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Abstract: The paper presents a comprehensive
approach for the design of discrete mode conven-
tional power system stabilisers (PSS) considering a
machine infinite bus system, using the ISE tech-
nique. Investigations reveal that the sampler and
zero order hold (ZOH) need to be modelled for
sampling frequencies less than 20 times the
Nyquist frequency and that, beyond 20 times the
Nyquist frequency, the sampler and ZOH may be
neglected from the mathematical model. A com-
prehensive sensitivity analysis reveals that the dis-
crete mode conventional PSS is quite robust and
its nominal optimum parameters need not be reset
following ±20% changes in inertia constant H,
field open circuit time constant T'i0, line reactance
xe, AVR gain KA or loading P and Q from their
nominal values.

1 Introduction

High initial response, high gain excitation systems
equipped with power system stabilisers (PSS) have been
extensively used in modern power systems as an effective
means of enhancing the overall system stability. Input
signals such as rotor speed, bus frequency, electrical
power and accelerating power which can be used to
derive the stabilising signal working through the refer-
ence of automatic voltage regulator (AVR) have been
proposed in the literature [1-6]. In almost all applica-
tions, implementation of the PSS has been with solid
state analogue components.

Lee et al. [7] have described the experience of using
power system stabilisers for large thermal units at
Ontario Hydro based on direct measurement of turbine
generator shaft speed (commonly known as the Delta-
Omega stabiliser). They have described the special speed
sensing arrangements to mitigate the problem of excita-
tion of torsional modes. A suitably designed torsional
filter in the stabilising path is used as an added precau-
tion against the possibility of torsional excitation.

During the last decade, the deviation in equivalent
rotor speed (Ao).,) derived from shaft speed and integral
of change in terminal electrical power has been used [7,
8] as input signal to PSS. Stabilisers with equivalent
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rotor speed (Aweq) as input signal are known as Delta-
P-Omega stabilisers. Delta-P-Omega stabilisers are free
from the inherent limitations of Delta-Omega stabilisers.
DeMello has suggested [S, 6, 9] that the problem of exci-
tation of torsional modes with Delta-Omega stabilisers
can completely be eliminated if speed is derived from the
measurement of the frequency of a voltage synthesised
from machine terminal voltage and current, instead of
being measured by a tachometer.

It may be noted that the structure of the PSS remains
unchanged, irrespective of the input signals to PSS (i.e.
AOJ or Att>eq or frequency of synthesised voltage signal).

In recent literature, the application of adaptive PSS
has been proposed [10-15] to counteract the problem of
variations in the system parameters and operating condi-
tions. However, for the relisation of such adaptive self-
tuning PSS, online identification of system parameters,
observation of system states and computation of feed-
back gains in a short sampling period are needed. As an
alternative to a self-tuning PSS, a variable structure PSS
has been proposed in the literature [16] to counteract the
problem of variation of system parameters and operating
condition. Kundur et al. [8] have demonstrated that,
with fixed parameter PSS, it is possible to satisfy the
system requirements for a wide range of system condi-
tions, thus undermining the need for complex adaptive or
variable structure PSS.

Most of the work pertaining to the design of PSS
deals with continuous time PSS. In the modern days,
digital instruments are used for measuring the system
variables such as speed, voltage, terminal power, current
etc. It is thus obvious that input signals to PSS are avail-
able in a discrete form. A brief literature review presented
above shows that no attempt has been made to design
either discrete mode Delta-Omega or Delta-P-Omega
stabilisers. The main objectives of the present work are as
follows.

(i) To present a systematic approach for designing a
Delta-Omega power system stabiliser operating in (a) a
continuous mode and (b) a discrete mode, using the ISE
technique. The performances of both continuous mode
PSS and discrete mode PSS are also compared.

(ii) To study the effect of variation of sampling period
on the selection of optimum discrete mode PSS and its
impact on system dynamic performance.

(iii) To establish a cutoff sampling frequency in terms
of a multiple of Nyquist frequency, below which the
sampler and ZOH need be modelled and beyond which it
is divorced from the mathematical model.

(iv) To perform sensitivity analysis to highlight the
effect of variation of operating load and system param-
eters on the performance of the optimal discrete mode
PSS.
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2 System investigated

The system investigated comprises a synchronous gener-
ator connected to an infinite bus through a long trans-
mission line. The IEEE type-1 excitation system model
[17], neglecting saturation of the exciter and voltage
limits of amplifier output, has been considered. A conven-
tional PSS comprising a pair of lead lag networks with
speed deviation as input signal, is assumed.

3 Small perturbation transfer function block
diagram

The small perturbation transfer function block diagram
of the system, relating the pertinent variables of electrical
torque, speed, angle, terminal voltage, field voltage and
flux linkages, is shown in Fig. 1. This linearised model is
obtained by linearising the nonlinear differential equa-
tions of the system around a nominal operating point.

The transfer function of the PSS is given as

U(s) _

where Tw is the wash out time constant, H-T^ are PSS
time constants and Kc is the PSS gain.

4 PSS performance objectives

In the analysis and control of system stability, two dis-
tinct types of system oscillations are usually recognised
[8]. One type is associated with units at a generating
station swinging wrt the rest of the power system. Such
oscillations are referred to as 'local plant mode oscil-
lations'. The frequencies of these oscillations are typically
in the range 0.8 to 2.0 Hz. The second type of oscillation
is associated with the swinging of many machines in one
part of the system against machines in other parts. These
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Fig. 1 Small perturbation transfer Junction model of single generator connected to infinite bus through transmission line

The input signal to the PSS is obtained through a
sampler and a zero order hold circuit. Considering shaft
speed deviation Aa> as the input signal and Acod as the
output signal from ZOH, the transfer function relating
Act) and Aco, is given by

1 -e~
(1)

where T is the sampling period.
For sampling periods T < 1 s, the transfer function of

the ZOH may be approximated to

1 - e

(2)

The ZOH thus introduces a phase lag as well as a gain in
the PSS path. The phase lag and gain contributed by
ZOH depends on the sampling period and the frequency
of oscillation.
524

are referred to as 'interarea mode' oscillations, and have
frequencies in the range of 0.1 to 0.7 Hz. The basic func-
tion of the PSS is to add damping to both types of
system oscillations. The overall excitation control system
(including PSS) is designed so as to: (i) maximise the
damping of the local plant mode as well as interarea
mode oscillations without compromising the stability of
other modes; (ii) enhance system transient stability; (iii)
not adversely affect system performance during major
system upsets which cause large frequency excursions;
(iv) minimise the consequences of excitation system mal-
function due to component failures.

5 Primary considerations for the selection of PSS
parameters |8|

5.1 Phase lead compensation
The PSS transfer function should have an appropriate
phase lead characteristic to compensate for the phase lag
between the exciter input and electrical torque. The phase
characteristic to be compensated changes with system
conditions. Therefore a compromise must be made and a
characteristic acceptable for a desired range of fre-
quencies (normally 0.1 to 2.0 Hz) and different system
conditions is selected.
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52 Stabilising signal washout
The signal wash out function is a high pass filter which
removes DC signals and, without it, steady changes in
speed would modify the terminal voltage. Kundur et al.
[8] have considered the effect of the variation of Tw on
the phase lead characteristic of the PSS with and without
transient gain reduction (TGR). They find that the
change in phase lead characteristic is insignificant for
Tw > 10 s, over a wide range of frequency of oscillations.
Thus Tw = 10 s has been chosen for the present invest-
igations.

5.3 Stabiliser gain
The stabiliser gain should be set to a value which results
in satisfactory damping of the critical system modes
without compromising the stability of other modes, or
transient stability, and which does not cause excessive
amplification of stabiliser input signal noise.

5.4 Stabiliser output limits
To restrict the level of generator terminal voltage fluctua-
tion during transient conditions, limits are imposed on
PSS outputs.

6 Dynamic model in state space form

The dynamic model in state space form is obtained from
the transfer function block diagram of Fig. 1 as

x = Ax + Tp (4)

where state vector

x = [Aa> AS AE', AEfd AVR AVE Acod AP,, AP,2 l / ] r

and perturbation vector

p = [ATB AVnlY

The state and perturbation matrices A and F, respect-
ively, are given in Appendix 11. It is seen that the system
matrix is a function of system parameters, operating
point and the sampling period T, while the perturbation
matrix depends on system parameters only.

In eqn. 4, x(0) = 0 and p is assumed to be a step per-
turbation vector remaining constant during the dynamics
of the process. A coordinate transformation in the state
space is applied to eliminate the perturbation term, Vp of
eqn. 4, by defining:

Mt) = x(t)-*ao) (5)

where JC(OO) is the steady-state value of the state vector
x(t). Eqn. 4 reduces to the form:

Ax\t)

where

(6)

(7)

(8)

x(oc) is evaluated from eqn. 4 i.e.

x(oo) = — A~lYp, since Mao) = 0

7 Analysis

7.1 Evaluation of K constants of the system
The initial d-q axis current and voltage components and
torque angle needed for evaluating the K constants are
obtained from the steady-state equations given in Appen-
dix 12 using the system data given in Appendix 13. These
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are given as follows:

Vd0 = 0.5405 p.u. Ii0 = 0.9372 p.u. fi^, = 1.1412 p.u.

Vq0 = 0.8413 p.u. / , 0 = 0.3487 p.u. Ko = 0.8246 p.u.

50 = 55.55°

The evaluated K constants, using relationships given in
Appendix 14 are

Ki = 0.95385 X2 = 0.94449 K3 = 0.36

K4 = 1.20894 K5 = -0.05387 K6 = 0.4674

72 Comparison of system dynamic performance with
and without PSS, in continuous mode

The dynamic model in state space form with PSS oper-
ating in continuous mode is obtained by deleting the
ZOH block from the transfer function block diagram
resulting in a ninth-order model with state vector

x = [Aco AS AE; AEti AVR AVE APtl AP,2 t / ] r

The system matrices A and F are appropriately modified.

72.1 Optimisation of PSS parameters using ISE tech-
nique: The PSS parameters to be optimised are the time
constants ^ - 7 ^ and gain Kc. A low value of T2 = 7i =
0.05 s is chosen from consideration of the physical realis-
ation [2, 18]. 7V = 10 s is chosen as discussed in Section
5.2. Considering two identical cascade connected lead lag
networks for PSS, T, = T3, and hence the problem
reduces to the optimisation of Kc and T, only.

The integral of squared error (ISE) technique is used
for optimisation of the parameters of the PSS. The choice
of a suitable performance index is extremely important
for the design of PSS. A quadratic performance index
given by

[a Am2 + A32] dt (9)

is considered. The state variables A& and Ah are pen-
alised to obtain the desired performance, a is a relative
weighting factor. The performance index in eqn. 9 may be
expressed as

(10)J = ixTQx\ dt
Jo

where

Q = diag [a 1 0 0 0 0 0 0

J is evaluated by using the relation

J = xT(0)Px(0)

0]

(11)

where x(0) is the initial state defined in eqn. 7 while P is a
positive definite symmetric matrix obtained by solving
Lyapunov's equation:

ATP + PA •• -Q (12)

The value of a is varied over a wide range (from 0 to
4 x 103) to understand its effect on system dynamic per-
formance. When at is 4 x 103, it is seen that the contribu-
tions of

iA&2dt and Ah2 dtf
to J are equal. However, the system dynamic per-
formance with PSS, obtained considering a = 0 was
found to be the best. In view of the above, a is set equal
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to zero resulting in a simple performance index of the
form:

Table 1: Eigenvalues of the sy*tem with and without PSS

f \S2dt (13)

Fig. 2 shows the plot of J versus Kc for several values of
T,. Optimum values of Kc and T, corresponding to
minimum of J, (./•), are K? = 47.0 and Tf = 0.35 s.

19
P-0.8pu. Q-0.6p.u. 6O=55.6°
T, = 0.4 0.35 0.3

65

Fig. 2 J =f(Kc)for different T,

Table 1 shows the eigenvalues of the system with and
without the PSS. It is seen that the damping ratio £, for
the electromechanical mode of oscillation, identified by

0.0002

Fig. 3 Dynamic responses with and without PSS

a forAa)
b forAj

without PSS
with optimum PSS

17-0.35s
K'-47.0
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Eigenvalu '„.
rad/s Hz

Without PSS -10.658 ±>10.527
-0.076 * A428
-0.448* /1.17 5.4282 0.8639 0.014

With optimum PSS -25.187 ±j\ 1.037
(/ff-47.0. -2.318 ±>11.452
T, -0.35 s) -3.255* /4jjg4

-0.429 ±>0.972 5.8835 0.9364 0.5532
-0.103

computing the undamped frequency of oscillation from
the relation

<°, = (t /Ki/^)1 '2 (14)

has increased from 0.014 without PSS to 0.SS32 with
PSS, implying enhanced system damping with PSS. This
is further substantiated by plotting the dynamic
responses for a 1% step increase in mechanical input with
and without PSS (Fig. 3).

It is important to examine whether the optimum PSS
obtained in continuous mode works satisfactorily in the
actual discrete mode. To answer this, dynamic responses
are obtained for several sampling periods T, with an
optimum continuous mode PSS parameter setting for 1%
step increase in mechanical input (Fig. 4). For the sample
problem solved, it is seen that, as T increases, the
dynamic responses gradually deteriorate and ultimately

0.00012

0.00008

0.00008

3<

-0.00008

n K -w n \ \
i ; l !'•> ;':' ii'<\ A ' H 1

1 »/? \H W M "i/ '

0 1 2 3 4 5
time, s

b
Fig. 4 Dynamic responses for several T with the optimum continuous
mode PSS setting

a optimum continuous mode, Kf - 470.rf-0.351
T - 0.02 l,Kc- 47.0,T1-0J5s
T - 0.05 t,Kc- 47.0,7,-0351
T - 0.10 s,Kc-47.0,7, -0.35 s

b optimum continuous mode K} - 4.70, Tf - 0.35 s
r - 0.151. Kc - 47.0. T, - 0.35 >
T-0J0s,Xc- 47.0, T, - 0.35 s

IEE PROCEEDINGS-C, Vol. 140, No. 6, NOVEMBER 1993



the system becomes unstable for values of T > 0.2S s.
However, the degradation in dynamic performance is not
very significant for T < 0.0S s. Is it desirable to optimise
the PSS parameters considering actual discrete time
dynamic model of the PSS? To answer this pertinent
question, it is extremely important to explore the
optimum PSS settings in the discrete mode for credible
sampling periods using the mathematical model (eqn. 6).

7.3 Effect of variation of sampling period T on
optimum settings of discrete mode PSS
parameters

Optimum discrete mode PSS parameters (Kf and Tf) are
obtained using the ISE technique by minimising the per-
formance index J (eqn. 13) for several values of T. Table
2 shows the optimum values of these PSS parameters and
the corresponding J* for several values of sampling
periods.

Table 2: Optimum PSS parameters for several values of 7*

Sampling
period, r

s
0.01
0.02
0.03
0.04
0.05
0.10
0.15
0.20

Optimum
PSS

K'c

47.0
45.5
44.0
42.4
39.0
31.0
25.0
18.0

7?

s
0.35
0.36
0.37
0.38
0.40
0.45
0.50
0.60

J *

13.329x10"
13.355x10"'
13.425 x 10-"
13.542x10-'
13.727x10*
15.236x10"
17.507x10-'
19.943x10"'

Examining Table 2, the following inferences are made:
(i) The optimum gain setting KJ decreases while the

optimum phase lead time constant TJ increases with
increase in sampling period. T. Decrease in K£ and
increase in Tf with increase in T is needed to compens-
ate for the additional phase lag and gain contributed by
the presence of ZOH in the PSS path.

(ii) J* gradually increases as the sampling time T is
increased. This implies a gradual deterioration in the
system dynamic responses with increases in T.

Figs. 5-8 show the dynamic responses for Aco with dis-
crete mode PSS for T = 0.02, 0.05 and 0.1 and 0.15 s,
respectively, considering:

(i) corresponding discrete optimum PSS; and
(ii) optimum continuous mode PSS (KJ = 47.0 and

TJ = 0.35 s).

0.00012

0.00008

cL0.00004
3

0

-0.00004

A

o 1 2 3 4 5
time, s

Fig. 5 Dynamic responses for T = 0O2 s wit* discrete and continuous
mode optimum PSS

continuous mode optimum, XJ — 47,0, 77 — 0.35 s
discrete mode optimum, XJ - 45.5, Tf - 0.36 s
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Examining the responses, it is seen that the continuous
mode optimum PSS parameters are acceptable with
actual discrete mode PSS for T < 0.05 s (i.e. equal to or

0.00012

0.00008

Fig. 6 Dynamic responses for T = 0.05 s with discrete and continuous
mode optimum PSS

continuous mode optimum, X£ — 47.0, 77 — 0.35 s
discrete mode optimum, X? - 39.0, 7/f = 0.40 s

1 2 3
time, s

Fig. 7 Dynamic responses for T = 0.10 s with discrete and continuous
mode optimum PSS

continuous mode optimum, KJ - 47.0, Tf - 0.35 s
discrete mode optimum,!:; -31.0, Tf -0 .45s

Fig. 8 Dynamic responses for T = 0.15 s with discrete and continuous
mode optimum PSS

continuous mode optimum, K£ — 47.0, 77 - 0.35 s
discrete mode optimum, XJ - 25.0, 77 - 0.5 s

greater than about 20 times the Nyquist frequency, Figs.
5 and 6). It can thus be inferred that, for sampling fre-
quencies beyond 20 times the Nyquist frequency, the
sampler and ZOH may be divorced from the model.
However, for sampling frequencies less than 20 times the
Nyquist frequency, the dynamic performance of the dis-
crete mode PSS with its corresponding optimum Kc and
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Tt is quite superior to the response corresponding to
optimum Kc and Tt parameters for the continuous mode
PSS, thus signifying the need to model the sampler and
ZOH in the discrete model. This is clearly revealed from
two sample cases with sampling periods T = 0.1 s (nearly
11 times the Nyquist frequency) and for T = 0.15 s
(nearly 8 times the Nyquist frequency) (Figs. 7 and 8).

8 Sensitivity analysis

Although conceptually the optimum PSS parameters for
the nominal condition would naturally change owing to
change in system/operating parameters, it is worth
exploring whether it is at all desirable to reset the
optimum nominal PSS parameters from practical con-
siderations. This is the main thrust of sensitivity analysis
in our work. A sampling period of T = 0.02 s has been
considered for the present analysis.

8.1 Effect of change in inertia constant H
Table 3 gives the optimum PSS parameters (K? and Tf)
and the corresponding performance indices for a +20%
change in H from its nominal value. It is seen that the

Table 3: Effect of change in H

It can thus be concluded that the nominal optimum PSS
parameters need not be reset following a 20% increase in
the nominal value of H.

H

s
4.0
5.0 (nominal)
6.0

K'r

38.2
45.5
49.4

s
0.37
0.36
0.36

Value of J*
with KJ
anoTf

%
93.01

100.00
109.50

Value of J
with nominal
K% = 45.5,
7? = 0.35 s

%
96.25

100.00
110.28

PSS parameters change with ±20% changes in H. For
example, with H = 4.0 s (a reduction by 20% from
nominal value), K% = 38.2, Tf = 0.37 s and the corres-
ponding J* is 93.01% as against K$ = 45.5, Tf = 0.35 s
and J* = 100.0% for H = 5.0 s. Is it necessary to reset
the PSS parameters from its nominal optimum, K? =
45.5 and Tf = 0.36 s to the desired optimum, K? = 38.2
and Tf = 0.37 s? To answer this, the percentage value of
the performance index J is tabulated for H = 4.0 s con-
sidering nominal optimum PSS (Kf = 45.5 and 7? =
0.35 s). It is seen that the difference in J* and J for 20%
decrease in H is quite insignificant.

This is also confirmed by plotting the dynamic
responses for H — 4.0 s with the desired optimum PSS
and the nominal optimum PSS (Fig. 9). The responses do
not differ much for all practical purposes. Hence it may
be inferred that there is no need to reset the nominal PSS
parameters following 20% decrease in H from its
nominal value.

Similarly, for if = 6.0 s (an increase by 20% from the
nominal value), K? = 49.4 and TJ = 0.36 s and the cor-
responding value of J* is 109.5%. Is it desirable to reset
the PSS parameters from the nominal optimum to the
desired optimum when H is changed from 5.0 s to 6.0 s?
To answer this, the percentage J is evaluated with
H = 6.0 s, with nominal optimum PSS and is found to be
equal to 110.28%. It can thus be noted that the two per-
centage values of J* = 109.5% and J = 110.28% are
quite close to one another, and hence are supposed to
provide more or less similar dynamic performances. This
is also confirmed by plotting the actual dynamic
responses for H = 6.0 s with the desired optimum and
nominal optimum PSS parameters (Fig. 9). The responses
are quite close to one another for all practical purposes.
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time, s

b

Fig. 9 Effect of ±20% change in H on dynamic responses for Am
a Kc - 45.5, T, - 0.351 (nominal optimum)

Kf - 38.2, TJ - 0.37 s , H - 4 . 0 s
b Kc - 45.5, 7\ - 0.361 (nominal optimum)

Kf -49.4, rj = 0.36s, H- 6.0 s

The above approach of analysis is applied to study the
effect of change in other significant parameters as dis-
cussed below.

82 Effect of change in field open circuit time
constant TM

Table 4 shows the variations in optimum PSS parameters
and corresponding performance indices for ±20%
change in T'i0 from its nominal value. Examining Table 4

Table 4: Effect of change in 7^,

s
4.8
6.0 (nominal)
7.2

44.3
45.5
46.0

s
0.32
0.36
0.40

Value of J*
with
K*c and 7f

%
100.37
100.00
99.94

Value of J
with nominal
*S = 45.5
7T = 0.36 s

%
104.38
100.00
103.17

it is seen that the difference in J* and J for ±20%
change in T'iQ is quite insignificant. Dynamic responses
obtained for TM = 4.8 s (20% decrease from its nominal
value) and T'i0 = 7.2 s (20% increase from its nominal
value) considering corresponding optimum PSS and
nominal optimum PSS reveal that there is no need to
reset the nominal optimum PSS parameters to then-
desired optimum values following ±20% change in T'l0.
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8.3 Effect of change in line reactance x.
Table 5 shows the variations in optimum PSS parameters
and the percentage J values with variation in xe by
±20% from its nominal value. Analysing the values of J*
and J, it may be inferred that there is no need to reset the
parameters of the nominal optimum PSS following
±20% excursion in xe from its nominal value. This is
also confirmed by plotting the appropriate dynamic
responses.

Table 5: Effect of change in x.

p.u.
0.32
0.40 (nominal)
0.48

K'

39.7
45.5
49.7

s
0.38
0.36
0.35

Value of J*
with
K* and T>

%
79.43

100.0
127.98

Value of J
with nominal
K% = 45.5
7» = 0.35 s

%
80.17

100.0
128.61

8.4 Effect of change in A VR gain KA
The effect of changes in AVR gain KA by ±20% from its
nominal value on the parameters of optimum PSS and
percentage values of J* and J is shown in Table 6.
Examining Table 6 it is inferred that the nominal
optimum PSS is quite robust and need not be reset fol-
lowing a ±20% change in KA from its nominal value.

Table 6: Effect of change

K'c

40.0 42.5
50.0 (nominal) 45.5
60.0 46.8

s
0.40
0.36
0.34

i n K ,

Value of J*
with
K* and 7*

%
103.07
100.0
98.82

Value of J
with nominal
AT? = 45.5
Ff = 0.36 s

%
104.72
100.0

99.15

8.5 Effect of change in loading conditions. P and Q
Changes in optimum PSS parameters following ±20%
change in P and Q are given in Tables 7 and 8, respect-
ively. The corresponding percentage values of J* and J
are also tabulated. Analysing the data, it is inferred that
the nominal optimum PSS is quite robust and need not
be reset following an excursion of ±20% in P and Q
from their nominal values. This is also confirmed by plot-
ting the appropriate dynamic responses.

Table 7: Effect of change in P

p

p.u.
0.64
0.80 (nominal)
0.96

41.1
45.5
50.7

s
0.40
0.36
0.34

Value of J*
with
K% and 7?

%
131.03
100.0
75.03

Table 8: Effect of change in Q

Q

p.u.
0.48
0.60 (nominal)
0.72

Af?

42.8
45.5
47.0

s
0.36
0.36
0.37

Value of J'
with
ATJ and 7?

%
96.23

100.0
104.46

Value of J
with nominal
/TJ = 45.5
rf = 0.36 s.

%
132.15
100.0
75.84

Value of J
with nominal
AT? = 45.5
7* = 0.36 s

%
96.65

100.0
104.97

9 Conclusions

(i) A dynamic model of the system in state space form
considering discrete mode conventional power system
stabiliser is developed.

(ii) A comprehensive approach for obtaining the
optimum values of the discrete mode PSS parameters
using ISE technique has been presented.

(iii) Investigations reveal that, for sampling frequencies
greater than about 20 times the Nyquist frequency, the
effect of sampler and ZOH can comfortably be divorced
from the mathematical model.

(iv) A comprehensive sensitivity analysis reveals that
the discrete mode conventional PSS is quite robust and
its nominal optimum parameters need not be reset fol-
lowing ± 20% changes in H, T'^, x,, KA, P and Q.
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11 Appendix

The linear state space model of the system is given by

x = Ax + Tp
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where
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12 Appendix

The steady-state values of d-q axis voltage and current
components for the machine infinite bus system for the
nominal operating condition are given below [2]. These
are expressed as functions of steady-state terminal
voltage ^ and steady-state real and reactive load cur-
rents In and IQO , respectively.

TA

= direct and quadrature axis components of
armature current

= direct and quadrature axis components of ter-
minal voltage

2_
~ T

_2L

T
-2KCT,

- 1
Tw

TT2

A T

T2TWT

0

0

0

0

0

0

0

0

- 1
~T\~

0

0

0

0

- 1

E't = voltage proportional to direct axis flux link-
ages

S — angle between quadrature axis and infinite
bus

Vo = infinite bus voltage
£, = open circuit terminal voltage

Subscript 0 means steady-state value.

13 Appendix

The following are the nominal parameters of the system
and the operating conditions used for the sample
problem investigated. All data are given in per units of
value, except that H and time constants are in seconds.
Generator:

H = 5.0 s r i 0 = 6.0 s

x,, = 1.6 xi = 0.32 x, = 1.55

IEEE Type I excitation system:

KA = 50.0 TA = 0.05 s

KE = -0.05 TE = 0.05 s

KT = 0.05 TF = 0.5 s

Transmission line:

x, = 0.4 r« = 0.0

Operating condition:

P = 0.8 g = 0.6 Ko = 10 / = 5 0 H z

14 Appendix

The constants Kt-K6 are evaluated using the relations
given below [2] considering zero external resistance (i.e.
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re = 0 for the sample problem investigated). xd — x'd
KA = Vn sin i

X. + XA

K -
K2 —

VO sin d0
K" F° COS '• - 7 T 7 K2 Ko sin

K f^_^o
6 x , + x'd V,o
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