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ABSTRACT

The study simulated the behaviour of Power
System  Stabilizer (P55) on automatic wvoltage
regulator (AVR) and excitation system. It also
developed an algorithm to investigate the transient
and dynamic stability of the power systems. This
was with a view to providing information of
damping  rotor  oscillations  of  syvnchronous
cenerators.

Three types of power systems were investizated; a
single-machine-infinite-bus. system with  and
without PSS, two generators connected to a load
with various types of excitation controls and a
multimachine power system typified by MNigerian
330-kV electrical network. Tabu-search technique

NOMENCLATURE

All quantities are per unit (p.u.) on machine base:
Ee Critical clearing time

(A

AF, AP Change in  mechanical input
power and electrical  output

power of the generator

i, ; Direct and quadrature
components of  armature current

AP, Change in acceleration power

T Terminal voltage transducer

xd.x;f Direct axis and quadrature axis

transient reactance

Xy-X, Synchronous reactance in d and
q axis

ar, Base rotor electrical speed =
31412 rad/sec

AT Change in electrical torque

K, Change in T, for a change in 0
with constant flux linkages in the
d axis

K, Change in T, for a change in d
axis flux linkages with constant

0

was used to tune the PSS-parameters for a single
machine connected to an infinite bus operating at
three different loading conditions. The objective
function allowed the selection of the stabilizer
parameters to optimally place the closed-loop
eigenvalues in the lefi-hand side of a vertical line in
the complex s-plane. The effectiveness of this
suggested techniqgue was confirmed through
eigenvalue analysis. Time-domain  simulations
were also carried out on two generators connected
to a load using MATLAB/Simulink. Two types of
PSS were used for these simulations; generic and
multiband. The power systems were subjected to a
balanced three-phase fault (most severe fault). The
investigation was further extended to Nigerian 330-
kV electrical network.

K,  Change in V, with change in E_ constant
rotor angle

K. Change in V, with change in rotor angle
for constant E'q

5 Damping ratio

f Damping torque coefficient

K, Demagnetizing effect of a change in rotor
angle

V.V, Direct and quadrature components of
terminal voltage

E.. Equivalent excitation voltage

K. Exciter gain

T, Exciter time constant

E Generator internal voltage
P..Q), Generator real and reactive
power of ith generator

K., Impedance factor

To—=T ;

! + Lead-lag time

() Reactive power of the system

P Real power of the system

Ve Reference voltage

A Rotor angle perturbation
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A Small change/perturbed
A Speed deviation

stah - Stahilizer gain

T Synchronizing torque coefficient
! time
INTRODUCTION

Any physical system that is designed or operated to
perform a certain pre-assigned task in a steady-state
mode should, in addition to performing these task
functions in a satisfactory manner, have the ability
to regain stability after sudden disturbances with an
adequate margin of safety. When the physical
system is large and complex such as a typical
modern interconnected power system, investigation
of stability requires analytical sophistication in
terms of techniques emploved and practical
experience in interpreting the results properly.

In the last three and a halt decades and in particular
after the famous blackout in US.A. in 1965,
considerable research effort has sone into the
stability investigation of power systems both off-
line and on-line purposes [1]. At the design stage
although, the planner takes some contingencies into
consideration. in  subsequent operation  and
augmentation of the network, new considerations
may arise which were not foreséen by the planner,
Hence, an entirely new pattern of system behavior
can be expected under actual operating conditions.
This is particularly true regarding the capability of
the system to maintain svnchronism or stability due
to sudden unforeseen disturbances such as loss of a
major transmission line, load or generation.
Stability is a condition of equilibrium between
opposing  forces, The mechanism by which
interconnected  synchronous machines  maintain
synchronism with one another is through restoring
forces, which act whenever there are forces tending
to accelerate or decelerateé one or more machines
with respect to other machines.

shown in equation (1.1) [2]:

AT =T, A8+ T, Ao,

where 7. A& is the component of torque change in

phase with the rotor angle perturbation Ad and is
referred to as the synchronizing torque component,

T’ is the synchronizing torque coefficient.
T,Aw, is the component of the torque in phase

with the speed deviation, A@, and is referred to as

{ Transmission line current
T ; ,

- Wash-out time
fﬂd

Damped frequency
b= Generator terminal voltage
¥

For any given situation, the stability of the system
depends on whether or not the deviation in angular
positions of the rotors results in sufficient restoring
[urquch‘.

When a synchronous machine loses svnchronism or
“falls out of step™ with the rest of the system, its
rotor runs at a higher or lower speed than that
required to generate voltages at system frequency,
The slip between rotating stator field and the rotor
fields results in large fluctuations in the machine
power outpul, current and voltase. This causes the
protection system to isolate the unstable machine
from the system.

Loss of synchronism can occur between one
machine and the rést of the system or between
groups of machines. In the latter case. svnchronism
may be. maintained within each group after its
separation from the others [2].

2.0 The Need for Power System Stabilizer

Supplementary excitation control of the low-
frequency oscillations is well known as a power
system stabilizer. Since the 1960°s, PSSs have been
used to add damping to electromechanical
oscillations, They act through the generator’s
excitation system to generate a component of
electrical  torque, called damping  torgue,
proportional to speed change, Since then, applving
PS5s has attracted the attention of researchers.
Extensive research has been conducted in such
fields as effect of PSS on power system stability,
PSS input signals and PSS tuning techniques [3].
With electric power systems, the change in
electrical  torque of a  svnchronous  machine
following a perturbation can be resolved into two
COMpOnents as

(1.1)

the damping torque coefficient and 7, is the

damping torque coefficient.

The effect of AVR is to increase the synchronizing
torque component and decrease the damping torgue
component. Hence, the basic function of a PSS is 1o
add damping to thigeneramr rotor oscillations by
controlling its excitation using auxiliary stability
signals. To provide damping. the stabilizer must
produce a component of electrical torgue in phase
with the rotor speed deviations.
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Therefore, the PSS produces just enough damping
to compensate for the negative damping due to the
AV R-action. As the PSS gain is increased further,
the amount of damping increases.

Frase-compensalion

Figure 1.0 shows the block diagram of the
excitation system including the AVR and PS5,
neglecting the stabilizer output limits and exciter
output limits.

(st )iesT) | Y

Puowessr Syslern Slabikzar

(1+s7, M1 +5T,)

Figure 1.0: Thyristor-excitation system with AVR and PSS [2].

The PSS representation in figure 1.0 consists of
three blocks: a phase compensation block, a signal
washout block and a gain block.

The phase compensation block provides the
appropriate phase-lead characteristic to compensate
for the phase-lag between the exciter input and the
generator electrical (air-gap) torque,

Figure 1.0 shows two-first-order block, but in
practice. three or more first-order blocks may be
used to achieve the desired phase compensation
Normally, the frequency range is (1.1 to 0.2 Hz and
the phase-lead network should  provide
compensation over the entire frequency range. The
phase characteristic to be compensated changes
with system conditions. Generally, some under-
compensation is desirable so that the PSS, in
addition to significantly increasing the damping
torque, results in a slight increase of the
synchronizing torque.

i

The washout block serves as a high-pass filter
with the time constant T, high enough to allow

signals associated with oscillation in A@, (or AP, )

to pass unchanged. Without it, steady changes in
speed would modify the terminal voltage, 1t allows

the PSS to respond only to changes in speed. T,

will range between | to 20 seconds. It should be
long enough to pass stabilizing signals at the
frequencies of interest unchanged, but not too long
that it leads to undesirable generator voltage
excursions during system-islanding conditions.

The Stabiliser gain (K, ) determines the

amount of damping introduced by the PSS, Ideally,
the zain should be set at a value corresponding to
maximum damping. In applying the PSS, the
overall system stability must be enhanced.

The complete state space model including PSS has the following form (with AT =0):
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3.0 Design of Power System Stabilizer

The stability and damping effect that could be
achieved by introducing an additional signal into
the AVR was investigated. Firstly, for a one-
machine infinite bus system and secondly for a
two-machine system. In both cases, the additional
signal and its shaping constituled the power svstem
stabilizer (PSS) which was concluded merely as a
gain constant with or without time lag.

In  practice, the PSS could be complicated
depending upon the signal emploved and the
system involved. Several approaches for designing
a PSS for improving transient and dynamic stability
of power system have been suggested in the
literature [3-11].

One method of achieving such & model is the use of
tabu search [12]. In reality, a large number of
machines interact with each other through network
voltages and power flows, The effect of the
dynamics of other machines, therefore, must be
taken into consideration whilst designing a
particular PSS, This is known as coordinated tuning
of PSS in a multi-machine system.

3.1 Tabu Search
Tabu Search was originally proposed as an
optimization tool by Glover in 1977 [13]. Tabu
search is an iterative improvement procedure in
that it goes from some initial feasible trial solution
to another by making moves. It makes several
The wvalues given to exciter and stabilizer
parameters are: K, =200 7, =0.05s;
F.=14s; and T, =T, =0.0227s;
while bounds for the stabilizer adjustable gain and
time constants were [0.01. 10] and [0.03, 1.0
respectively.
If A is the ith closed-loop eigenvalue of the
matrix above. since it is a 6x6 matrix  the
eigenvalues were be found using MATLAB. Given
the valuesof 7., T, =T, the values T,, 7, and

K i1 4 were found using MATLAB. The selection

of these parameters was easily and accurately
solved using a tabu search, selecting the parameters
to mimimize the following objective function [12];

AD N Tal ay ay 0 0 0T Aw, ]
Ad a0 0 0 0 0| A
'ﬁ:"f L I 0 ay, iy iy 0 A || AY g (3.44)
Av, 0 a, ay, a, 0 0] Ay
x."a:;] dsy dsy as; 0 a0 | Av,
: [ Gy g 0 ags ay || Av, |
| Av, |

candidate moves and selects the move producing
the best solution among all candidates® moves for
the current iteration. The set of admissible moves
form a candidate list. The best candidate solution
becomes the current solution.

It is well known that machine parameters change
with loading. making the dynamic behavior of the
machine quite different at varyving operating
conditions. Consequently, a set of power system
stabilizer (PS5) parameters which stabilize the
system under a certain operating condition may no
longer vield satisfactory results when there is a
drastic change in the operating point. In this report.
the power system, operating at various loading
conditions was treated as a finite set of plants. and
a P55 with parameters that can simultancously
improve the damping of this set of plants is
determined off-line using a tabu search and an
objective function based on the system cigenvalues,
The PSS designed in this manner will perform well
under various loading conditions and stability of
the system is guaranteed, By contrast, a PSS
designed for a certain operating point will only
perform optimally at the design loading condition.
The suggzested eigenvalue-hased objective function
will optimally place the closed-loop eigenvalues of
the power system in the lefi-hand side of a vertical
line in the complex s-plane, A single machine
infinite bus system was used to demonstrate the
suggested technigue.

J = max{Re( A, )+ B}
(1.3}

where k=12 .., M

=42 ,n

f=-22
The eigenvalues and damping ratio improvements
as a result of inclusion of PSS were discussed
under simulation result in section 6.0,

4.0 Two Machines connected to a Load with
Various Types of Excitation Controls

The single-line diagram shown in figure 2.0
represents a 330-kV transmission system including
two hydraulic-power generators ((7, and (7, ), and
power system stabilizers (PSS) used to improve the
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oscillatory  damping  of the system. Using
MATLAB-Simulink,  the  penerators  were
connected to a load centre through a long 330-KV,

700-km transmission line modeled by a resistive
load.

&+

m HRVENKY gy ’
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_ah \J
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Figure 2.0: Transient stability of a two-machine power system with and without PSS

The machines were equipped with hydraulic
turbine and governor (HTG). excitation system and
power system stabilizer. Tweo types of stabilizers
were connected on the excitation system: a generic
maodel using acceleration power
(AP, = AP, — AP ) and multiband stabilizer

using the rotor speed deviation (A, ).

A faulty breaker block was connected at bus B A
three-phase fault was applied at ¢ = 0.7 v and
cleared at ¢+ = 0.2 s the resulis are discussed in
section 6.0,

5.0 Transient
Multimachine (Nigerian
MNetwork)

Mathematical model of multimachine transicnt
stahility analysis are discussed in [14]. In this
investigation. Nigerian 330 KV power system was
considered, The network comprises 7 equivalent
generators, 26 buses as shown in Fig. 3.0
Assuming machines belonging to the same station
swing tozether and are said to be coherent. A group
of coherent machines is represented by one
equivalent machine. Kainji generating  station
served as the reference station with an output of
325-kV as at 26th July, 2010 [15].

A program was written in MATLAB package [ 16]
which allowed analyzing transient stability of a
multimachine (Nigerian 330 kV electrical network)
subjected to a balanced three-phase fault. A
program named testab [14] was used for transient
stability analysis of the network subjected to a
balanced three-phase fault which was preceded by
the power-flow program ({frewion in this work),
The generator data was specified in a matrix named
gendata with the first column containing e
generator bus number terminal, columns 2 and 3
containing resistance and transient reactance in per
unit on the specified common MV A base and the

Stability  Analysis  of
330-kY  Electrical

last column containing the machine inertia constant
in seconds expressed on the common MV A base.

The program (rstab automatically added additional
buses to include the generator impedances in the
power flow line data. The program displayed the
pre-fault, faulted and post-faulted reduced bus
admittance matrices. The machine phase angles
were tabulated and plots of the swing curves were
obtained and shown in table 1.1 and figure |.4. The
simulation was carried out for clearing time of 0.2
and 0.7 seconds. When the faulls in buses 5
(representing  Shiroro. generating station) and 17
{Benin transmitting station) were cleared which
involved the removal of the faulty lines 5-10
(Shiroro-Katampe  line) and  17-19  (Benin
transmilting  station-Sapele  generating  station)
respectively, the bus admittance matnx  was
recomputed o reflect the changes in the network,

Mext, the postfault reduced bus admittance matrix
was evaluated and postfault electrical power of the

The

continued to determine the system stability. until
the plots in figures 3.0 and 4.0 revealed a definite
trend as (o stability or instability. The slack
senerator laken as generator 1 connected to bus |,
as shown in Figure |3, was selected as the
reference for both cases. and the phase-angle
difference ol all other generators with respect to the
reference machine were plotted as shown in figures
3.0 and 4.0 The solution was carried out for two
swings to show that the second swings were not
greater than the first one. In figures 3.0 (a) and 4.0
{a). the angle differences did not inerease: hence,
the system was stable, while in figures 3.0 (b) and
4.0 (b}, the angle differences increased indefinitely
showing that the system was unstable.

Having established 0.2 seconds as the critical
clearing time of the system. P5Ss were included on
the excitation system to damp the rotor oscillations
on the 7 equivalent generators using speed

ith  generator  shown f’:'ﬂ". simulation
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deviation as inputs. The damping effect of PSS is
shown in figure 5.0.

Binin Kebty  Kaunji GS Kano Jos Gombe
[ 130 km
3 IL%kml 6 km l -
& km Shircra
t? 244 km ! &
Jehba GS 144 km
157km Kalampe Calaber
(shogbo {Abuja) :&Ztmi.ut.i New Haven
R e | R
2%2km |2 113 km ' %km
<
17 Bm DTkm _ 134 km i
[ - -
1Tkm | [we | |+ %’E’l& I e S |
T 62 km - 07 kmi o
l Eghin Sapele & J | Delta IV
Akanbga ) é 63km | 32km | é »\famé |
6kt M Aladja
Ar) Delta 11

The results of the transient analysis carried out on Nigerian 330-kV electrical network with
and without PSS are discussed in section 6.0.

6.0 Simulation Results

6.1 Simulation Results of Nigerian 300 kV Electrical Network

Table 6.1. The Machine Phase Angles Characteristics and Analysis of Result

S/N - Faulted
Bus No

Removed
Faulty Line

Clearing Time Simulation Time
{second) (second)

Phase-angle
Difference xtics

Analysis
Result
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Figure 3.0: The generators phase-angle differences for Nigerian 330-kV electrical network
(without PSS) for (a) three-phase fault on line 5-10 (1, =0.2 5 ) and (b) three-
phase fault on line 5-10 (s, =0.7 5)
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Figure 4.0: The generators phase-angle differences for Nigerian 330-kV electrical
network (without PSS) for (a) three-phase fault on line 17-19 (1, =0.2 )

and (b) three-phase fault on line 17-19 (¢ =0.7 5)
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Figure 5.0. The generators phase-angle differences for Nigerian 330-kV electrical
network (with and without PSS) for (a) three-phase fault on line 5-10
(f, =0.2 s)and (b) three-phase fault on line 17-19 (7, =02 5)

6.2 Simulation Results of Two Machines
connected to a Load

Figure 6.0 (a) show the trace of the rotor angle
difference (delta 1 2} between the two machines at
three conditions: when multiband PSS was used,
inclusion of generic and the exclusion of PSS, The
multiband and generic signals are a good indication
of system stability. If delta 1 2 exceeds 90 degrees
for too long a period of time, the machines will lose
svnchronous and the system goes unstable.

The second trace (b) in the fizure shows the
machine speeds. 1t was observed that machine |

speed increases during the fault because during this
period its  electrical power is lower than s
mechanical power, By simulating over a period of
time (say 3 seconds), it was observed that the speed
oscillated together at a lower frequency (0,025 Hz)
after fault clearing. The two PS55s succeeded to
damp the 0.6 Hz mode, but AP types were not
sufficient for damping the 0.023 Hz mode.
Selecting the muliiband PSS, it was noticed that
this stabilizer type succeeds to damp both the 0.6
Hz and 0,025 Hz modes. But when the two PPSs
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were diiﬁh]ed, it was observed that the system was for terminal voltage trace.
unstable. The same is applicable to figure 6.0 (c)
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Figure 6.0: Plots of two-generators connected to a load using two types of PSS showing (a)
rotor angles, (b) rotor speeds and (¢) terminal voltages all against time.

10
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6.3 Eigenvalues and Damping Ratio Analysis of
Single Machine connected to an Infinite Bus using
Tabu Search Approach

A single machine connected to an infinite bus
through a transmission line and operating at three
different loading conditions was considered.

This program generated random values for T, and
T'; between 0.03 and 1.0 while it generated random

values for K., . between 0.01 and 10. Each

generated value was substituted into the machine’s
matrix to find the PSS parameters that adequately
tuned the system,

Table 6.2, 6.3 and 6.4 show the parameters used for
three different operating conditions, while table 4.5
shows the outputs of the analysis carried out for the

three operating conditions: 77, 7 and K

With AVR an]}-:tlm eigenvalues are shown in table
6.6 having a damped frequency, @, =1.046Hz

and damping ratio £ =-0.072.The system
became unstable through an oscillatory mode of
@, =1.046 Hz. The two non-oscillatory modes

are associated with the AVR and field circuit.

With the addition of PSS, the svstem had become
stable. There are two oscillatory modes: one is the
rotor angle mode with a frequency of 0.859 Hz
and the other has a frequency of 2.288 Hz and is
associated with the excitlation system and field
circuit.  The  two  non-oscillatory  modes  are
associated  with  the excitation system. The
improved damping ratios are 0.703 and 0.7988
respectively,

Table 6.2. Parameters for Operating Condition: P=1.0 and Q=0.2

Parameters Values (in per-unit)
Lo 0.4739
Vio 0.7772

Vi 0.6293

I 0.9030
Eqs 2.1103
Eq 1.0032

A 1.3003
K, 1.2482
K 1.4781
K; 03114
K, 2.0487
Ks -0.0688
Ks 0.3849

Table 6.3: Parameters for Operating Condition: P=0.8 and Q=(.5

Parameters Values (in per-unit)
Lyo 0.3566
Vo (0.5848
Mo 0.8112
I 0.8734
Eqo 2.2436
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Es 0.8616
A 1.0051
K, 1.0576
K- 1.1122
K, 0.3114
K, 1.5416
Ks -0.0121
Ko 0.4961

Table 6.4: Parameters for Operating Condition: P=1.0 and Q=0.62

Parameters Values (in per-unit)

Ts 0.3847
Vo 0.6309
Vi 0.7759

I 1.1119
B 2.5994
E, 0.8518
A 1.1716
K 1.0617
k- 1.2000
K 03114
K. 1.6632
K; -0.0686
K (14745

Table 6.5: The Output of the Analysis

P (operating conditions) . 1A G- o
[1.0. 0.62] 04909 06115 04127  -0.1059
[1.0,0.2] 0.4011 05556 0.7542  -0.0942
0.8, 0.5] 04808 03378 05640 -0.0065

12
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Table 6.6: Eigenvalues and Damping Ratio Values

-0.3805 - 5.3984i
-0.7192

+Eigenvalues with PSS Damping Ratio Eigenvalues without Damping Ratio
with PSS (&) PSS without PSS (&)
-41.7455 -36.7948
-19.0893 +14.37724 (1.798% 04712 + 6.56961 -0.072
-19.0893 -14.3772 0.4712 - 6.56961
-0.3805 + 5.3984i 0.7030 -14.5347

7.0 Discussion of Resulis

The results showed that for the second system
considered, without PSS, the generators oscillated
together in speeds at a low frequency afier fault
clearing. The two PSS (generic and multiband)
succeeded to damp 0.6 Hz mode, but the former
was unable to provide sufficient damping to (L0235
Hz mode. Furthermore, in the first investigated
system, the program generated random values for

PSS-parameters [, and T, between 0.03 and 1.0,

while it generated random values for K, .
between 0.01 and 10, With AVR alone connected
to the generator, the damped frequency (@, ) and

damping ratio (S )were 1.046Hz and -0.072
respectively. The system was unstable through an
oscillatory mode of. @, = 1.046 Hz, The two non-

oscillatory modes were associated with the AVR
and field circuit. With the inclusion of PS5 on the
AVR, the system became stable. There were two
oscillatory modes: one was the rotor angle mode
with a frequency of (.859 Hz and the other had a
frequency of 2.288 He and their improved damping
ratios were 0.703 and 0.7988 respectively. The
transient stability analysis carried out on the
Nigerian 330-kV electrical network showed that the
inclusion of PSS on the generators helped damp the
rotor oscillations of the generators, having
established 0.2 seconds as the critical clearing time
for the relaying systems.

This study concluded that the introduction of PSS
improved the damping of rotor oscillations which
drastically reduced loss of synchronization and
therefore improved power system stability.

The effectiveness of the use of PS8s to enhance
power system stability has been investigated. Three

different power systems were considered: a single-
machine connected to an infinite bus (SMIB), two
machines connected to a load and multimachine
system typified by the Nigerian 330-kV electrical
network.

The use of tabu search to design robust power
svstem stabilizers for power system working at
various operating conditions was investigated, The
problem of selecting the PSS parameters. which
simultaneously improve the damping at various
operating conditions,  was converted o an
optimization problem with an eigenvalue-based
objective function which was solved by a tabu
search  algorithm. An  objective function was
presented allowing the robust selection of the
stabilizer parameters that placed the closed-loop
eigenvalues in the left-hand side of a vertical line in
the complex s-plane.

The suggested robust design  technique was
successfully  demonstrated on a  single-machine
infinite bus system operating at different loading
conditions and was wverified through eigenvalue
analysis and simulation results.

The damping effects of two types of PSS (generic
and multiband) were also investigated on two
machines, equipped with hydraulic turbine and
governor (HTG) and excitation system, connected
to a load centre through a long transmission line.

By simulating over a long period of time (say 50
seconds), it was observed that the speed oscillates
together at a lower frequency (0.025 Hz) after fault
clearing.

The two PSSs succeeded to damp the 0.6-Hz

mode, but AP, type was unable to damp the 0.025-

Hz mode. Selecting the multiband PSS, it was
observed that the stabilizer succeeds to damp both
the 0.6-Hz and 0.025-Hz modes. But when the two
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PPSs were disabled, it was observed that the
system was unstable,

Lastly, the transient analysis on Nigerian 330-kV
electrical network allowed assessing the system 1o
be stable, unstable and also allowed determining
the critical clearing time of power system with
three-phase faults. These results can be used
effectively in planning and operation of power
systems,

8.0 Conclusions

The application of a Power System Stabilizer (PSS)
for both small and moderate scale power systems
has been explored in this study. The study includes
the dynamic medel of PS5 to investigate its
dynamic effect in damping unstable modes evolved
as a result of the generators rotor angle or as
excitation system interaction. Different simulation
technigues as Matlab/Simulink and small signal
stability analysis have proved the improvement of
both voltage and system dynamic stability by
including PSS controller signals in power system
representation, The use of tabu search to design
robust power system stabilizers for power systems
working at  various operating  conditions s
investigated in this paper. The problem of selecting
the PSS parameters, which simultaneously improve
the damping at various operating conditions. is
converted to an optimization problem with an
vigenvalue-based objective  function  which s
solved by a tabu search algorithm. An objective
function is presented allowing the robust selection
of the stabilizer parameters that will optimally
place the closed-loop eigenvalues in the lefi-hand
side of a vertical line in the complex -plane. The
suggested robust design technigue was successfully
demonstrated on a single-machine infinite bus
system, and a multimachine power system.
operating at different loading conditions. The
performance of the rebust PSSs, tuned using the
suggested technique, is verified through eigenvalue
analysis and simulation results.
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APPENDIX

Data presentation Tor transient stability analysis
The following variables were first defined: power
system base (MVA), power mismatch accuracy
(0.,0001) and maximum iteration set at 100 in M-
file of MATLAB package,

The conductor materials used for high wvoltage
transmission lines, in Nigeria, are aluminium
conductor steel-reinforced (ACSR) which consists
of a centre core of steel strands surrounded by
layers of aluminium.
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MATLAB program used comprised bus data, line
data and generator data (PSS data only for the
second simulation showing the effect of PSS),

The penerator data was specified in the matrix
named gendata. lts first column contained the
generator bus number, columns 2 and 3 contained
resistance and fransient reactance in per unit on the
common MWVA base (Kainji generating station
served as the reference station with an output of
325 kV as at 26th July, 2010). and the last column
contained the machine inertia constant in seconds,
expressed on the common MV A base,

The first column in the matrix called busdata was
the bus number; column 2 contained the bus code
i1 used for slack bus. O for load buses and 2 for the
voltage-controlled buses). columns 3 and 4 were
voltage magnitude in per-unit and phase angle in

degrees respectively, Columns 5 and 6 were load in
MW and MVar. Columns 7 through 10 were MW,
minimum MYar and maximum MVar of generators
respectively. The last column was the injected
MVar of shunt capacitors.

The information required was included in a matrix
called linedata, Columns | and 2 were the line bus
numbers. columns 3 through 5 contained the line
resistance. line reactance and one-half of the total
ling charging susceptance in per unit on the
specified MV A base.

For ACSR conductors, the conductor length was
multiplied by 0.1825€2/ km for resistance, 0.3142
€2/ km for reactance and 3.644 w L2/ km for

susceptance.  The  last column  was  for the
transtformer tap setting (1 was entered for this
column),



