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ABSTRACT

This paper presents a study on “ application of variable
structure control techniques for improving power system
dynamic stability ”. The basic concepts of variable struc-
ture control (VSC) are discussed. The procedure of design-
ing a variable structure controller for the linearized model
obtained by linearizing non linear characteristics of a syn-
chronous machine connected to infinite bus bar is explained.
The possibility of a controller which would guarantee proper
operation irrespective of machine output power, transmis-
sion line reactance and infinite bus voltage is discussed.
The results of the simulation studies show that with the pro-
posed controller, the stability of the synchronous machine is
improved significantly.

INTRODUCTION

The power system stabilizers are used to improve the dy-
namic stability of synchronous machines connected to the
power system. Most of the PSS designs which are based
on classical or optimum control techniques use a linearized
model of an electrical machine connected to power sys-
tems [1-4]. Although the controllers thus designed perform
extremely well at the designed operating point, their perfor-
mance at the other operating points may not be satisfactory.

Variable structure control techniques can be used for the non
linear control design to ensure satisfactory operation over a
wide range of operating conditions. In this paper, a vari-
able structure controller which gives satisfactory operation
irrespective of machine output power, system impedance
and infinite bus voltage will be designed. The design of
the variable structure controller is first explained for the
linearized model obtained by linearizing non linear char-
acteristics of a synchronous machine connected to infinite
bus bar around a pre-selected operating point. The proce-
dure is later extended to accomodate non linearties in the
synchronous machine operation.

CONCEPTS OF VS8C

Variable structure control systems(VSC) constitute an im-
portant class of control systems. The basic philosopy of
VSC is for the system to change into different structures at
certain instants so as to combine the desirable properties and
at the same time to eliminate undesirable properties of each

of the structures.

The changes in the structure take place with respect to a cer-
tain predetermined surface known as the switching surface.
In this case desired parts of the trajectories of two different
structures can be combined to form a new structure with
desired trajectory and new system properties. The benefit
of introducing this additional complexity, as compared to
other control methods, is the possibility of combining use-
ful properties of each of the structures. More over, VSC
can possess new properties which are not inherent in any of
those structures.

Another aspect of VSC is the possibility of obtaining trajec-
tory describing a new type of motion called “sliding regime”
which is not inherent in any of the original structures. In this
case, when ever the system state leaves the switching sur-
face, the controller changes its structure so that system state
is forced to constrain its motion on the switching surface.
This motion is referred to as the sliding mode or the sliding
regime. In the sliding mode the system dynamics are gov-
erned by the equation of the switching surface. Therefore
operating the system in the sliding mode makes it robust and
insensitive to parameter variation and disturbances.

1 VSC design

To illustrate the basic VSC design criteria, ath order mul-
tivariable system with m number of inputs is considered in
the following controller cannonical form.

X A i Ap X1 0

X, Azt | Agp | L X2 B2

The submatrices are of the dimension; X, : (n—m)x 1, X,
tmx1, Ay (n—m) X (n—m), Ap: (n~m) xm, Ay
tmx(n—m),Ap:mxm,B:mxmandu: mx 1.

The switching plane is given by the equation

X3
} =0, @)

‘7=[01502] X»

where C} and C; are m X (n — m) and (m x m) matrices
respectively.
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A Design of switching hyperplane

By substituting equation (2) in (1), Xl can be reduced to;

X1 = [A11 — A2 C;l 01]X1 (3)

The above reduced system has the feedback structure “A 11+
A12F" with F = —C5C;. If the pair (A11, Alz) is
controllable, then it is possible to effectively use classical
feedback control design techniques to compute F such that
A1+ A12 Fhasdesired characteristics. Therefore itcan be
assumed that C2 = I =identity matrix and the pole place-
ment technique can be used to select a suitable matrix Cy
such that the eigenvalues of the matrix [A1; — A2 Cq] char-
acterising the dynamics in the sliding mode have a desirable
placement.

B Selection of control gains

Selection of control gains is the second phase of the VSC
design procedure. Here the aim is to determine switched
feedback gains which will drive the plant state trajectory to
the switching surface and maintain a sliding mode condition.
A necessary and sufficient condition for making this happen
is
oo < 0.

From equations (1) and (2), by substituting for &, the fol-
lowing condition can be obtained.

[(C1A11 +C2A21) X1+ (C1A12+C2Az2) X2
-+ Cz2B, ll] <0 (4)
Let’s assume the feed back control which satisfies this con-
dition is
u="x; (5)

.where
lII::[‘Pl Yy oo .. ‘{""]

By defining a quantity ueq, equivalent to a form of feed
back control such that,

Ueq = —(C2B2)'{(C1A11+C2A2)Xy
+(C1A12 + C2 Az2)X2] (6)
= Weqx @
equation (4) can be simplified to the form,
C2Bz [(T —Toq)x] 0 < 0 (8)
As C232 > 0, the above condition is satisfied if

poo @< Y., when z;0>0
= Bi > W, when ;0 <0

LINEARIZED MODEL

The linearized dynamic model of a single generator supply-
ing an infinite bus through external impedance, including the
effects of voltage regulator and excitation system, as treated
in the reference [5] can be obtained in the following form.
The parameters in these relations, Ij....I{s are defined in
reference [6].

344,
Ky = K3 Ks — IS K,

r Kelv- I K K¢ 7
Ay ofir ey . K A
Ky R
AR Kk _KaKs o K || ap,
— Ky Ky ,;0
A _ Y
w 0 ¥ 0 0 Aw
K, 1
At’—fd I —T 0 0 —F | Ae 1d
0 0
0 0
-
0 =537 || aP.
K,
T, 0
Av,
_ ]\’2 I\’s APC
AS = [E -7 © 0] o
Aegq
where

Ky — K3 /G Ky _ Ks — K3K4Ks

Ko =
) A T,

i \’7 =

"

CONTROLLER DESIGN

A synchronous machine with the parameters given in ap-
pendix is assumed to be delivering (0.8 + j 0.6) pu to an
infinite bus of voltage 1.0/0 pu through a transmission line
of impedance 0.4 pu. The mechanical power input is as-
sumed constant.

The open loop poles of the above system are at the positions
—0.0752 + 7 6.8284, -2.6837 and -17.629. To improve the
stability of the system, the poles are to be located away from
the imaginary axis. Therefore the eigen values of the closed
loop system given by the matrix [A11 — A2 Cq1] .are
selected at (—2 + 76), (—2 — 76) and -10.

Then the switching plane can be determined as given by the
following equation.

o = 100.42 Av, — 46.88 AP, — 7.65Aw + Aesa (9)
The equivalent control gain W, is given by

Woq =[1.0999 0.5386 —0.1162 0.0129] (10)

Therefore sufficient condition for the existence of sliding
mode on the switching surfaces are

Table 1: Selection of control gains

b 41 P, b ) v,
o; || < 1.0999 | < 0.5386 | < —0.1162 | < 0.0129
B; [ >T10999 [ >0.5386 | > —0.1162 | > 0.0129

1 Extension of the design for non linear systems

As the operating point of the machine varies, the parameters
of the model varies and the set of values obtained for the
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equivalent control gains varies. For example the variation of
the parameter K and the equivalent control gain 1 with op-
erating power is shown in the following diagrams. Similar
variations can be observed in other parameters and equiva-
Ient control gains.

Control gain 1

Fig. 2: Variation of control gain 1

The variation of the controller equivalent feedback gains
over the stable operating region of the machine, keeping
infinite bus voltage () and transmission line external reac-
tance (.) constant at 1.0 pu and j 0.4 pu respectively has
been studied and the results are shown in the following table.

Table 2: variation of equivalent control gains

¥, Y, T, P,
1.1357[5.1643 | 0.2743 | 0.0129
0.8786 | 0.2597 | -1.9589 [ 0.0129

maximum value
minimum value

2 Effect of system impedance and infinite bus voltage

Studies have been extended to determine the variation of
the equivalent control gains with the variation of system
impedance and infinite bus voltage. For various values of
system impedance and infinite bus voltage, the variation of
equivalent control gains over the stable operating region of
the machine has been studied. The analysis has been carried
out for the values of system impedance (z.) of 0.2, 0.4, 0.6
and 0.8 pu and for the values of infinite bus voltage(/2) of
0.8, 1.0, 1.4 and 1.8 pu. The variation of extreme values
(maxima and minima) of equivalent control gains within the

feasible operating region, for different values of z. and ¥ is
represented in the following table.

Table 3: Global variation of equivalent control gains

¥, ¥, ¥, P,
1.2415 | 10 1 0.4675 | 0.0132
077321 -59 1 -531 [0.0127

maximum value
minimum value

3 Universal controller design

The maximum and minimum values of table (3) indicate
the global range of the variation of the equivalent control
gains for all practically feasible operating power settings, for
different magnitudes of infinite bus voltage and for different
magnitudes of system impedance. Therefore in the VSC
design the switched feed back gains can be selected so that
the whole possible operating region is encompassed. This
will guarantee the sliding mode operation for any operating
state, infinite bus voltage and system impedance. Therefore
for the controller design the switched feed back gains can
be selected so that

Table 4: Global selection of control gains

¥ v, ¥, W, ]
o [ <0772 <59 < =531 [ <0.0127
Bi [ >T124157>10 >0.4675] > 0.0132

TRANSIENT PERFORMANCE OF THE CONTROLLER

For the variable structure controller, the switched feed back
gains have been selected as follows.

Table 5: Selected control gains

' BRARNRZ
o | 2] -8 1-55]0.01
g2 1121 3 17002

Simulation studies have been carried out to determine the
transient and dynamic stability of a generator connected to
an infinite bus through a double circuit transmission line.

The transient response of the machine for a three phase fault
of 0.08 s duration in one of the transmission lines near the
machine terminals has been studied. The fault is cleared
by opening the faulted line. The transient responses of the
machine subjected to the above fault condition for prefault
output powers of the machine of 0.8 + ;0.6, 1.0 — 0.2,
1.2+ 70.8 and the control variation corresponding to prefault
output power of 0.8 +j 0.6 are shown in the figures (3)- (6).
A simulation time step of 1 ms and a control time step of 10
ms were used in the simulation. The response of the VSC
controller has been compared with that of a pole placement
controller with poles placed at the same positions as placed
in the VSC controller.

The simulation results given in figures (3) - (6) show that
a significant improvement in system damping can be ob-:
tained with the variable structure controller when compared
with the performance of the pole placement controller. The
proposed variable structure controller gives satisfactory per-
formance over a wide operating range.
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CONCLUSION

Variable structure control techniques have been used to im-
prove the dynamic stability of a synchronous machine con-
nected to an infinite bus. The variable structure control
design procedure has been presented for the linear dynamic
model obtained by linearizing the non linear equations de-
scribing dynamics of a synchronous machine connected to
an infinite bus. The procedure has been extended to acco-
modate non linearities in the synchronous machine opera-
tion. The designed VSC would guarantee proper operation
irrespective of machine output power, transmission line re-
actance and infinite bus voltage. The performance of the
variable structure controller has been investigated and also
compared with.that of a pole placement controller by us-
ing simulation studies. The results show that a significant
improvement in the performance of the stabilizer can be
obtained with variable structure control. '
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APPENDIX
Machine and exciter data

Machine Constants
vg=16,z,=155,,=032,T;,=60,/{ =50
Exciter

K, =250, T. =0.05
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