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ABSTRACT

In a power system where the traditional synchronous generators are Qﬁc'g'l_'fis'gm

used for power generation, uncertainty exists because of small, Received;Aquust, 2025

continuous perturbations, such as minor load fluctuations, and Received in revised form: October, 2025

insufficient damping which can lead to low frequency oscillation. To  Accepted: November, 2025

maintain the power system stability which involves damping of the fow ~PuPlished oniine: December, 2025

frequency oscillations, we can introduce Robust Damping Controllers  keyworps

using a combination of PSS and STATCOM. This paper presents the  Power System Stabilizer (PSS), Pulse width

Design and Simulation of Robust Damping Controllers for Small- Modulation (PWM) Renewable Energy

Signal Stability Enhancement Using PSS and STATCOM in a Multi- (Sf’“rces (RES) _Synchronous  static
. . . . ompensator ~ (STATCOM),  Voltage

Machine System. This was achieved by modelling a 9-bus power  stapilization (vstab)

system which is the Multi-Machine System, modelling a STATCOM,

also modelling a PSS using MATLAB Simulink and finally simulating

the entire system after the STATCOM and the PSS models were

incorporated into the Multi-Machine System. The outcome of the

analysis reveals that the design combination of the STATCOM and the

PSS has an exceptional capability in damping a power system’s low

frequency oscillations, and it also greatly improves the dynamic

stability of power systems.

INTRODUCTION

There is a massive rate of growth in
today’s world, and because of such growth rate
there is also the need for proportional growth in
the generation, transmission and distribution of
electrical power systems to meet the demand and
requirements of the growth. The stability of the
power system is also key to meeting the demand
and requirements of the massive growth rate.
Power system stability may be broadly defined as
the property of a power system that enables it to
remain in a state of operating in equilibrium under
normal operating condition and to regain an
acceptable state of equilibrium after being
subjected to a disturbance [1]. The stability of this
system needs to be maintained even when
subjected to disturbance that is large and has a
slim chance of occurring so that there will be a

secure and reliable supply of electricity to the
consumers.

In large-interconnected power systems,
the variation in load and generation cause the
rotors of synchronous machines to swing, causing
changes in machine rotor angles, terminal
voltages, and frequencies that affect the power
system equilibrium. Furthermore, the efficiency of
alternators, long transmission lines, distribution
lines, and all appliances connected to the power
system are affected by these changing
characteristics. After a perturbation, synchronous
machines attempt to regain equilibrium but at
different rotor angles. Therefore, oscillations that
are not damped completely may lead to an
increase in low frequency oscillations in power
networks, causing problems in system stability
and reducing the power transfer capability of
transmission lines [2,3,4]. The power system’s low
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frequency oscillations are classified into two types,
one with local area modes of oscillation that have
a frequency range from 0.8 to 3 Hz and the other
with inter-area modes of oscillations that range
from 0.2 t0 0.7 Hz [5].

This low frequency oscillation in the
power system is one of the main reasons for small-
signal instability, and to achieve stability of the
system the low frequency must be completely
damped by certain devices incorporated into the
system. The aim of this paper is to incorporation
a combination of STATCOM (static synchronous
compensators) and PSS (Power System
Stabilizer) into a multi-machine system to enhance
small-signal stability, and this will be actualize by
first modelling an |EEE 9-bus system, then
followed by the modelling of a STACOM and PSS
device which are finally incorporated into the IEEE
9-bus system using MATLAB Simulink.

An Overview of PSS and STATCOM

The stability of a power system is its
ability to develop a restoring force which is equal
or greater than the force responsible for the
disturbance of the system to maintain the stability
of the system. In power systems, according to [6],
there are three main groups of power system
stability which are, rotor angle stability, frequency
stability, and voltage stability, the small-signal
stability is an aspect of rotor angle stability, which
is the ability of synchronous machines in a power
system to remain in synchronism after a small,
continuous disturbances like load or generation
changes. The stability of a power system is of
primary concern as it is expected that the
synchronous machines which form large parts of
the traditional power system must operate and
maintain a synchronous state.

Perturbation in the system produces low
frequency oscillations and affects electrical
generation that could lead to unstable machines
that trip other units and collapse the system [7].
Application of a PSS is a first measure to enhance
the small signal stability. A PSS is the preferred
method to improve the power system damping
effect [8,9]; its installation is economical and
effective for stabilizing low frequency oscillations
within a system [8,10,11].

Power System Stabilizer (PSS)

A Power System Stabilizer (PSS) is a
device that enhances power system stability
(Small-Signal Stability) by damping low-frequency
electromechanical oscillations in synchronous
generators. It does this by providing
supplementary control signals to the generator's
excitation system, which are in phase with the
rotor speed deviations to create a damping torque.
A conventional PSS was presented for power
system network’s dynamic stability in [12].

The Generic Power System Stabilizer
(PSS) block can be used to add damping to the
rotor oscillations of the synchronous machine by
controlling its excitation. The disturbances
occurring ina power system induce
electromechanical oscillations of the electrical
generators. These oscillations, also called power
swings, must be effectively damped to maintain
the system stability. The output signal of the PSS
is used as an additional input (vstab) to the
Excitation System block. The PSS input signal can
be either the machine speed deviation, d,,, or its
acceleration power, P,= P, - P, (difference
between the mechanical power and the electrical
power) [13].

The Generic Power System Stabilizer is
modeled by the following nonlinear system:

> +——

GRID S STATCOM

v

LOAD

Fig.1: The components of the Generic Power
System Stabilizer

In order of the connection of the
Simulink blocks we have 1 at the input as the rotor
speed deviation, sensor, k is the overall gain,
wash-out, lead-lag1, lead-lag2, limiter and 1 at the
output is the Voltage stabilization (Vstab). To
ensure robust damping, the PSS should provide a
moderate phase advance at frequencies of
interest to compensate for the inherent lag
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between the field excitation and the electrical
torque induced by the PSS action.

The model consists of a low-pass filter,
a general gain, a washout high-pass filter, a
phase-compensation system, and an output
limiter. The general gain K determines the amount
of damping produced by the stabilizer. The
washout high-pass filter eliminates low
frequencies that are present in the d,, signal and
allows the PSS to respond only to speed changes.
The phase-compensation system is represented
by a cascade of two first-order lead-lag transfer
functions used to compensate for the phase lag
between the excitation voltage and the electrical
torque of the synchronous machine [14].

Static Synchronous
(STATCOM)

Compensators

This is a reactive power compensation
device, the basic function of the STATCOM is to
compensate with the reactive power it provides in
the power system, that is, the device provides
large percent of the reactive power needed in the
power system when connected to the grid. It
therefore implies that to achieve a unity power
factor in a power system then a STATCOM needs
to connect to the system to supply all the reactive
power needed by the load, keeping the reactive
power from the grid system equal to zero. Below
is a block diagram which illustrates how
STATCOM is connected to the system, and it
functions

S=P+jQ, Q=0(PF=1)

i PHQ

—’ o ]

teasion | Lo |l Jﬁ*

Fig.2: The principle of operation of Static Synchronous Compensators (STATCOM)

The function of the STATCOM is
possible because of its controller, where the
alpha/beta (a/B) and d/q transformation take
place for the grid voltage, load current and the
inverter current, also with the introduction of the
phase lock loop using alpha/beta voltages. With
the transformed values the DC bus controller,
access current controller and the g-axis current

controller is implemented, the final output of the
controller is given for the pulse width modulation
(PWM). Below is the block diagram of the
STATCOM controller for a three-phase system

Modelling of the IEEE 9-bus system in
MATLAB/Simulink
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Fig.3: Three-phase STACOM controller
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The modelling of the 9-bus system was
achieved using the standard values of the IEEE 9-
bus system, which are the bus data and line
parameters. With the help of these values, we
were able to compute the values for the positive
and zero sequence for the respective lines of the
9-bus system. Below are the tables of values for
the bus data, the line parameter and the line.
Table 1: Bus data and line data for a 9-bus

Table 1: Bus data and line data for a 9-bus
diagram of the system. IEEE system

Bus | Bus Bus Voltage ‘Generator Load
No | Type Vc(bII:: )ge &)
MW [ MVar | MW [ MVar

1 Slack | 1.04 16.5 0 0 0
2 PV 1.025 18.0 163 | 6.7 0 0
3 PV 1.025 13.8 85 -109 |0 0
4 PQ 1 230 0 0 0 0
5 PQ 1 230 0 0 71 50
6 PQ 1 230 0 0 90 30
7 PQ 1 230 0 0 0 0
8 PQ 1 230 0 0 100 | 36
9 PQ 1 230 0 0 0 0

3 6 7 8 2

] ] |

I

—J]
6

4

@

Fig.4: Line diagram of the IEEE 9-bus System

Calculation of Line Parameters

For the calculation of the IEEE 9-Bus
system line parameters, we used the following
values for the base apparent power and base
voltage.
Base apparent power (Sp) = 100MVA
Base voltage (Vb) = 230kV

The following formula were used to
obtain the line parameters which are:
Length of transmission line

_VXB o
L—ﬁx speed of light in km M

Where X is the line reactance and B is the line
susceptance.

Bactual=BpuXBbase (2)
Ractual=RpuXRbase (3)
Xactual :XpuXXbase (4)
2
Rbase:Xbase:‘;_b (5)
b
S
Bbase::é (6)
R, = 3R, (7)
Co=3C1 (8)
Lo=3L+ )

Below is the summary of the line parameters

Table 2: summary of the line parameters for a 9-bus IEEE system

Tr. Length | Ry Rao L. Lo(H/km) | C Cp

Line | (k) (L¥Ekm) | (Cxkm) (H/km) {F/km) (F/km)

1-4 - - - - - - -

27 |- - - - - - -

3-9 - - - - - - -

4-5 97.32 0.05436 | 0,163 0.001225 | 0.003675 | 9.065x10~7 2.7195x10°°
A-6 9593 0.0937 0.2811 0.001345 | 0.004035 | 8.256x10™% 24.768x10°5
5-7 176.61 | 0.0958 02874 0.001279 | 0.003837 | 8.685x1077 26.055x1077
7-8 8241 0.0546 01638 0.001226 | 0.003678 | 92.063x10~2 2.7189x10°°
8-9 | 11549 | 0.05451 | 0.16353 | 0.001224 | 0.003672 | 9.0718x10~% | 27.2154x10~%
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Where the parameters with subscript
one (R4, L,,C;,) are the positive sequence while
the ones with subscript zero (Rg, Ly,C,) are the
zero sequence for resistance, inductance and
capacitance respectively,

Finally, we model the system on
MATLAB Simulink, and we run the load flow for
the 9-bus system. Below is the modelled system
with the load flow result where the swing bus has
an active power of 162.04MW and a reactive
power of 1285.16MVar.

Peas
A S et
e B E-El
= -0
= T g
-——t _:':']
S ".IZ:_

Figure 3.1.2: Model of an IEEE 9-bus power system in MATLAB Simulink

Table 3: Output for the load flow of the 9-bus system
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MODELLING THE INTEGRATED SYSTEM IN
MATLAB/SIMULINK

Modelling of the STATCOM controller in
MATLAB/Simulink

Modelling of the STATCOM controller
separately in MATLAB/Simulink was achieved
using the various Simulink blocks to implement the
alpha-beta (a/f) and d-q transformation, the
transformed valves with the phase lock loop was
use to also implement the DC bus controller,
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access current controller and the g-axis current
controller and the final output of the system was
feed into the pulse width modulation (PWM)
device connected the inverter. For the STACOM
system we used a single supply to represent the
grid but later we are going to incorporate the

Fig.5: STATCOM device model in MATLAB/Simulink

Vabe ) P Vabc P

Display1
Vabe i Vabc P > -859.1
ge 8 Displa
linv Power 7.879e+04)
(3ph, Instantaneous STATCOM) 1
Display3
Vabe Vabc P 2e+05

g 1 Displayd
Power 8.334e+04
ke {3ph, Instantaneous LOAD) 2 | emseiol

Fig.6: Active and Reactive power output for the
grid, load and STATCOM device

From the output display it can be seen
that the STATCOM device actually compensated

[ 20120405
jgc  Q Displa
Power
labe (3ph, Instantaneous GRID)

STATCOM system into the 9-bus system. The
system was run with ode23t (mod.
Stiff/ Trapezoidal) solver with a relative tolerance
of 1e-3. Below is the modelled STATCOM system
with active and reactive power output for the grid,
load and STATCOM device.
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with the reactive power from the STATCOM
instantaneous power display we can see a
reactive power of 78790Var as against the active
power which is -859.1W while for the
instantaneous power output displayed from the
Grid we can see a supply of 201200W active
power as against -6333Var the reactive power
while implies the Grip supply mainly the active
power to the system.

Modelling of the Power System Stabilizer in
MATLAB/Simulink

The modelling of a Power System
Stabilizer (PSS) for a power system is always
achieved with the aid of an excitation system. For
the 9-bus power system we were able to model
the PSS system comprising of a multi-band power
system stabilizer, excitation system, constant
block and a bus selector which take the various
input signals from the synchronous generator to
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the input of the excitation system and the power
system stabilizer.

The multi-band PSS (MB-PSS) is
generally preferred over the generic PSS for a 9-
bus power system (a multi-machine system)
because it provides better damping across a wider
range of oscillation frequencies, including local,

inter-area, and global modes. The PSS was
configured using the standard IEEE values for the
system and finally the system was incorporated
into the 9-bus system. Below is the section of the
power system showing the Power System
Stabilizer (PSS).

Scope
=— =
Constant1 -
.
A s>
Constant o o
Vi
«<Rotor soeed Sevistiod dw(pDu)> 3 — C cfn
«Stater voltage v (pud» Synchwonous Machine BUS 2
pu Standard 1

<Stator voitdoe va (oud= I ol

1 wer

SEREES R
we 225
va pres————
ew Vatao Vatad

M;--Band Exceaton System

Power Systam Stgbtizer

[=—

Fig.7: A section of the Power System Stabilizer taking input signal from the synchronous generator

Integration of the STATCOM and Power
System Stabilizer (PSS).

Finally, after the STATCOM and PSS
were successfully modelled, it was integrated into
the 9-bus power system, where the STATCOM
was connected at bus 4 and the PSS was
connected to synchronous generator 2. The
STATCOM system was connected to bus 4 to

improve system performance, voltage stability and
the likes. But the optimal location fora STATCOM
varies depending on the specific goal, studies
have revealed benefits of using this location,
which include enhancing voltage profiles and
reducing fault impact. Below is the integrated
system.

Fig.8: STATCOM and PSS Integrated into the Multi-machine System (9-Bus System)
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After the successful integration of the
STATCOM and PSS we ran a load flow, and we
discovered an improvement in the voltage profile
at the various buses as compared to the 9-bus

system when the two devices were not yet
integrated into the system. Below is the output of
the load flow with integration of the STACOM and
PSS.

Table 4: Load flow of the 9-bus system with the integration of STATCOM and PSS

[Bocktype Batypel s 0| Vousa (k) Vot () Yangh dogh] # ()| 0 (e s (M) s (W) | V.05 ud Vamghe ¥ gl P05 ) | QLS v |

(Yl m i I T R
: ] C b i .N_' e i NI NN
M W mey 0.4 LN R
A = e 1 )
gl wvisg wet 1.0 LM 0.00 0.0 0.0
[a s < iy me 0.0 0 00
'7 STRTTT R mn 1 00 MM N0
[} . L) NN i "M 0N N
{9 Je tead sy a9 w1 0.00 .00 #0.08

RESULT AND DISCUSSION

With the whole system integrated, that
is, the STATCOM and the PSS connected to Bus
4 and synchronous generator 2 of the 9-Bus
power system respectively. To analyze the
improvement in damping ratio and mode shapes,
prior to application of any disturbance to the
system, we carried out a procedure to check for
the improvement in the system. First, we run a
simulation without the PSS connected to the
synchronous generator 2 using electrical power
(P.) and rotor speed as input to the bus selection
from the synchronous generator to observe the
damping ratio and the mode shapes respectively.
Below were the plots which displaced output of the
electrical power input and rotor speed (w,, ) for the
damping ratio and mode shapes analysis
respectively.

12

10

4] 02 04 06 08 1

)
Time offset: 0 I

Fig.9: Plot of Electrical power (P,) without PSS
and STATCOM connected to System
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Fig.10: Plot of rotor speed (w ) input without PSS
and STATCOM connected to the system

9

o 0.2 04 0.6 0.8 1

3
Time offset 0 %10

Fig.11: Output Plot of Electrical power (P,) input
with PSS and STATCOM connected to System
immediately after the Power System Stabilizer
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0 0..2 D.Id OTE oja 1
Time offset. 0 x10°
Fig.12: Output Plot of Electrical power (P,) input
with PSS and STATCOM connected to System

immediately after the Excitation System

CONCLUSION

In conclusion, itis of great importance to
take into consideration the integration of certain
control systems-the likes of PSS and STATCOM
which enhances the stability of a multi-machine
system, like the 9-bus system we have model, and
even more larger systems to mitigate any
disturbances that may be introduced in the
system. In essence, the importance of the stability
of a system cannot be overemphasized. For the
future it is also important we take into
consideration to research into new control
enhancement systems that can also improve the
stability of the increasing penetration of renewable
energy into the grid system.
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