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Abstract. Power systems are frequently viewed as complex, nonlinear, and
dynamic systems. This system is constantly subjected to small disturbances that
can result in synchronization loss and system failure. To fix this issue, power
system stabilizers are applied to generate extra excitation control signals. Con-
ventional power system stabilizer (CPSS) is difficult to track the dynamic nature
of the load since stabilizer gains are determined under specific working condi-
tions. In this paper, a multi-level fuzzy-based stabilizer uses the variation of rotor
speed and acceleration as an input tomitigate low-frequency oscillations (LFOs) in
single-machine infinite bus systems. The system is represented mathematically by
the Heffron Philips K-coefficients model. The controller’s performance was inves-
tigated for disturbances exposed to inputs of various membership functions, such
as a triangular, gaussian, generalized bell, and trapezoidal. Eachmembership func-
tion is compared. For instance, a multi-level fuzzy-based stabilizer with a triangu-
lar membership function settled the rotor angle, rotor speed, and electrical torque
deviations 29.5%, 5.9%, and 39.7% faster than the gaussian membership function
fuzzy-based PSS, respectively. The study’s findings revealed that the triangular
membership function performed better than other membership functions.
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1 Introduction

Power system stability is the capacity of a power system to establish restorative forces
equal to or greater than the disturbing forces to preserve balance. This concept applies
to the nation’s interconnected power system since it is a highly nonlinear system that
operates in a constantly changing environmentwhere loads, generator outputs, and essen-
tial operating parameters change. Low-frequency oscillation is caused by an imbalance
between the damping and synchronization torque in power systems, which modifies the
generator voltage angle [1].
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Small-signal stability, a subset of phase angle-related instability concerns, is the
capacity of synchronous machines in an interconnected power system to maintain syn-
chronism after being subjected to a slight disruption [2]. This occurs as a result of
a balance between the electromagnetic and mechanical torques of each synchronous
machine linked to a power system [3]. For instance, insufficient synchronizing torque
results in “aperiodic” or non-oscillatory instability while inadequate dampening torque
results in low-frequency oscillations [4]. Both of these small signal stability problems
have resulted from poor damping caused by high gain voltage regulators to cancel the
effect of synchronizing torque.

In excitation control, a high gain regulator has a binding effect of eliminating syn-
chronizing torque but negatively affects the damping torque [5]. To solve the unwanted
effect of these voltage regulators, other supplementary signals are introduced in the feed-
back loop. The additional signals are primarily caused by speed divergence, excitation
divergence, or accelerating power, which is achieved by injecting a stabilizing signal
into the excitation system, and the error signal drives the regulator [6].

The power system stabilizer is divided into three stages: lead-lag compensator, wash-
out, and gain block [7]. To compensate for the lag between the PSS output and the
subsequent electrical torque developed, lead-lag compensators use phase-lead circuits.
A washout circuit functions as a high-pass filter. The amount of damping associated with
rotor oscillation is determined by the gain of the power system stabilizer. Traditional
control theory and a linearized system model are used to design conventional power
system stabilizers (CPSS) that provide optimal behavior under fixed operating conditions
[8]. A conventional controller, on the other hand, fails to achieve effective control in
systems with frequently fluctuating parameters. These pique one’s interest in developing
a fuzzy logic controller (FLC). FLCs employ feasible reasoning, which is similar to how
humans make decisions [9]. This enables knowledge and experience gained from the
system to be applied in such a way that adequate control for the design is provided
even when the system configuration and conditions change. As a result, control systems
based on fuzzy logic can solve intelligent control tasks, adapt to changing environments,
and make sound decisions [10]. A hybrid of the fractional PID controller and a single
fuzzy logic-based stabilizer has been proposed to improve the stability of a single-
machine infinite bus (SMIB) power system [11]. However, the controllers’ capabilities
are limited due to the need for an expert to design the best possible solution [12]. To
address this issue, a type-2 fuzzy logic controller withmore degrees of freedom to handle
nonlinearities and uncertainties has been developed, improving power system stability
[13]. The study’s results, however, necessitated a complete mathematical model of the
system, which was difficult due to the power system’s dynamic and nonlinear nature.
This triggers the researcher to find a new design to handle low-frequency oscillations
with the best performance index when the systems are subjected to various small-signal
disturbances.

2 Mathematical Modeling

Mathematicalmodeling of a power systemconsists of a synchronousmachine, excitation,
power system stabilizer, and multi-level fuzzy-based stabilizer.
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2.1 Synchronous Machine Modeling

The complete model of the synchronous generator, which includes six electrical and two
mechanical nonlinear dynamic equations, is shown below [14].
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where,

E′
d,q Transient voltage in d-/q-axis T′

do,qo The transient time constant of
d-/q-axis

Efd Field voltage T′′
do,qo Sub transient time constant of

d-/q-axis

H Inertia constant TFW Additional damping torque prop. to
speed

Id,q Current in d-/q-axis TM Mechanical torque

Xls Leakage reactance X′
d,q Transient reactance in d- /q-axis

δ Rotor angle X′′
d,q Sub transient reactance in d-/q-axis

ω Rotor speed ψ1d Flux linkage d-axis damper winding

Equations (1) and (2) describe the dynamics in the d-axis, while Eqs. (3) and (4)
describe the dynamics in the q-axis. Equation (5) and (6) represents thewell-knownswing
equations. The torque component TFW, which introduces damping torque proportional
to rotational speed, can be extra damping in all models.

2.2 Excitation System Model

The ST1A thyristor control model was used in the study because it allows negative field
current to enable generator de-excitation, as shown in Fig. 1 [2].
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∑

Exciter GainVoltage Transducer

Fig. 1. Block diagram of an excitation system

A simplified model of ST1A excitation that is shown in Fig. 1, is linearized as:

�Et = ed0
Et0

�ed + eq0
Et0

�eq (7)

Efd = KA(Vref − VI) (8)

In terms of perturbed values;

�Et = KA(−�VI) (9)

In the preceding equations, Efd is the e.m.f. due to d-axis flux, and Vref is the steady-
state magnitude of the terminal voltage. VR is the output voltage, and TR is the time
constant.

2.3 Single-Line Diagram Representation of a Test System

In this study, the system that operates to the infinite bus is obtained in [6] and detailed
machine constants are given in Appendix, as shown in Fig. 2, which is for simulation.
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Fig. 2. A single-line diagram of the case study’s single machine power system

The Heffron-Phillips model of the SMIB system shown in Fig. 3 is used in this
paper [15]. H is the inertia constant, �w is a deviation of speed, wo is rated speed, s
is the Laplace operator, K1 to K6 are known as K constants (which are the functions
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of machine inertia constant, transmission line reactance, field time constant, machine
loading conditions and exciter time constant), KA is exciter gain, TR, Tdo, and TA are
time constant of voltage transducer, field circuit, and exciter, respectively. The numerical
values of the constants are given in Appendix.

+
∑

∑∑ + +

Fig. 3. A linearized model of a single machine connected to an infinite bus

2.4 Design of Conventional Power System Stabilizer

The expression of GEP(s) can be derived from Fig. 3 as follows [1]:

GEP(s) = K2K3Gexc(s)(
1 + sT

′
d0K3

) + K3K6Gexc(s)
(10)

The transfer function of the excitation system is as follows:

Gexc(s) = KA

1 + sTA
(11)

Thus, Eq. (10) becomes:

GEP(s) = K2K3KA

TAT
′
d0K3s2 + (

TA + T
′
d0K3

)
s + K3K6KA + 1

(12)

From Fig. 4, the contribution of the PSS to the torque-angle loop is given by:

�TPSS

�ω
= GEP(s)PSS(s) (13)
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∑

∑

Fig. 4. Block diagram of a power system stabilizer with speed as an input

The state-space representation of the test system with exciter has become:
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The eigenvalues of the system became calculated as:

|A − λiI| = 0;
λ1,2 = −0.0181 ± 9.9433i; λ3,4 = − 2.6971 ± 10.8965i

where A denotes the system matrix, the corresponding damping factor (ξ) of the given
SMIB is given in the Table 1 below.

Table 1. Damping ratio, undamped natural frequency, and frequency of oscillation

Eigen values σ ωn (rad/sec) f (Hz) ζ

λ1,2 −0.0181 ± 9.9433i −0.0181 9.9433 1.582525 0.002

λ3,4 −2.6971 ± 10.8965i −2.6971 10.8965 1.734232 0.2403

The eigenvalues obtained above prove that the system λ1,2 is poorly damped com-
paredwithλ3,4. So, a conventional power system stabilizer is applied to damposcillation.
During the conventional power system stabilizer design process, the following stepsmust
be taken [15];

Step 1. Find the torque-angle loop’s undamped natural frequency in rad/sec using the
Heffron Philips model, ignoring all other sources of damping.

2H

ωs
s2 + K1 = 0, i.e, s1,2 = jωn,where,ωn =

√
K1ωs

2H
= 10 (15)
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Step 2. Find the phase lag of GEP(s) at s = jωn in Eq. (10).

GEP(s)
∣∣s =jωn

= 49.374644

11.597158 + 25.2342j
= 1.78� − 65.31740 (16)

Step 3. In Eq. (13) modify the phase lead of T(s) so that

T(s)
∣∣s =jωn

+ GEP(s)|@s = jωn = 0 (17)

Let

T(s) = KPSS

(
1 + sT1

1 + sT2

)k

(18)

Ignoring the washout filter time constants (T1 and T2), whose net phase contribution
is approximately zero, k = 1 when T1 > T2. Now select T1, and T2 as some values
between 0.02 and 0.15 s [1]. As a result, for T2 = 0.0575 s, their corresponding T1
values are:

� (1 + j10T1) = �
[
(1 + j10 ∗ 0.0575) − 1.78� − 65.31740

]

10T1 = tan
(
83.32130

)
;

T1 = tan
(
83.32130

)

10
= 0.854 s

(19)

Step 4. The phase lead of G(s) cancels the phase lag caused by GEP(s) at the oscil-
lation frequency, and the contribution of the PSS via GEP(s) is a pure damping torque
with a damping coefficient DPSS.

DPSS = 2ξωnM = KPSS
∣
∣T(s)

∣
∣s =jωn

∣
∣GEP(s)|@s = jωn (20)

From Eq. (18), find KPSS, knowing ωn and the desired [1].

KPSS = 2ξωnM∣∣T(s)
∣∣s =jωn

∣∣GEP(s)
∣∣s =jωn

= 2 ∗ 0.25 ∗ 10 ∗ 2 ∗ 2.37

6.65 ∗ 0.9978 ∗ 1.78
= 2

As a result, the final conventional power system stabilizer would be:

Gain Wash-out Compensator

Limiter 

Fig. 5. Block diagram of a designed conventional power system stabilizer
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The conventional power system stabilizer, as shown in the above figure (Fig. 5), is
made up of three blocks: phase compensation, signal washout, and gain. The phase com-
pensation block provides the appropriate phase-lead characteristics to compensate for
the phase lag between exciter input and generator electrical torque. The signal washout
block acts as a high pass filter, removing DC signals. PSS damping is determined by the
stabilizer gain.

2.5 Design of Multi-level Fuzzy Logic Controller-Based Stabilizer

Low-frequency oscillations in a power system are damped using additional control sig-
nals sent to an automatic voltage regulator (AVR) via a speed deviation signal [16]. The
rotor speed and its derivative are used as inputs, and the output is a voltage signal [17].
The fuzzy logic controller output has been multiplied by Kout again to give the appro-
priate control signal �V [18]. Blocks of the fuzzy logic controller with normalization
factors are given in Fig. 6. The scaling factors Kin1 and Kin2 are the normalization
factors for rotor speed and rate of the speed, respectively.

FuzzificationFuzzy 
Inferences 

Knowledge Base 

Defuzzification

Data Rule 

Synchronous

Generator

Efd

∑

-

Exciter 
& AVR∑

Vref Error 

FuzzificationFuzzy 
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Defuzzification

Data Rule 

∑

+

Fuzzy-1

Fuzzy-n 

Fig. 6. Block diagram of proposed multi-level fuzzy-based stabilizer
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The input domain can be described by linguistic terms such as positive big (PB),
positive medium (PM), positive small (PS), zero (Z), negative small (NS), negative
medium (NM), and negative big (NB) for seven linguistic variables [19].

Fuzzy Rule Base. A rule that describes the relationship between the input and output
of fuzzy controllers can be set up using accessible knowledge in designing PSS [20].
The rule base is built using prior knowledge from plant dynamics, existing controllers,
and experienced experts [18].

Rule 1. If the speed deviation is NB and the acceleration is PB, the voltage (output of
fuzzy PSS) is NS. This means when the load angle and rotor acceleration decrease, the
excitation system reduces the field voltage required to stabilize the system.

Rule 2. If speed deviation is NM and acceleration is NB, then a voltage (output of fuzzy
PSS) is NB.

Rule 3. If speed deviation is PS and acceleration is PS, then a voltage (output of fuzzy
PSS) is PS, and so on. This means when the load angle and rotor acceleration increase,
the excitation system raises the field voltage needed to stabilize the system.

Table 2 explains all 49 rules that govern the mechanism wherever all symbols are
defined in basic fuzzy logic expressions.

Table 2. Fuzzy logic control rule bases [19]

Acceleration 
Speed

Voltage

NB NM NS Z PS PM PB

NB NB NB NB NB NM NM NS
NM NB NM NM NM NS NS Z
NS NM NM NS NS Z Z PS
Z NM NS NS Z PS PS PM
PS NS Z Z PS PS PM PM
PM Z PS PS PM PM PM PB
PB PS PM PM PB PB PB PB

3 Simulation Results

The performance of the SMIB system with only the excitation system, conventional
PSS (lead-lag), single fuzzy, and multi-level-fuzzy based PSS is analyzed using the
Heffron Philips (K constant) values. A step input signal is used as the prime mover for
a synchronous generator in the Simulink model.
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Fig. 7. SIMULINK model with AVR

Fig. 8. Response of a 100% step-change in TM without PSS

3.1 System Performance with Excitation System Only

Figure 7 shows the Simulink block with only the excitation system for the test system.
The response of the system without any controller applied is as follows:
As illustrated in Fig. 8, the system’s response has oscillatory due to an insufficient

damping coefficient.Without any stabilizer, the settling time of power angle, rotor speed,
and electrical torque deviations takes more than 100 s. As time goes up, the oscillating
amplitude decreases but persists for an extended time, causing the system to become
monotonically unstable. This results in the equipment to be loss of synchronism or
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being damaged so to protect the system from this proper power system stabilizer became
designed.

3.2 System Performance with Conventional Power System Stabilizer

Figure 9 below shows the Simulink block diagram of the conventional power system
stabilizer for the system. The numerical values of the power system stabilizer block are
determined in the design section.

Fig. 9. SIMULINK model with power system stabilizer

Figure 10 shows the response of the system with conventional stabilizers when there
is a 100% step change in mechanical torque.

Fig. 10. Response of a 100% step-change in TM with CPSS

As shown in Fig. 10, the settling time for rotor angle, rotor speed, and electrical torque
deviations is 6.3019, 6.4544, and 5.9409 s, respectively. This showed that the designed
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stabilizer able to settle small signal disturbances within 7 s. As a result, conventional
power system stabilizers reduced the settling time by 93.698%, 93.546%, and 94.059%
for rotor angle, rotor speed, and electrical torque deviations, respectively, improving the
low-frequency oscillations as compared with the existing system without any stabilizer.

3.3 System Performance with Fuzzy Logic-Based Stabilizer

The Simulink model of a single fuzzy logic controller to damp small signal oscillations
in a single-machine infinite bus system can be shown in Fig. 11.

Fig. 11. SIMULINK model with a single fuzzy logic-based stabilizer

When there is a 100% step change in mechanical torque in the system, the response
of rotor angle, rotor speed, and electrical torque deviation with a single fuzzy-based
power stabilizer is shown in Table 3 with different membership functions below.

Table 3. The response of the system via a single fuzzy logic-based stabilizer

Controller Membership function
Triangular Gaussian

Single 
fuzzy Generalized Bell Trapezoidal

FromTable 3, the settling time of electrical torque deviations for a single fuzzy-based
power system stabilizer with triangular and gaussian membership functions is 2.4478
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and 3.0769 s, respectively, to reach a steady-state value. This indicated that the fuzzy
controller enhances small signal disturbance with minimum time and overshoot as com-
pared to the conventional stabilizer that was seen in the previous session. This makes a
single fuzzy with triangular and gaussian membership function-based power system sta-
bilizer achieved settling time by 58.797% and 48.208% earlier than conventional power
system stabilizers, respectively, for electrical torque deviations. This stated that triangu-
lar membership settles 10.589% quicker than gaussian membership. The response of the
system for power angle deviations via a single fuzzy with triangular and gaussian mem-
bership function-based stabilizer achieved a settling time of 59.757% and 50.578% faster
than conventional stabilizers, respectively. Therefore, the triangular membership func-
tion achieved the settling time 9.179% quicker than the gaussian membership function.
While a single fuzzy with generalized bell and trapezoidal membership function-based
power system stabilizer achieved a settling time of 67.670% and 158.325% slower than
conventional power system stabilizers, respectively. This perceived that generalized bell
and trapezoidal membership resulted in oscillatory amplitude decreases but persist for
a long time even slower than conventional stabilizer. Due to this generalized bell and
trapezoidal membership single fuzzy-based stabilizer is not advisable to improve LFOs.

3.4 System Performance with Multi-level Fuzzy Logic-Based Stabilizer

The SIMULINK model builds to study the performance of a multi-level fuzzy logic
controller to damp LFOs is given in Fig. 12. The proposed controller incorporates the
intelligentmetaheuristic optimization algorithm to optimize the parameters of the system
in addition to the direct fuzzy controller.

Fig. 12. SIMULINK model with multi-level fuzzy logic-based PSS
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Table 4 illustrates the response of themulti-level fuzzy-based power system stabilizer
to dampen low-frequency oscillations for various membership functions.

Table 4. The response of the test system via a multi-level fuzzy logic-based stabilizer

Controller Membership function
Triangular Gaussian

Single 
fuzzy Generalized Bell Trapezoidal

As per results from Table 4, the settling time of electrical torque deviations using a
multi-level fuzzy-based stabilizer with triangular, gaussian, and generalized bell mem-
bership functions takes 0.0627, 0.6376, and 1.4155 s, respectively, to reach the final
steady-state value. This showed that the designed stabilizer can settle small signal dis-
turbances in the smallest time as compared to any stabilizer mechanism. As a result, a
multi-level fuzzy with triangular, gaussian, and generalized bell membership function-
based power system stabilizer settled 95.670%, 55.961%, and 2.231% faster than a
single fuzzy with triangular fuzzy-based power system stabilizer. The response of the
system for power angle deviations via a multi-level fuzzy-based stabilizer with triangu-
lar and gaussian membership settled 34.601% and 5.084% quicker than a single fuzzy-
based stabilizer. While the settling time of electrical torque deviations for a multi-level
fuzzy-based power system stabilizer with a trapezoidal membership function takes more
than 100 s. Consequently, the oscillatory output is produced by a multi-level fuzzy with
trapezoidal membership function-based power system stabilizer. Due to this, trapezoidal
membership multi-level fuzzy-based stabilizer is not applicable to improve LFOs. Thus,
Multi-level fuzzy improves power system stability and removes steady-state error that
occurs in the system within a short time. This, in turn, increases the reliability, quality,
and security of the power system.

3.5 Comparative Analysis of the System

The comparative analysis response graph of electrical torque and power angle deviation
among various stabilizers via various membership functions with a 5%, 25%, 50%, 75%,
and 100% change in mechanical torques is given in Table 5.
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Table 5. Comparison of system response with performance index via various stabilizers

Membership Parameter response for 5% change in mechanical torque
Electrical torque deviation Load angle deviation

Triangular

Gaussian

Generalized
Bell

Trapezoidal

Membership Parameter response for 25% change in mechanical torque 
Electrical torque deviation Load angle deviation

Triangular

Gaussian

Generalized
Bell

(continued)
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Table 5. (continued)

Trapezoidal

Membership Parameter response for 50% change in mechanical torque
Electrical torque deviation Load angle deviation

Triangular

Gaussian

Generalized
Bell

Trapezoidal

Membership Parameter response for 75% change in mechanical torque
Electrical torque deviation Load angle deviation

Triangular

Gaussian

(continued)


