5 CONCLUSIONS 

In this Chapter, after the principle of designing an 

optimal multivariable stabilizer is described, the methods 

of solving two key problems involved in this design are 

discussed in detail; one is the iterative method to solve 

the Riccati equation and the other is the method of solving 

for the choice of matrix Q. The counteractions between 

improving system damping and decreasing static deviations of 

terminal voltages for the case of mechanical power step 

disturbance are discussed in detail related to the choice of 

suitable values of qVtand qw The methods reported in this 

thesis for solving these two problems were shown to be quite 

satisfactory for a three machine plant. 

At the end of this Chapter, the description of an 

optimal multivariable stabilizer which was designed for a 

given three machine plant is given. The next step described 

is the simulation of its performance to check whether it is 

satisfactory for damping intermachine oscillations or not. 

This study is reported in Chapter 4 of this thesis. 
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CHAPTER 4 

PERFORMANCE ANALYSIS 

4.1 INTRODUCTION 

In this chapter the results of simulation studies are 

given to show how the performance of the optimal output 

multivariable stabilizer compares with that of the 

conventional controller of the form used in practice in the 

Boundary Dam Power Plant of the saskatchewan Power 

Corporation. The results demonstrate the advantages and the 

suitability of using such an optimal multivariable 

stabilizer for a wide range of operating conditions. 

In Chapter 3, the design of the optimal multivariable 

stabilizer based on a reduced linearized model and linear 

optimal control theory is described. A power system, 

however, is a nonlinear system; can an optimal linear 

multivariable stabilizer designed in this way work well for 

a nonlinear system in which both internal and external 

disturbances occur? To answer this question the system must 
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be checked using a nonlinear simulation program. For the 

studies reported in this thesis the nonlinear model was 

simulated with the Power System Dynamic Simulation Program 

developed by Podmore [191 and briefly described in Section 

4.2. 

4.2 POWER SYSTEM DYNAMIC SIMULATION PROGRAM (PSDS) 

This PSDS program was developed as a special program to 

study the effects of generators, excitation systems and 

turbine-generators on power system transient and dynamic 

stabilities. The main features of the program are: 

(1) Inclusion of up to ten interconnected synchronous 

machines with a particularly high degree of flexibility in 

the representations of the machines,in that 

- the resistances of the system components 

can be included, 

- saturation can be represented in both 

axes as a function of the total air gap 

flux for a round rotor machine, while 

for a salient pole machine, saturation 

is represented only in the d-axis, 

- one damping winding in the q-axis can be 

included, 

- the round rotor machine representation 

includes transient saliency. 
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Comparing these representations with the assumptions 

listed in Section 2.2, only the transformer voltages of the 

machines are still not included and the mechanical input 

powers to the machines are kept constant in the 

investigation. The other assumptions are all removed. 

(2) It is based on a step-by-step integration of the 

machine and controller differential equations. The network 

equations are solved at each step. A time step of 0.001 

second which was used in all the simulation procedures, gave 

numerically stable and accurate responses with a reasonable 

computation time. 

(3) It allows for a flexibility of choice of the type 

of disturbances which can be used in the study of power 

system transient and dynamic stabilities. 

(4) It allows for flexibility in the choice of various 

types of controllers. 

Figure 4.1 illustrates a block diagram of the 

synchronous generator mod41 used in the program, the related 

generator equations for this model are listed in Appendix 

B.Note that it provides for a rotor winding in each of the 

d- and q-axis, magnetic saturation and coupling with the 

network equations, with the turbine and with the exciter.The 

model of the conventional excitation controller was given in 

Figure 2.7 and the values of its parameters for the three 



69 

machine plant were given in Table 2.3.The model of the 

optimal output controller which was added to the simulation 

program by this author is shown in Figure 4.2. 
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Figure 4.1 Synchronous generator model used 
in the simulation program 
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Figure 4.2 The model of the optimal output controller 
used in the simulation program 

[Kpe],[1(41],[Kvt] and [KEf] are given in Table 3.2. 

This includes all the deviations of output variables of all 

machines; i.e, 12 variables in all for a three machine 

plant, must be injected into every excitation control loop 

through the corresponding elements of feedback matrix [K ]. 

This is an interactive feedback between machines and between 

all the output variables, rather than a single variable 

feedback to an individual machine as in the conventional 

controller as shown in Figure 2.7. 
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4.3 COMPARISON OF SYSTEM RESPONSES WITH CONVENTIONAL AND 

OPTIMAL CONTROLLERS 

4.3.1 Comparison Of System Eigenvalues 

From the eigenvalue point of view, the comparison of 

performance of the optimal controller versus the 

conventional controller is shown in Table 4.1 which lists 

the dominant eigenvalues of the system found without 

controllers and with different controllers. 

Table 4.1 The dominant eigenvalues of the system 
with different controllers 

Eigenvalue 

number 

Without 

controller 

Optimal 

controller 

Conventional 

controller 

1-2 

3-4 

-2.311±j11.493 

-0.611±j7.190 

-2.095, -4.014 

-1.555±j7.004 

-1.765±j8.282 

-0.571±j7.101 

From the results given in Table 4.1 it is apparent that 

the dominant eigenvalues were shifted farther to the left in 

the complex plane by the optimal control. This made the 

system more stable. On the contrary, the conventional 

controller shifted the dominant eigenvalues to the right, 

and this means that, instead of improving system stability, 

the conventional controller supplied negative damping to the 

system and made the system stability worse. The original 
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oscillation frequencies, calculated from the dominant 

eigenvalues, were about 1.15 Hz and 1.87 Hz. The dominant 

oscillation frequencies using conventional control were 

about 1.13 Hz and 1.35 H 

In addition, the settling time of the system following 

a disturbance may be estimated approximately from the 

dominant eigenvalues. This is approximately 4/IRePilmin for 

a i2% steady-state value band. For the optimal control the 

settling time was 2.57 seconds, while for the conventional 

control the settling time was 7.00 seconds. This was 

checked also on the time response curves (see Section 4.3.1 

and Figure 4.4-4.5). From these results it can be concluded 

that for the system studied the optimal control can 

stabilize the system more quickly than the conventional 

,control can. 

The above comparison only considers the dominant 

eigenvalues which are obtained from the linearized model. 

Using a nonlinear model simulation (PSDS), further 

comparisons were completed for two typical cases which were 

small disturbance and large disturbance cases; one an 

internal disturbance and the other an external disturbance. 

They are discussed in Section 4.3.1 and Section 4.3.2. 

4.3.2 In The Case Of Small Disturbances 

The small disturbances used for the studies reported in 
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this thesis, were two step disturbances; one was 

mechanical power step disturbance on machine 1 as shown in 

Figure 3.5, the other was a terminal voltage reterence step 

disturbance on machines 1 to 3 as shown in Figure 4.3. 

Terminal 
Vref(pu)Ivoltage 

reference 

1.07-

1.05 

on machine 1,2 3 

Figure 4.3 0.02 pu terminal voltage reference step 
disturbances on machines 1 to 3 

The dynamic responses of the simulated system with the 

optimal output control and with the conventional control for 

the case of a 10 MW mechanical power step disturbance on 

machine 1 are shown in Figure 4.4 (a)-(d). The responses 

for the case of a 0.02 pu terminal voltage reference step 

disturbances are shown in Figure 4.5 (a)-(d). From these 

responses, the following facts are demonstrated clearly: 

(1) Although the 10 MW mechanical power step 

disturbance was applied to machine 1 only, intermachine 

oscillations are present in all three machines due to the 

interaction between machines. In addition, oscillations 
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Figure 4.4 responses for the case of 10 MW mechanical 
power step disturbance on machine with the 
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(a) Electrical powers of machines 1 to 3 
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-0  The conventional control 
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occur not only in active power but also in all the machine 

variables due to the coupling between the variables. This 

phenomenon can be observed also in the responses for the 

case of a 0.02 pu terminal voltage reference step 

disturbance. The interactions between machines and between 

variables would be more complex if the number of machines 

were increased. Fortunately, the Generalized 

Heffron-Phillips model accounts for these interactions 

qualitatively and quantitatively through the [1.11]-[M6] 

matrices as defined in Section 2.3 . The numerical values 

of the [.11]-[M6] matrices for operation around a given 

operating point were given in Table 2.7. The absolute 

values of the elements of matrices Ml-M6 indicate the 

degrees of these interactions and the signs of the elements 

indicate positive or negative interactions. 

(2) In this three machine plant system, because 

machines 1 and 2 are almost symmetrical electromechanically 

with respect to the common plant bus in these small 

disturbance cases, this system will tend to have two 

dominant electromechanical oscillation modes; firstly, 

between machine 3 and machines 1 and 2 moving together as a 

pair, and secondly, the three machines moving together as a 

group with respect to the large system. 
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Consider the responses in Figure 4.4 and Figure 4.5, a 

mode with a frequency of about 1.5 Hz and a slower mode of 

about 1.1 Hz oscillations appear to be present in the system 

with conventional control, but not in that with the optimal 

output control. This phenomenon indicates that the 

conventional control has little effect on damping these 

electromechanical oscillations, whereas, the optimal control 

can damp various modes of intermachine oscillations. This 

is because the optimal control is based on an optimal 

combination for all the output variable feedbacks, 

consequently, it can make use of the interactions 

sufficiently to give the best effect for the damping of all 

modes of oscillations. 

(3) To compare the responses of the system for the two 

kinds of control more clearly and quantitatively, Figure 4.6 

shows a typical time response of the output of a system for 

a step increase in input to the system. Aside from the 

initial and final steady-state values, three other 

quantities are of interest: 

(a) rise time Tr

(b) maximal overshoot M 

(c) settling time Ts

In addition, the static deviation of the steady-state 

value is also of interest. 
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These quantities of interest for the responses in 

Figures 4.4 and 4.5 are summarized in Table 4.2. For the 

sake of convenience, the heading "opt." denotes the 

quantities with optimal control and the heading 

"con."indicates the quantities with conventional control. 
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Figure 4.6 Typical time response of system 
to a step increase in input 

From Table 4.2. the following important conclusions can 

be drawn. There is no doubt that for variables Pe and w the 

responses using optimal control are much better than those 

using conventional control including all the quantities of 

Tr, '; , Mp and Sd. For the variable Vt, the responses with 

the optimal control are not as good as those of the 

conventional control. It appears that a counteraction 



Table 4.2 Compared quantities of the responses in Figure 4.4 and Figure 4.5 

Quantities 

Variables 

Rise time 
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exists between improving the performance of Pe , w and of Vt. 

In addition, because these two kinds of control are both 

proportional feedback control, consequently, there must be a 

static deviation of Vt in the step disturbance cases. The 

static deviation of Vt using optimal control is larger than 

that for conventional control, because smaller feedback 

gains are used for the optimal control. 

(4) From Figure 4.4(d) and Figure 4.5(d), it is 

concluded that in the first period after the disturbances, 

the field voltages change much more in the optimal control 

than in the conventional control in order to provide more 

damping to the system. This is because in the optimal 

control the field voltages have direct interaction with all 

the output variables; whereas, in the conventional control 

the field voltages have direct interaction with only the 

terminal voltage of the individual machine. That is why the 

deviations of the field voltages can not be penalized 

severely and RI ]=(0] (as shown in Section 3.4.1) is 
Ef 

reasonable for optimal control design. 

4.3.3 In The Case Of A Large Disturbance 

In Section 4.3.1, the simulation results shown that the 

optimal control is the better one for improving system 

stability in the case of the small disturbances. To 

ascertain whether this would still be the case for a large 
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disturbance, a simulation was carried out to determine the 

time responses for a three phase short circuit fault of 0.1 

second duration on the infinite bus. The resulting 

responses are shown in Figure 4.7(a)-(d). 

Because the three phase short circuit fault is the most 

severe type of fault, in this case immediately following the 

fault instant, the field voltages for both control systems 

rise almost to the same maximal values within the same time 

duration in response to the disturbance. Following the 

initial responses these field voltages differ since they are 

responses to different control laws. 

For the short circuit duration (0.1 second), the active 

electric power output of the plant is reduced while the 

mechanical power input of all machines are kept constant; 

hence, there appears a very large unbalance between the 

mechanical power and the active electric power output of 

each machine, which makes the rotor speeds of the three 

machines rise quickly. After the disappearance of the fault 

at 0.1 second, the intermachine oscillations remain much 

longer than in the case of small disturbances. The same 

modes of frequency response, about 1.5 Hz and 1.1 Hz 

oscillations as in the small disturbance cases are observed 

from the responses of the conventional control but not from 

that of the optimal control. Furthermore, in the large 

disturbance case, the optimal control still has more effect 
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on stabilizing the system than does the conventional 

control. 

The settling time Tr for variable Pe and w is about 2.0 

seconds with the optimal control, but about 7.0 seconds with 

the conventional control; the overshoots are also much less 

than those in the conventional control. 

The settling times of the terminal voltages are almost 

the same for the two control schemes, the overall 

performance of terminal voltages with optimal control is not 

quite as good as that with the conventional control. 

From all these simulation results for both the small 

disturbance cases and the large disturbance case, it is 

concluded that the overall performance with the optimal 

control is much better than that with the conventional 

control. 

4.4 RATIONALIZATION OF USING THE LINEAR OPTIMAL CONTROLLER 

Theoretically, the performahce of a linear optimal 

controller designed from the linearized model can be optimal 

only at the designed operating point, but not at all the 

operating points; therefore, if optimal performance is 

required over the whole operating range, adaptive control is 

needed and an on-line micro-computer must be used to change 

the feedback parameters as the operating point changes, such 
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an on-line adaptive control may be more complicated and 

difficult to implement than either a fixed optimal or 

conventional control system. 

The question arises: "can we use the fixed feedback 

parameters for a multimachine plant over a wide range of 

operating conditions and what is the result if we do so 

It is certain that if it can be done the controller will be 

much simpler and more easily implemented. In this section, 

it is shown that the optimal controller can work 

satisfactorily over a wide range of operating conditions, 

and this is another important advantage for the optimal 

control. The following information is useful for 

establishing this advantage. 

(1) From the eigenvalue point of view, the variation of 

the smallest real part of the dominant eigenvalue with 

feedback matrix K (refer to Table 3.2) fixed and with 

different operating points from 0.0 to 3.0 pu. active power 

on machine 3 are shown in Figure 4.8. This Figure shows 

that for very large power level operating conditions, the 

smallest real part of the eigenvalue varies very little, 

especially beyond the designed operating point (real power 

from 1.755 to 3.0 pu.). 



94 

(2) When [+0] is fixed as [0]=Diag[0 0.0005 0.1 0], 

different [I( ]'s are obtained with different operating 

points, the values of the smallest real part of the 

eigenvalue in this case compared with the values of fixed 

[K ] are shown in Figure '4.9. 

0 

0 0 

X0.00 I 0.30 I 0.50 0.50 ' 1.20 ' Lo 2.10' e ' 1 1 I 1 1 12.40 2.70 3.00 
POWER OF MACHINE 3#. PU 

Figure 4.8 Values of the smallest real part of dominant 
eigenvalue at different operating points 

  without control 
--4  optimal control with K fixed 
_4  conventional control J 
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1.   without control 
2. optimal control with Ky fixed 
3. optimal control with Ky varying with 

operating points ([01 fixed as 
[Q]=Diag(0 0.0005 0.1 OH 

These two curves are very close to each other and cross 

at the designed operating point. Before this crossing 

point, the values shown by curve 2 are a little better than 

those by curve 3 (the real part of the eigenvalues of curve 

2 are more negative), while beyond this point, the values 

shown by curve 2 are not as good as those shown by curve 3. 

If the optimal controller were chosen as the base of an 

adaptive control, from curve 3 it would seem that it is 

better to change the weighting matrix Q instead of fixing it 
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with different operating points in order to improve the 

system stability performance. 

(3) With [Q] fixed as [Q]=Diag[0 0.0005 0.1 0], the 

values of different [Ks]'s for the optimal control with 

different operating points are shown in Figure 4.10 (a)-(i). 

From these curves, the interesting thing is that the 

parameters change little under a wide range of operating 

conditions (active power on machine 3 from 0.5 pu. to 3.0 

pu.). Only K [1,3],K [2,3],K [3,3],K [1,9],Ky [2,9] change 

very much under the lower power conditions (active power on 

machine 3 from 0.0 pu. to 0.5 pu.). 
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operating points with [0] fixed as 
[4]=Diag[0 0.0005 0.1 0] 
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(4) The responses of the optimal control with fixed 

[K y] and with different operating points (0.8 pu.-1.755 

pu.-3.0 pu. active power on machine 3) for the cases of 

small disturbances and large disturbance are shown in 

Figure 4.11, Figure 4.12 and Figure 4.13 respectively. Only 

the responses on machine 1 are presented to illustrate the 

effects; the tendency of the responses on the other machines 

were found to be similar to those on machine 1. 

From these Figures, it was determined that for 

operation at power levels below the designed operating 

point, the responses are not quite as good as in the case of 

Ayref step disturbance, while above the designed operating 

point, the responses are not as good as in the case of APm

step disturbance and short circuit disturbance. However the 

actual change in response characteristics was found to be 

small. The performance is satisfactory using a fixed 

feedback controller under a wide range of operating 

conditions. 
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4.5 CONCLUSIONS 

In this Chapter, the system performances obtained from 

simulation studies on a nonlinear generator model are 

reported. The time responses with conventional and optimal 

controllers for the case of small disturbances as well as 

for the case of a large disturbance showed that the optimal 

controller possessed higher capability to damp out all the 

intermachine oscillations and also to improve system dynamic 

stability 

also shown 

adapt to 

the linear 

more than the conventional 

in this 

a wide 

optimal 

plant operation. 

controller did. It is 

Chapter that the optimal controller can 

range of operating conditions; therefore, 

controller is suitable for multimachine 
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CHAPTER 5 

CONCLUSIONS 

The conclusions arrived at from the studies reported in 

this thesis fall into several categories; those related to 

the modelling, to the control strategy and to the simulation 

results. 

(1) Modelling 

In controller studies, the primary step is to choose a 

satisfactory model of the plant. The main considerations by 

this author are given in Section 2.1, i.e, why a reduced and 

linearized model with measurable output variables is 

suitable for a multivariable controller studies and why the 

Generalized Heffron-Phillips model is chosen. The 

Generalized Heffron-Phillips model is an extension of the 

well known Heffron-Phillips model of a single synchronous 

generator to a multimachine plant. The merits of this model 

are demonstrated once again in this investigation of the 

optimal controller, i.e, the model provides more physical 
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insight into the interactions between the multimachines than 

other models. Its lower order, still with sufficient 

accuracy for control studies, as well as its simple state 

space expressions, prove it to be a very practical and 

effective model. This model deals with the interactions 

between machines, not only qualitatively but also 

quantitatively since parameters can be calculated by 

generalized formulae such that this model can be applied to 

any arbitrary multimachine plant. 

(2) Control strategy 

In this thesis, it is shown how linear optimal control 

theory could be applied to a multimachine plant to develop a 

new kind of multivariable stabilizer which is different from 

others [24] in terms of control strategies. Guidelines for 

the setting of such a stabilizer were established and all 

the feedback variables of the optimal controller are the 

measurable output variables, which make the implementation 

of this optimal controller possible. 

The main problems involved in using optimal control 

theory, which are the methods of solving Riccati equations 

and the determination of the suitable weighting matrix [01, 

are discussed in detail in this thesis. The results show 

that the iterative method is an accurate and simple method 

for solving Riccati equations. It could be used for a three 

machine multivariable stabilizer design. In order to choose 
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the best Weighting matrix [0] so as to damp the 

electromechanical oscillations optimally, the trial and 

error approach proposed by this author is an easy and 

effective method. By using this method, the elements qw and 

Vt 

role in influencing system performances, whereas, q and 
Pe 

q f are secondary elements which can be fixed at the smaller 

values for the trials. It was demonstrated by the system 

eigenvalues and performance characteristics, that in the 

choice of and qw , counteractions exist between improving 

system stability and decreasing the static deviations of 

of [0] are the primary elements which play an important 

terminal voltages in the case 

larger elements qw appear to 

far to the left in the complex 

of step disturbances. The 

shift the dominant eigenvalue 

plane and increase the static 

deviations of terminal voltages in the case of step 

disturbances. The larger elements q_Nt , on the other hand, 

decrease the static deviations of terminal voltages and make 

the system stability worse. 

and synthesis should be 

[0]. In addition, from an 

Therefore, considerable care 

exercised in choosing a suitable 

eigenvalue point of view, larger 

absolute values of the negative real parts of the dominant 

eigenvalues should indicate better damping of system 

oscillations; however, eigenvalues are obtained from 

linearized models. As a matter of fact, the multimachine 

plant is a nonlinear system, and a further check on the 

nonlinear simulation model reveals that the actual allowable 
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range of the weighting matrix Q for getting better 

performance of the system is limited. From this limited 

range of [4], the best (01 can be chosen with a few tries 

(trial and error approach). It should be pointed out that 

using a linear model for design and using a nonlinear model 

for checking is a practical and effective method for these 

kinds of control studies. It can simplify the design 

procedure and get the satisfactory results for the real 

system. 

(3) Simulation results 

Simulation tests have been run on a nonlinear model to 

compare the performance of the optimal control with that of 

the conventional control in three cases, i.e, the 10 MW 

mechanical power step disturbance on machine 1, 0.02 pu. 

terminal voltage reference step disturbance simultaneously 

on all three machines and a three phase short circuit fault 

of 0.1 second duration on the infinite bus. From the 

simulation results, it can be concluded that because the 

optimal control is based on the optimal interactive 

feedbacks between machines and between all the output 

variables, rather than a single variable feedback to an 

individual machine as shown in the conventional control, it 

can damp the various intermachine oscillations quickly and 

optimally even for a large disturbance; whereas, the 

conventional control can not affect the system optimally in 
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this way. 

In addition, the responses of variables Pe and w using 

optimal control are much better than those using 

conventional control including all the quantities of rise 

time T
r
, settling time Ts, maximal overshoot Mp and static 

deviation Sd. For the variable V
t
, the reponses with the 

optimal control are not as good as those of the conventional 

control. It appears that a counteraction exists between 

improving the performances of Pe, w and of V. The optimal 

control causes the static deviations of the terminal 

voltages to be larger than the conventional control also 

because the optimal control involves the proportional 

interactive feedbacks of all the output variables and the 

feedback gains are small. Still the static deviations in 

these cases are small and within acceptable bounds. 

(4) Suggestions for further work 

The investigation for proving the rationalization of 

using the fixed optimal controller was carried out in this 

thesis and shows that the fixed optimal controller can give 

satisfactory results under a wide range of operating 

conditions. This investigation has paved the way for 

further work on the fixed suboptimal controller, simple 

optimal on-line computer control and adaptive control based 

upon optimal control theory. 
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7. APPENDIX A 

The generalized coefficient matrices of Section 2.3 can 

be calculated as functions of the operating point quantities 

of the machines in the plant, the elements of these matrices 

are: 

K : 

Kl
ii

n 
- Z K1

ik k = 1 
k#1.• 

cosd E . E 
qdio adko K1 = - tn. di 

qio 
a
ik 

E
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s . -a. a. 
ik x + x o x . + x . el. di ei 

K2: 

K3: 

K4: 

K2. . 
11 

X
ei 

+ x
qi 4
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APPENDIX B 

The equations related to the synchronous generator 

model shown in Figure 4.1 are summarized below: 

q-axis stator equation, 

Vq =E q '--X d'Id-R aIg

d-axis stator equation, 

Vd =Ed' +X q l Icr'Raid 

d-axis field equation, 
• 

Eq =(KEf -Eq Xd-Xd ) ) /Tdo

q-axis damper equation, 

Ed ' =(-E d'+(Xq -Xq ) I q )/T go ' 

The rotor mechanical equations, 

w=(Pm-Pla -P1-Dw)/2H 

6=2rfow 

The machine saturation is represented by varying the 

reactances and time constants as a function of a saturation 

factor k, which is in turn a function of the air gap flux. 

The generator mutual reactances saturate: 

Xad =XXacd)

Xaq =Kxaq

The saturated synchronous reactance are given by 

XeK4 +(1-K)X1 

Xq =KX(1 +(1-10X1 

The saturated open circuit transient time constants 

are: 

0 0 0 
Ta0'-.Td01 [1-(1-K)(xd -xe)/(xd -)(1)] 
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T010 '=Tcloo [1-(1-K)(Xci -Xcl')/(Xci -Xi)] 

The transient reactances Xd ' and Xq are not sensitive 

to typical variations in and are assumed to be 

independent of the generator saturation level. 

To determine the machine saturation level, the air 

gap voltage is calculated using: 

Eaq=EcC-(Xce-X1)Id 

Ead'Ed li-0(
2 

Eat = Eaq +Ead 
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