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ABSTRACT

The formulation of a variable structure excitation control
system 1s presented for a synchronous generator at no-load. Factors
influencing the design are investigated and properties of the generator
excitation in  siiding mode are revealed. It has been vernfied
through a digital computer simulation that an improved dynamic
performance is obtained. The existence of physical limiis in the

generator system degrades the quality of variable structure excitation
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charactenistics. However, other characteristics are maintained yielding

quicker response and reduced seasitivity 10 parameter changes.

1. INTRODUCTION

In designing excitation control systems for synchronous
generators, 1t is desirable to make the generator system insensitive
to parameter vanations and adjustable for improved dynamic perfor-
mance {1]. Variable structure control techniques have been proposed [2,3]
to achieve robust system performance. The variable structure
excitation control differs from conventional control methods in that
it changes the structure of the generator excitation systems. The
sliding regime resolves the conflicting requirements in the desired
generator performance demanding speed of response and high static

regulation accuracy.

In this paper, the application of variable structure control
theory is iovestigated using digital simulation for an unloaded
synchronous generator connected to an infinite grid. The simplicity
of the unloaded machine model enables a clear view 1n the inherent
behavior of the variable structure exciration control. It has been a
normal practice for installation engineers 10 consider the adjustment
of excitation control parameters to optimise the generator performance
during the initial testing stage, on-site [4]. The simulation study
illustrates the main features of the variable excitation coatral
indicating possible improvement in the dynamic system performance.
The study includes the influence of control on speed of response,
excitation effort, sensitiviry characteristics and the role of excitation

limits in reiation with overall system performance.
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2. SYSTEM MODEL

Figure 1 shows a schematic representation of the syachronous
generator system. The system incorporates an exciter and an électronic
voltage regulator, AVR. The generator terminals are connected to an
iwnfinite bus through a single tie-line. [a this study two configurations
are considered for the generator excitation control system [5]. The
block diagram of this scheme s shown n Fig. 2 where the system

model consists of the following elements:

1) Electronic amplifier

Gy (9) = (1)
1+ 8T, :

1) Exciter

K
Gp (8) = —— 2)
| + ST,

1i1) Internal excitation stabilizer

K
Gp (8) = —E— (3)

+
1 STP

iv) Synchronous generator at no-load

Gg (8)=—— (4)
1+8T 40
The second coafiguration is in Fig. 3 where a variable structure
excitation controller is depicted. The controller-block consists of a
logic element, switching elements, and 2 computation module. Only

one feedback signal is required in this configuration.

B FATMA-0)
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Taking the difference between in the generator output voitage
signal and the desired voltage signal as e (t), the state variables of

the unloaded generator system can be defined as:
Xp()=e() (3)

Xy (1) =X, (1) (6)

The uncontrolled generator system equations are:

X =AX()+Bu(t) (7

where:

ﬂ 4 [ 0 1 1

Ay ety

ET -[ﬂ .hl]

e, = ”TJ.;,

L | (rc-'T:b)
and

bl"K.al

Equatien (7) represents a simple state-model of the synchro-
nous machine with its excitation system and the generator is connected
to an infinite busbar. The purpose of adopting such siraple second
order model 1s to demonstrate the influence of the variable structure
control on the quality of the transient response of the generator
excitation system, taking into account the excitation control effort
and the sensitivity response to parameter variation. However, the
system stability is not directly addressed but implicitly considered by
judging the transient response of the system at no-load. Hence, a
parallel correspondence has  been created between the real

BN FATMA-]
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comrmissioning situation for the adjustment of the generator excitation
system and the simulation study. This is to obtain a useful judgment
on the best machine performance following excitation parameter

tuning.

The aim is to simplify the analysis, yielding practical results
without consuming further computation efforts using higher order
models for the ioaded machine.

3. CONTROL IMPLEMENTATION

The principle of variable structure control is based on designing
a switching controller which changes from one structure to another
following instructions received from a certain switching logic [6].

The logic operates according to the change of signs of the
signal R (X), where:

Xi=X (8)

§(X)=C"X &)

R(X)=X; 8(X) (10)
and C' is a switching vector which is given by:

¢’ =(C, 1] (11)

X' = (X 1 (12)

Details on evaluating the switching vector C for higher order
systems are given in Appendix L.

The choice of the switching vector C depends on the penalities
imposed on the deviations of the controlled terminal voltage

response.

BIAIFATMA-O]
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The switching hyberplane is defined by:
3 (X)=0 (13)

The following equation gives the variable structure control law:

u(t)=-y X (1) (14)
where:
[d fR(X)>0
W =
f I R(X) <0 (15)

The values d and f represents positive and negative gains

respectively. Their magnirudes are considered equal in this study.

The generator excitation control system operates in a sliding
mode (7] if :

lim gSoSlim db

3> +0 gt §5-0 g1 (16)
; dd
or limy 8= S0 (17)

provided that the following conditions are satisfied:

C, < [a, + (a} - 4a‘)x]f2 (18)
2 2

Cl> (o, - (8] - da) 12 (19)

d> [cl -2 - C:]!bl (20)

f<IC a, - By~ C:]!bi ‘ (21)

Where: a, and a, are system design constants as defined above in
the system model given by Equn. (7)

BIEFATMA]
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Figure 4 depicts a functional block diagram of the variable
structure excitation controller. A feedback signal, X; (1), is derived
from the generator terminal voltage variation. The signal X, (t) is
requirzed for computing logic and switching signals in the variable
structure scheme. Although the switching vector, C, can be evaluated
by the projector theory [8], it has been experimentally chosen to
minimize the transient voitage-error signal and to decrease the

trapsient sensitivity response of the generator system(9].

4. SIMULATION ANALYSIS

The simulation routine used for implementing the variable
structure excitation control law is represented by the flowchart of
Fig. 5. Initially, the control parameters, such as the coefficients of
the switching vector, C, and the controller-gains, d and f, are
entered. Selection of “d-f” parameters should be within the limits
satisfying the conditions of sliding mode operation given by equations
(20) and (21). Based oa the polarity of the switching function, R (X),

decisions on chauging the system structure are then taken.

Finally, the control signal, u (1), is generated in an optimal
sense. The control signal is then used to trigger the power circuit
feeding the static exciter. The exciter output is the generator-fic'ld
voltage. The overall digital simulation program is presented in
Fig. (6). The simulation program accepts the system design and
operating pararueters and it computes the generator transient
terminal response and the excitation control effort. A numerical
integration routine, RKS, based oo Runge-Kutta fourth order method
with fixed step [10], is used to solve the system differential equations.

BAEIFATMA 9)
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Effectiveness of the variable struciure excitation controi strategy
is tested by evaluating several performance indices at the end of every
simufation run. An optimum dynamic system performance is judged by its
to bring the generator terminal voltage variation close to zero, with
minimum sensitivity to parameter performance, and without excessive
¢expenditure of control effort [11]. The following performance indices

are computed by the simulation programs:

i - Performance index o measure optimality of transient response

characteristics
Ix= [ xima (22)

ii - Performance index to measure the quality of control effort:

Ju= [ U@t (23)

til- Performance index to measure system response seasitivity to

changes in the design parameter, (P);
Is= | spma (24)

Table (1) gives the nominal values of the design parameters
of the staric exciter and the synchronous generator used in the

simulation program.

Table 1: System design parameters

Exciter Genersator

Ke =40 T'do = 3.46 sec.

Ta =0.05 sec.

B/B|FATMA-2)
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5. SIMULATION RESULTS

5.1. Transient respouse

Several parameters have been tried for the conventional and
variable structure excitation control schemes. The purpose is to obtain
optimum coatrol parometer settings for both control methods so
that a reasonable reference base can be considered for comparison,

Table 2 gives set-values of the excitation control parameters.

Table 2: Parameter settings for two excitation

control methods

Conventionsl Variable structure
Kp =10.03 d=35
Tp = 1.00 sec. f=-5
Ka =10 C,=15
T = 0.02 sec,

Figure 7 shows the computed dynamic error responses of the
generator excitation control systems for a step change in the
reference voltage signal. The transient response of the excitation
control signal is shown Fig. 8. A detailed comparison of the
tesponses for the conventional and variable structure control
methods are given in Table 3, based on the computer simulation
results, several observations are in order:

a) On comparing the transient excitation error responses, it can be
seen that a great improvement in the dynamic performance of
the synclironous generator system has been obtained in the case
of variable structure control. The variable structure excitation

system 1s faster as judged by 1ts sectling time of 0.4) second when

BMFATMA 0
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b)

compared with that of conveational excitation control having a
settling time of 2.8 seconds. No overshoot is observed with
variable structure control. Moreover, the conventionai excita-
tion contrel suffers from an osciilatory dynamic response. The
quality of variable structure response is measured by a perform-
ance index, J, 0f0.2301 which is lower than that computed for
conventional excitation coatrol having a value of 0.5756.

Examining the transient excitation control signal curves of
Fig. 7, it is seen that the energy required to generate the excitation
control effort is very much reduced using variable structure
control strategy, The computed control effort, J, for variable
structure control is 605.26 which is three times lower than that for

the conventionezl excitation system having an index of 1388.62.

Table 3: Comparison of dynamic performance characteristics

. Variable
Computed Attribute Conventional structate
1. Settling Times, s 2.8 0.41
2. Maximum overshoot, % 20 0
3. Voltage response index, Jy 0.5754 0.2301
4. Control effort index Jy 1888.62 605.26

5.2. Switching Characteristics

The operation of variable excitation control system io sliding

mode is the main reason of obtaining a fast system response

without oversboot. The larger the values of "f" and "d" gains the faster

the representing point will reach the switching line and the smaller

BB FATHA-0]
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the steady state error will be. Once the representing point reaches

the switching line, the excitation system equation of motion becomes:
X +X()=0 (25)

Equation (25) is a first order differential equation describing the
generator dynamics without overshoot. To demonstrate the effect
of C, on the speed of system response, three representative values
were chosen. Increasing C, from 5 to 15 decreased the settling-time
of the transient response from 1.25 seconds to 0.44 second. The
simulation results shown in Fig. 9 demonstrate the influence of

switching parameter C,.

5.3. System Sensitivity

To test the robustness of the synchronous generator excita-
tion system, the dynamic sensitivity functions of the system voltage
to changes in the system design parameters are computed [12]. Several
sequential variations have been introduced in the dominant system
design parameters at no-load. The computed dynamic sensitivity
responses are shown in Fig. /0. When comparing the sensitivity of
variable structure excitation with that of conventional excitation, it
is observed that variable structured countrol casuses a drastic
reduction of terminal voltage sensitivity 1o variation in generator open
circuit time constantas shown in Fig. I10.a. The computed

sensitivity performance index, Js, in case of variable structure control

is 0.175 which is very much lower than of the conventional voltage

regulator system having a corresponding sensttivity index of 4.901.
Fig. 10.5 depicts the sensitivity functions of the generator terminal

voltage with respect 1o the exciter design parameter K.

B/ FATMA-D]
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The variable structure excitation control still exhibits a lower
sensitivity which is weighted by an index of 0.38 The correspoad-
ing sensitivity index for the conventional excitation control is
3.835. The sensitivity transient response of generator voltage with
respect to changes in the exciter time constant, T, is shown in Fig. 10.c
Comparing the sensitivity indices in this case it is found that itis
0.47 for variable structure control and 1.58 for conventional
excitation conirol. The above simulation resuits have shown that the
variable structure excitation control 1s not sensitive to changes in
system parameters. This demonstrates a salient feature of operating
the excitation system in a sliding mode.

5.4, Excitation Limits

Physical limits exist within different parts of synchronous
generator excitation system. The limits include hard an soft saturation
characteristics of electronic amplifiers and magnetic circuits inside
the machine. The nonlinear nature exerted by these limits is usually
reflected on the quality of generator dynamic performance. To study
the influence of excitation limits, hard limits have been simulated
as imposed on the controller out-put, The variable structure control

parameters chosen in this part of the simulation study are:

C| =15
f =-5
d =+35

Three levels of hard limits are tried in the simulation runs. They
range from + 1.5 1o + 3.75 p.u. The control effort performance index, Jy,
has been computed for every limit and the results are given in Table 4. It
is seen that the controi increases as limits are decreased. The variable
structure coantrol pushes the excitation control signal in a direction to
compensate for the limited bounds imposed on the signal variations. The

BIEIFATMA0)
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action is necessary for the excitation system 1o reach the sliding mode.
However, the presence of limits on the control signal, slows down the
overail system response, as can be observed frora the error transient
curves in Fig. I1. Increased setting ume in this case is caused by the
delay of switching operation inside the coatrotler.

Table 4: Influence of excitation limits

P.U. limits Control effort index
+1.5 1.025
+ 2.5 0.985
+3.75 0.860
no limits 0.610

6. CONCLUSION

The paper presented a study of variable structure excitation
control of an uolcaded synchronous generator which is connected
to an infinite bus by a tie-line. A digital simulation study has been
conducted to investigate various aspects of system's performance.
Operational characteristics of the synchronous generator with
excitation in sliding mode are strongly improved.

" The performance of the synchronous generator at no-load has
been compared with that obtained using conventional excitation
controllers. Simulation results have shown that variable structure
control reduces the system sensitivity (0 variations in its design
parameters. A proper choice switching parameters and controller's gain
will yield a better dynamic performance than the conventional excitation
controller, in terms of quicker response and smaller control effort.
The influence of system nonlinearities represented by limits on the
coatrol signal has been aiso investigated. Although control limits degenerate

BIRIEATMA-0|
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the improved dynamic system performance, the variable structure excitation
control is still better than conventional control methods.

7. LIST OF SYMBOLS

C = switching vector s = laplace operator.
d,f = variable structure control- Sp(t) = [ransient sensitivity

ler's gains. o function with respect to
e (1) = transient excitation error parameter "P"
signal. TA = amplifier time constant.

G (s) = rransfer function
Iy transient response
performance index.

T'qo = direct axis open-circuit
time constant.

e Te = exciter time constant.

J 1 o ; :
v ;s:::;ww mcomnes U (1) = transient control signal.
J, = control effort V(t) = terminal voltage.

Performance index. Vf(t) = generator field voltage.
KA = amplifier gain. VR = reference 1nput signal.
Ke = exciter gain. VS = variable structure.
Kp = stabilizer gain. X = state-vector

BAFATMA-D)
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APPENDIX 1

Evatuation of Switching Vector for Higher Order Systems

For a system of an order n, it can be represented by the
following state-model:

dXie'dt = Xi.1 i=1,2,..,n-1

n
aXo/dt=-T_ X, -bu (A-1)
1=

where: a; is system design constant. To implement variable

structure control strategy, the control law will be given by:

u=yy X, (A-2)
d if 8. X, >0

W= [
f if 6.X,<0

where:

d = positive gain

f = negative gain

n
§=ZL C; X (A-S}
i=1
and

C, = positive constant.

The model of the variable structure controlled system
becomes:

BIAFATMA-O)
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dXi/dt = X;+1 R T M T |

n
dx.’dl =.5 a; X; = b‘lel (A-‘)
=1

For the system to reach the sliding mode, the following
condition should be satisfied:

Lim  8d&/dt <0 (A-3)
610

Applying the condition of Eq. (A-5) on the system described
by Equn. (A-4), we get:

n-1
dd/dt=d X,/dt + £ C,; dX;/dt.
=1
n a-1
=.F 3; X - bll!],X| i E C; xirl (A-é]

i=1 =1
When:

& = 0 Equation (A-3) becomes:

n-1
Xo=-Z CX (A-7)
i=1

Substituting for Xn from Eq. (A-7) into Eq. (A-6), we get

n-1
dBldi = I (C..[ -2; + Cia, - C; Cu-l) X; + (C.a. -a,
=0 =2

-Ci Co - b)) X, (A-8)

DIE|FATMA )
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The constants of the switching vector C can be obtained from

the following relations satisfying Equations (A-8) and (A-4):
Ciit -2 = (Cyot ~ a4} C, 1=2,3,..,0

f>2(¢a+Cia,-CiCoa) /Db

d < (-a, + Cya, - C,Cauy) /h

BrR|FATMA-0]
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INPUT PARAMETERS OPF:
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| compure: A & B
b
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[

T == T ¢ 4T
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