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Abstract: Maintaining power system stability can be challenging due to low-frequency fluctuations. Traditionally, power
system stabilizers (PSS) and unified power flow controllers (UPFC) have been used to address this issue. This paper
proposes a novel approach that leverages both PSS and UPFC simultaneously, controlled by an optimized fuzzy logic
system. The proposed fuzzy controller aims to enhance the efficiency of both PSS and UPFC, ultimately boosting system
damping. The controller takes two key inputs: changes in angular speed and power angle. To dynamically adjust its
response to changing system conditions, a shuffled frog leaping algorithm optimizes the fuzzy controller's gains. To assess
the effectiveness of the controller, simulations are conducted across three different loading levels for the studied system.
The results are presented for each stage and demonstrate a significant reduction in overshoot and improved overall
system damping. Our method achieves a remarkable 43% enhancement in damping compared to PSS, a 45%
improvement over UPFC alone, and a staggering 48% advantage over the hybrid PSS-UPFC approach.
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quickly control active and reactive power flow on a line.

1. INTRODUCTION Normally, a UPFC follows two control objectives, known as

Nowadays, with the expansion of power systems and primary and supplementary controls. The purpose of the
with the increase of power transmission, dynamic and former is to supervise and control active and reactive power
transient stability are of special importance for safe operation flows independently so that bus voltages can be controlled

[1]. To preserve the system’s security, the power system is during the power system operation. Among the most common
expected to have normal condition, during which the control methods for UPFC is the one based on vector control.
magnitude of voltage and range of frequency are maintained This design allows active and reactive power to be controlled
in the allowed range. Stability control of electrical power separately, where the balanced three-phase system is
systems examines if the synchronism of generation units is converted to the synchronous rotating reference frame. Also,
established in the case a significant perturbation is added to proportional-integral (PI), fuzzy, and neural controls have
the system. Power system stabilizers (PSS) have widespread been introduced in this field [5-6]. On the other side,
applications, such as being adopted as complementary supplementary control is beneficial only in the case the
controllers to improve stability. In addition, flexible system encounters major disturbances. This complementary
alternating current transmission systems (FACTS) are control strategy concerns improving the transient stability on
suitable options for transient stability improvement in almost the line, which is traditionally expressed using the Lyapunov
a short time [2-4]. Among all FACTS devices, unified power stability method based on an energy function [7]. Although

flow controllers (UPFCs) are of special attention, which developments in improving control methods have been
present maximum flexibility and can be used for voltage presented, they need to provide complete power system
control, series compensations, and phase shift. UPFCs can models and dynamic models of the UPFC. In the following,
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the related literature is reviewed. In case a power oscillation
damping (POD) controller is used in the control design,
FACTS can improve stability by boosting the damping to the
inter-area modes [8-10]. In [11] introduced a design method
based on the particle swarm optimization (PSO) algorithm,
which aimed to coordinate thyristor-controlled series
compensator (TCSC) and PSS in power systems that contain
several generation units. In [12] adopted the genetic
algorithm (GA) to determine the UPFC installation location
along with adjusting the PSS parameters so that the system
damping reaches the maximum possible value. In [13]
presented a hybrid method for damping power fluctuations in
the power system; the method consisted of offline and online
stages that simultaneously adjusted the parameters of the
UPFC and PSS controllers using the PSO. In [14] suggested
adjusting controllers by adopting optimal control theory for
different conditions and the studies were implemented using
a two-area symmetric system. Pl controllers propose
widespread applications in load frequency control, even
though they suffer from many problems due to changes in the
operating point of the system as well as network regulatory
parameters [15-16]. Many articles have also discussed the
design of the optimal performance of PSS in the power
system, some of which use pole displacement techniques.
Some other studies utilized artificial intelligence techniques
[17-18]. In [19] the fuzzy algorithm was used to adjust PSS
parameters to boost system stability. In [20], to coordinate
between UPFC and PSS, the eigenvalue method was used to
identify the largest real value of the system and minimize its
value. The purpose was to reduce the fluctuations of the
power system when applying a disturbance to the system. In
[21], a genetic algorithm was incorporated to coordinate PSS
and UPFC to optimize electromechanical modes, thus
improving system damping. In [22], a neural network with
single-neuron layers was developed with a radial function to
optimize the performance of the PSS and UPFC. Then the GA
was used to optimize the network weights and applied to a
four-machine network. Methods based on robust control have
also been proposed to overcome system uncertainty and
increase damping with UPFC [23], [24].

By proposing a variable structure controller and deriving
the appropriate control law in terms of fuzzy logic for UPFC
and PSS, as well as using the shuffled frog leaping algorithm
(SFLA) to adjust the proposed gain coefficients in the fuzzy
controller in the single-machine power network, the present
study attempts to reduce low-frequency fluctuations in a
faster time during a disturbance. Fig. 1 shows the structure of
the developed control scheme. Accordingly, the output of the
fuzzy system provides the required control signal for PSS and
UPFC; in addition, the gains designed in the fuzzy controller
for PSS and UPFC are optimized by the SFLA to enhance the
system damping. The contributions of this study are described
as follows:

o Designing fuzzy controllers for PSS and FACTS;
e Optimizing the parameters of the proposed fuzzy controller;

e Minimization of the objective function of speed changes to
reduce fluctuations and improve system damping; and

o Comparing the proposed controller at three different levels
of system loading with conventional controllers and
showing the high capability of the proposed system.
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2. CONTROL SYSTEM MODELING

Here, models of the PSS, UPFC, and dynamic modeling
of a power system are introduced.

2.1. Power System Stabilizer

The PSS enhances the system's dynamic behavior by
introducing supplementary signals to the excitation system.
The PSS typically receives data such as motor speed,
frequency, and generator output power, and effectively
improves the dynamic behavior by reducing its fluctuations
[25]. PSS has three blocks: phase compensator block, signal
effect removal block, and gain block. The phase compensator
block gives the most suitable phase-lead characteristic for
phase-lag compensation of the system between the excitation
input and the electric torque of the generator. Fig. 2
demonstrates the PSS structure based on the phase lag-lead
controller.

2.2. Modeling the UPFC

UPFC is a device placed between two buses known as
sending and receiving ends of the UPFC. This device consists
of two interconnected voltage source converters via a DC link
(refer to Fig. 3). This damping controller produces electric
torque and the speed derivative to compensate the damping
torque. The control parameters of the UPFC are mg, mg, dg,
and &g which help to produce the damping torque. Parameters
m and d respectively indicate the amplitude modulation
coefficient and the initial angle of the reference signal of
individual converters. In this article, e was adopted for
generating the control signal. The structure of UPFC for the
damping controller is also similar to the phase lag-lead
controller of the PSS.
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Fig. 2: Structure of the PSS
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2.3. Modeling the Power System

Equations (1)-(7) describe the dynamic behavior of the
studied system with a UPFC (Fig. 3) in the state space form
related to the single-machine system [26]:

Si = Wj — W 1)
. 1
W = (Pmi — Pei — Dij(0; — w)/wy )
1
. 1 ,
Bgi = = [~Brai — Xai — Xa)lai — Bqi — Eq; + Eqi] + Egi (3)
Tcloi
. 1
Efgi = T (—Etai + Kai(Vreri — Vi) (4)
A
-
Eq = —Talg + —— + Ey + X{ 1, (®)
Wy
Eq = —Talg +—2 + Ej + X{1q (6)
Wy
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Therefore, state space equations of the system may be
rewritten as Eq. (8):
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Coefficients Kpy, Kw, Kqu, and K, are defined in Eqgs.
(12)-(14):

Kpu = [erKp«Serpr«Sb]
Kvu = [KveKVSeKVdKVSb]
Kqu = [quKqSequKqu]

(8)

©)

(10)

(11)

(12)
(13)
(14)

All coefficients K; to Ky and coefficients Kpy, Ky, Kqu,
and K, are linearized constants.

Fig. 4 provides a linearized model of control model of
the system under study, based on which the proposed fuzzy
controller is suggested for damping the system.

3. Fuzzy THEORY

The fuzzy theory was first introduced by Zadeh in an
article titled “Fuzzy Sets”. A decade layer, Mamdani and
Asilian defined a basic framework for a fuzzy controller and
used the fuzzy controller in a steam engine [27]. In 1978,
Holmblad and Ostergaard adopted the first fuzzy controller
for a complete industrial process [27].

A fuzzy controller has one or more non-fuzzy input
signals and one non-fuzzy output signal. To create the desired
output signal, in general, the controller has the following
parts:

* Fuzzy rules base
* Fuzzy inference engine
* Fuzzifier and de-fuzzifier

A fuzzy rule base is formed from a set of fuzzy if-then
rules. In a fuzzy inference engine, the principles of fuzzy
logic are used to combine if-then rules in the fuzzy rule base
to map from the fuzzy set A in U to the fuzzy set B in V. The
fuzzifier acts as an intermediary between the input
environment, which is in the form of real numbers, and the
fuzzy inference engine. The de-fuzzifier is a mapping of the
fuzzy set of the output of the fuzzy inference engine to a
definite point. So, a de-fuzzifier identifies the point that
represents the output fuzzy set most properly.
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Fig. 3: A single-machine power system with a UPFC
[31].

Fig. 4: Block diagram of the power system with a UPFC
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3.1. Fuzzy theory for designing the PSS controller

In this part, the PSS controller is designed to boost power
system damping based on fuzzy logic. Angular velocity
changes and power angular changes are considered as fuzzy
inputs. The fuzzy system output is also applied to the
excitation system (Vpss), Which is shown in Fig. 4. As seen in
Fig. 5., two constant parameters are used in the input and one
constant parameter in the fuzzy system output, which will be
optimized by the SFLA in Section 4.

3.2. Fuzzy theory for the design of the UPFC controller

A similar method to the design of the PSS fuzzy
controller has been used for UPFC. Angular velocity changes
and power angular changes are considered as fuzzy inputs.
The fuzzy system output is fed into the converter angle
(6YPFC), according to Fig. 6.

According to Fig. 6, two constant parameters are used in
the input and one constant parameter in the fuzzy system
output, which will be optimized by the SFLA in Section 4.

3.3. Step 2: Fuzzification rules

This part forms the foundation and main logic of the
control action, where the whole data needed for the control
operation is stored in the form of fuzzy rules. For example, if
the output value is significantly dissimilar to the desired
value, the fuzzy part applies more control value in a different
direction. The fuzzy control rules that are necessary to
generate the control signals of §Y7#¢and Vg are given in
Tables 1 and 2, which will be applied to the studied system
according to Fig. 4. It should be noted that the fuzzy functions
used for @ and A¢ are triangular.

3.4. Step 3: Fuzzy inference method

Normally, Mamdani and Takagi Sugeno methods are
mainly utilized in control applications. The former is used in
this section, because it is a very powerful method at the same
time. Using the Mamdani method, Eqg. (15) is written:

Hei (0,80) = 11, (@) X 115 (a6) (15)
where @ and AS§ represent the speed and changes of the
speed. Also, u is the output value. py; (w) and ug;(AS) are
the fuzzified value of the speed and the rate of change of
speed.

As shown in Tables 1 and 2, the labels NB, NM, NS, ZR, PS,
PM, and PB represent the membership function values in this
fuzzy system. These terms correspond to negative big,
negative medium, negative small, zero, positive small,
positive medium, and positive big, respectively. Tables 1 and
2 present the fuzzy rule base, derived from human experience.
The rules employ the following format: 'If input variable 1
(w) is Ajand input variable 2 (A6) is B;, then the output
variable (u) is C;. In this rule format, 'A;' and 'Bi' represent the
membership function values for the corresponding input
variables (w and A§ ). The output 'Ci' translates these fuzzy
values into control signals that are sent to both the PSS and
UPFC.
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3.5. Step 4: fuzzy to crisp transformation

The transformation of the fuzzy central average value to
the crisp value is used here. In this way, the output value is
given as Eq. (16):

> U, Min(ass (@), 115, (AS)
;u(a)rAé‘) = IZln
Z Min(zey (@), 115 (AS))

(16)

where ui' indicates the central value of the fuzzy output.

The fuzzy logic output is used for the excitation system signal
in PSS and also for the converter angle in UPFC. The signals
are changed instantaneously using fuzzy logic according to
Egs. (17) and (18):

VPSS :VPSSO +AU PSS an

UPFC UPFC
0, =0, + AU jpec (18)
Vpsso and 8ZFFC are the initial values related to the PSS
and UPFC signals. AUpgs and AUyppc are the output of the
fuzzy section.

4. SHUFFLED FROG LEAPING ALGORITHM (SFLA)

The SFLA can be categorized as a metaheuristic
optimization method, which mimics the mimetic evolution of
a group of frogs as they search for a location with the
maximum food. In metaheuristic algorithms, the objective
function has a conscious process and the decision space is
intelligently discovered [28].
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Fig. 5: Block diagram of the fuzzy controller for the PSS.
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Fig. 6: Block diagram of the UPFC’s fuzzy controller.
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Table 1: Fuzzy rules needed in the UPFC controller.

AS
@ NB NM NS Zz PS PM PB
NB NH NH NH NS PM PS z
NM NB NB NM NM NS Y4 PS
NS NB NM NM NS Z PS PM
z NM NM NS z PS PM PM
PS NM NS Y4 PS PM PM PB
PM NS 4 PS PM PM PB PB
PB Z PS PM PM PB PB PB

Table 2: Fuzzy rules needed in the PSS controller.

AS
(1) NB NM NS z PS PM PB
NB NH NH NH NB NM NS z
NM NB NB NM NM NS z PS
NS NB NM NS NS 4 PS PM
Zz NM NM NS Zz PS PM PM
PS NM NS z PS PM PM PB
PM NS 4 PS PM PM PB PB
PB YA PS PM PB PB PB PB

4.1. Structure of the SFLA

SFLA has both certainty and random strategy elements
in finding the optimal solution. The certainty strategy allows
the algorithm to effectively use the shallow information of the
solution to guide a heuristic search such as the PSO algorithm.
Random elements guarantee the flexibility and strength of the
search pattern in the proposed method. The steps of the SFLA
are given below.

Step 1: an initial population containing N solutions to the
problem P = {Xy, Xa, ..., Xn} is generated. A solution to the
problem for primary gains in the controller of Figs. 5 and 6
are considered as follows.

x- =[KPSS

PSS UPFC UPFC T
AG ! K(o ! KPSS’ KA§ ! Ka) ! KUPFC]

Step 2: using the fitness function defined in Eq. (19),
each of the solutions to the problem is evaluated and the
solutions are sorted in descending order as per their fitness
values.

s
J = [t|Ac|dt (19)
0

The objective function is introduced to improve the
system damping.

Step 3: the whole population is divided into m equal
parts, and each of these sub-parts is called a Memeplex. In
each memeplex, n solutions of the problem are placed (n =

%); the solution with the highest fitness value is placed in the

first memeplex, the second solution is placed in the second
memeplex, the mt" solution is placed in the mt* memeplex,
and the (m+ 1)** solution is placed again in the first
memeplex. This process continues until all the solutions are
distributed.

Step 4: Since the frogs' preference is centered around a
specific frog that may be the local optimum, it is not always
desirable to use the best frog; therefore, a subset of
memeplexes called sub-memeplexes is considered. In each of
the memeplexes, the solutions with the worst and the best
degree of fitness are specified and denoted by Xy and X,
respectively. Also, the solution with the best amount of
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fitness among the entire population is also defined by X,.
During the evolution process of memeplexes, the worst
solution moves towards the best solution. Fig. 7 shows the
evolution of memeplexes.

Step 5: the new position of the worse solution is
calculated using the leaping law of frogs in the SFLA, as Egs.
(20)-(21):

D =rc(x, —X,)+W (20)
X, +D ||D||s D,
% 42D, [D]>D,, @)

" JD'D

where r is a random number between 0 and 1, C is a fixed
number between 1 and 2, r is a random number between -1
and 1, D shows the maximum allowed leap distance, and w
represents the maximum allowed movement and penetration.
Step 6: update the worst solution using Eq. (22):

if - f(x") < f(x,) then x,=x;" (22)

new -

Otherwise, Xy is replaced by Xg, and X, is recalculated

from Eqg. (21). If there is still no improvement in the solution,
Xw is deleted and a new solution is randomly replaced.

Step 7: This stage is called the combination process,
where the population of memeplexes are combined with each
other. Then, return to Step 2.

Step 8: As soon as the specified number of iterations is
met, the optimization process is completed.

5. SIMULATION

Simulations of all samples were performed on a single-
machine IEEE standard system (Fig. 3). Table 3 lists the
information of the standard single-machine network under
study along with the UPFC. Also, the number of memeplexes
is 7 and the population of each memeplex is 15. The number
of iterations is 100. To evaluate the efficacy of the controller
designed in this study, its response was assessed using PSS
and UPFC damping controllers independently and at different
load percentages. Table 4 summarizes the results in the
presence of a three-phase fault occurring at t = 0.5 s with
different network loading conditions. In addition to the
objective function of Eq. (19), the index given in Eq. (23) was
also used when comparing different controllers:

F = (100x0S)? + (500xUS)* +TS? (23)

where OS is the overshoot of the system, US is the
undershoot, and TS is the settling time of the machine speed
deviation.

Table 3: Standard single-machine network information

Generator M=8,D=0, T’do = 5.044, Xq
=0.6, Xg=1,X’4=0.3
Excitation Ka=10, Ta=0.05

Transmission line
Operating condition
UPFC Transformers

Parameters of DC link

Xie=0.1, Xsv =0.5
Pe=0.8, V=1,V =1
Xe=0.1,Xg=0.1
Vpc=2,CDC=1
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Fig. 7: Leaping process in the SFLA [30].

Table 4: A comparison between the performance
of different controllers in network load conditions

Controller 80% 100% 110%
F ] J 1 F | 3] F J
PSS |0.0126 | 14.02 | 0.0159 | 15.17 | 0.0170 | 16.76
UPFC | 0.0143 | 14.25] 0.0167 | 15.26 | 0.0184 | 16.89
Proposed | 0.0126 | 6.05 | 0.0146 | 8.43 | 0.0158 | 10.61
PSS‘E,‘IUDP FC-1 0.0159 | 14.85 | 0.0172 | 16.37 | 0.0193 | 17.055

Table 3 shows that the optimized fuzzy controller based
on the SFLA performs better in comparison with the
traditional PID controller, and this demonstrates the
capability of the proposed method. In addition, in Table 4, a
comparison between the proposed method based on the
optimized fuzzy with conventional methods such as PID and
reference [29] has been made in terms of the generator angle
performance, which shows that the proposed controller has a
lower generator angle during the loading conditions of the
studied system. Table 5 shows the performance of the
suggested controller when only the fuzzy combination of PSS
and UPFC is used, which shows that it will not perform well
without optimization. It can be seen from Tables 4 and 5 that
the use of UPFC alone can even have a negative effect on the
generator oscillation, which is due to the UPFC's attempt to
keep the line power constant after a fault occurs in the
network. Fig. 8 shows the convergence of the optimization
problem using the SFLA method. As is observed in the figure,
the objective function converged after 50 iterations, which
shows the optimal performance of the SFLA in finding the
fuzzy controller coefficients.

The response of different controllers considering
different load levels of 80%, 100%, and 110% are shown in
Figs. 9 to 14. Fig. 9 compares the speed response of four
controllers, including the proposed method in which the
parameters of the fuzzy controller are optimized with the
SFLA; the fuzzy controller; the conventional control
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including only PID; and finally, when no controller is applied
to the single-machine system. After disturbing the input
mechanical power of the generator, the generator speed
fluctuates and these fluctuations are comparable for these four
controllers in Fig. 9 for the capacity equivalent to 80% of the
nominal load, which show that the optimized fuzzy controller
gives the best response with suitable settling time and
damping.

Fig. 10 shows the changes in the system voltage for 80%
of the rated load, where the proposed fuzzy optimized
controller (PSS and UPFC) with overshoot of less than 0.5%
and without undershoot was able to reach a stable state. On
the other hand, the graph has higher overshoot and undershoot
for the fuzzy controller. The conventional PID controller has
also reached a steady state after several overshoots and
undershoots.

Table 5: A comparison between the performance of
different controllers in terms of network loading according
to the generator angle (8°)

Controller 80% 100% 110%

PSS - 55.01 69.83

UPFC 42.79 58.74 70.65

PSS&UPFC-PID 40.52 53.91 67.52

PSS&UPFC-Fuzzy  42.86 54.19 68.42

Ref [29] 39.72 52.45 66.61

The proposed 38.16 51.39 64.17
controller

(O]

Objective Function

h
50 60 70 80 90 100

Iteration

Fig. 8: Convergence curve of the SFLA for minimization of
the proposed objective function

x10*
| —— Fuzzy Controller — - - General Controller
<

Proposed Method = = Without Controller

/
!

Speed devation (p.u)

Iteration

Fig. 9: Comparison of the response of speed changes of
three controllers for UPFC and PSS in 80% of the rated
load.
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Fig. 10: Generator voltage deviation to show the
performance of three controllers at 80% of the rated load

In Figs. 11 and 12, the diagram of speed deviation and
voltage changes of the studied system at rated load is
displayed. At rated load, the suggested controller has a faster
damping response and a shorter settling time. In Fig. 11, the
system lacks any controller and the excitation system lacks
PSS. By sorting the linearized state equations of the system
that were extracted in Section 2, they were implemented in
the MATLAB software under normal load conditions and the
outputs were displayed. After disturbing the mechanical
power input of the generator, the generator speed fluctuates
and the fluctuations are not dampened. Even though the PID
controller has been able to reduce the magnitude of
oscillations, the number of overshoots and undershoots is
high. However, the fuzzy controller has reached the damping
state after almost two oscillations, and finally, the optimized
fuzzy control has been able to show a fast-damping response.

In Figs. 13 and 14, for a 10% increase in rated load, the
time response of generator speed changes along with voltage
changes for the three state controllers are shown. It can be
seen from Fig. 13 that the optimized fuzzy controller
responded well to the changes and was able to dampen the
response, while the other two controllers reached the damping
mode after several oscillations. If the PSS and UPFC controls
are not used, the system remains unstable. Fig. 14 shows that
the voltage deviation is fixed after approximately three
seconds.

The simplest method among the three used controllers is
the PID controller, which is designed by the phase
compensation method considering the state of the system
poles. By installing these controllers, it is possible to obtain
feedback from the speed changes and damp the system by
applying changes to the PSS and UPFC inputs. Nonetheless,
the results showed that the settling time of the system as well
as the overshoot in this method is more compared to the fuzzy
and optimized fuzzy methods. The comparison between these
two methods in the design of the controller also shows that
using the optimized gains in the fuzzy method, the damping
speed of the system and the magnitude of oscillations have
decreased. It should be noted that the simultaneous use of
both PSS and UPFC controllers will have a significant impact
on the system performance after a disturbance appears in the
system, while the absence of these controllers, as shown in
Figs. 9, 11, and 13, causes system instability. Fig. 15 depicts
the output of the fuzzy signals based on the inputs used for
the UPFC controller.
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= = General Controller = Proposed Method Without Controller == Fuzzy Controller |
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Fig. 11: Comparison of the response of speed changes of
three controllers for UPFC and PSS in the rated load mode
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Fig. 12: Generator voltage deviation to show the
performance of three controllers at the rated load
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controllers for UPFC and PSS at 110% of the nominal load
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Fig. 14: Generator voltage deviation to show performance
of three controllers at 110% of the rated load
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Fig. 15: Optimized fuzzy controller output for input &, -

6. DISCUSSION AND RESULTS

This section explores how varying SFLA parameters
influence the optimization of the proposed objective function.

6.1 Parameter Setting Problem:

We leverage research and experimentation to
recommend appropriate Shuffled Frog Leaping Algorithm
(SFLA) parameters based on the problem's characteristics,
such as the number of variables and desired accuracy.
Considering these factors, we have chosen to use 7
memeplexes, each containing 15 frogs.

6.2 Convergence problem:

To address these convergence
implemented the following strategies:

challenges, we

e Increased Population Diversity: We experimented
with a larger frog population (15 frogs) distributed
across 7 memeplexes. This improves diversity and
enhances the likelihood of exploring the entire
search space effectively.

e Adaptive Leaping Distance: Equation (20) details
how we implemented an adaptive leaping distance
mechanism. This allows each frog to dynamically
adjust its search range based on the current iteration.
This approach balances exploration in the early
stages with exploitation later in the optimization
process. The results demonstrate the effectiveness of
these strategies. As shown in Figure 7, the SFLA
algorithm achieves convergence after only 55
iterations.

6.3 Sensitivity to high dimensions:

The SFLA is well-suited for problems with large search
spaces. However, its performance can suffer when dealing
with high dimensionality. This is because the complexity of
the search space increases exponentially with each added
dimension, making exploration more challenging for SFLA.
While some research suggests exploring alternative
algorithms for very high dimensions [30], the proposed
problem in this work has only 6 variables. This
dimensionality falls within a range where SFLA can be
effective (as shown in Figure 7). Therefore, the search space
size and dimensionality of the proposed problem were well-
suited for the application of SFLA in this work.
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6.4 Current Landscape:

While fuzzy logic control is not yet the dominant
approach for PSS and UPFC applications, research and
development efforts are ongoing. Pilot projects and
demonstrations are helping to establish the technology's
potential. As the challenges are addressed and the benefits
become more widely recognized, the use of optimized fuzzy
logic control for power system stabilization is likely to
become more feasible in practice.

6.5 Reaction Time Considerations

The SFLA optimization is performed offline (not in real-
time) to determine optimal fuzzy controller gains, and then
execution time is less critical. The gains can be pre-calculated
and stored for real-time use by the fuzzy controller.

6.6 Gaps and Challenges of the Proposed Method

Integrating a new control system like this with existing
protection and control infrastructure requires careful planning
and testing. Regulatory considerations specific to each region
might also need to be addressed. Also, the performance of the
method might be highly dependent on the specific power
system it's designed for. Further research might be needed to
explore how well the approach generalizes to different power
system configurations and operating conditions.

7. CONCLUSION

The paper presented a new control strategy that
coordinated PSS and UPFC controllers by applying fuzzy
rules. Moreover, SFLA was utilized to adjust the parameters
of fuzzy functions to deal with sub-synchronous oscillation.
An outstanding benefit of the proposed technique, in contrast
to conventional controllers, is its ability to deliver a time-
varying control signal continuously. This ensures that the
system consistently adheres to the correct trajectory, and it
can be implemented for non-linear systems without the need
for mathematical modeling of the system. The simulation
results including the optimized fuzzy controller showed its
proper performance under different loading conditions of the
system during a disturbance in the system. By introducing a
combined index of the amounts of overshoot, undershoot, and
settling time for the suggested fuzzy controller, this index
showed up to 100% improvement compared to that obtained
by conventional PID controllers. In addition, the first angle of
the generator in different loading conditions was lower
compared to other methods. For future works, other methods
can be incorporated in optimizing the gains of the fuzzy
controller, or the effect of adding the UPFC in a suitable place
to boost the system damping can be investigated.
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