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Abstract. The growing use of advanced equipment in
modern systems, such as electronic devices and drives,
has led to a decline in power quality (PQ), causing
malfunctions in sensitive loads. Additionally, the in-
tegration of renewable energy sources into the power
grid significantly impacts the PQ of the electrical sys-
tem. To address these effects on voltage stability
and harmonic distortion, the unified power flow con-
troller (UPFC) series compensator has proven to be
a highly effective solution. This study focuses on us-
ing the UPFC to mitigate PQ issues related to re-
newables, including voltage sag, swell, harmonics, and
fault conditions. The UPFC is controlled by a frac-
tional order proportional integral derivative (FOPID)
controller, which uses the improved zebra optimization
algorithm (ZOA) to determine optimal gain values un-
der various PQ scenarios. Furthermore, three compar-
ative assessments of different optimization approaches
are conducted to achieve the desired performance and
power of the proposed UPFC. The results showed that
the proposed ZOA approach compared with WOA and
PSO yielded the shortest computing time of 173.554,
257.544, and 382.405 seconds and achieved an objec-
tive function value of 2.371, 2.387, and 2.398, respec-
tively. The effectiveness of the proposed strategy is val-
idated using the MATLAB/Simulink platform, with re-

sults showing significant improvements in voltage sta-
bility and harmonic reduction.

Keywords

Power quality, unified power flow controller,
harmonic distortion, renewables, zebra opti-
mization algorithm (ZOA).

1. Introduction

The growing reliance on sophisticated and sensitive
technologies, including electronic systems and indus-
trial drives, has paralleled advancements in renewable
energy solutions such as microturbines, wind turbines,
and photovoltaic (PV) systems [1]. Their incorporation
into low-voltage microgrids has created a demand for
effective monitoring systems to manage power quality
(PQ) challenges [2]. Deteriorating PQ levels, marked
by heightened energy losses and disruptions in criti-
cal, sensitive equipment, underscore the urgency of ad-
dressing these issues [3]. Economically driven factors
linked to such technologies are central to PQ distur-
bances, emphasizing the need for solutions that bal-
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ance technical and consumer priorities. Sensitive de-
vices are especially susceptible to introducing harmon-
ics into the power supply, triggering PQ anomalies like
voltage fluctuations, imbalances, and waveform distor-
tions. Consequently, developing methodologies to ac-
curately measure, analyze, and mitigate power qual-
ity concerns is essential to maintaining grid stability
within standardized thresholds [4].

Power quality (PQ) challenges, including disrup-
tions, voltage sags, harmonic distortions, and voltage
swells, arise from the intermittent changes in environ-
mental conditions affecting renewable energy sources
(RESs) and the dynamic behavior of loads [5]. Ad-
dressing these challenges is crucial for enhancing the
reliability and resilience of independent microgrid sys-
tems. In standalone microgrids, Flexible Alternating
Current Transmission Systems (FACTS) devices, such
as filters and specialized PQ equipment, play a key role
in mitigating PQ issues [6,7]. These devices, including
series and shunt compensators, are integrated into mi-
crogrids to manage and correct voltage irregularities.
However, effectively managing compensators can be
challenging due to their dependence on controller out-
puts [8]. Various control strategies, such as Fractional-
Order Proportional Integral Derivative (FOPID) and
Fuzzy Logic (FL) controllers, have been employed to
address PQ concerns [9–11].

Numerous research efforts have been made to ad-
dress power quality (PQ) challenges in integrated
systems, particularly focusing on renewable energy
sources (RES) and microgrids (µGs) [12, 13]. Scholars
have explored various methods and control techniques
to enhance the efficiency and resilience of these setups,
presenting multiple models to mitigate PQ issues. In
the realm of Flexible Alternating Current Transmis-
sion Systems (FACTS), the Unified Power Flow Con-
ditioner (UPFC) outperforms in multifunctionality by
combining the D-STATCOM and dynamic voltage re-
storer (DVR) [14]. The UPFC effectively achieves key
objectives such as improving power factor, reducing to-
tal harmonic distortion (THD), enhancing voltage pro-
files, and generally boosting PQ across the system [15].
Compared to traditional grid configurations, the relia-
bility of the grid-associated SPV-WES-BESS-EVs sys-
tem increased when Battery Energy Storage Systems
(BESS) and Electric Vehicles (EVs) were integrated us-
ing Fuzzy Logic Control (FLC) to deliver higher PQ
[16]. To reduce total harmonic distortion (THD) and
improve power factor, the firefly optimization method,
which mimics predator-prey interactions, was used to
determine optimal shunt filter parameters and propor-
tional integral (PI) controller gain values [17, 18]. Ad-
ditionally, an Ant Colony Algorithm was employed to
select PI controller gains for the shunt filter, effectively
decreasing THD under various load conditions [19]. A
novel approach was introduced to enhance the power

factor (PF) of a five-level UPFC and maximize THD
by combining FLC and neural network control (NNC)
[20]. PQ issues in the distribution network connected
to a microgrid were addressed by implementing UPFC,
which targets voltage imbalances and current harmon-
ics [21]. Additionally, an AI-based neuro-fuzzy (NF)
controller was recommended to improve system usage
and efficiency [22]. To tackle PQ problems in a distri-
bution system, a unique control technique integrating
the Moth Flame and Bat algorithms was developed,
aiming to reduce inaccuracies caused by supply volt-
age variations. This method also lowered the operating
costs of renewable energy sources (RES) by adjusting
gain settings [23]. Furthermore, a novel strategy for a
shunt active power filter (SHAPF) was proposed, com-
bining neural networks (NN) with Enhanced Efficient
Global Optimization to improve PQ in the distribu-
tion system and reduce current disruptions [24]. It was
proposed a firefly algorithm-optimized artificial neu-
ral network controller (FF-ANNC) for the shunt active
filter and a proportional-integral controller (PI-C) for
the series active filter in the UPQC [25]. The UPQC is
integrated with a solar energy system and battery en-
ergy storage system, employing a boost converter and
buck-boost converters for power management.

This research introduces a novel approach that em-
ploys an optimization-driven Fractional-Order propor-
tional integral derivative controller (FOPID) to en-
hance power quality (PQ) in interconnected microgrid
systems, with a particular focus on the UPFC. The ze-
bra optimization algorithm (ZOA) method is used to
fine-tune the controller parameters. The main objec-
tive of this study is to improve PQ in a hybrid renew-
able energy sources (RES) grid-connected nonlinear
distribution system by utilizing the proposed FOPID
control method for UPFCs.

The key contributions of this research can be out-
lined as:

• Establishing a hybrid RES that integrates a load
model, connecting a UPFC to supervise PQ.

• Utilizing the FOPID controller to generate pulse
signals for the UPFC scheme switches by matching
real and reference values.

• Fine-tuning the parameters of the FOPID con-
troller using the ZOA algorithm.

• Evaluating the performance of the proposed model
across various PQ scenarios, involving sags, swells,
faults, and harmonics.

• Conducting a comparative investigation among
manual gain adjustment and tuning facilitated by
the ZOA algorithm.

The rest of the manuscript is structured as follows:
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• Section 2 elaborates on the overall structure and
methodology of the research.

• Section 3 presents the control policy for the pro-
posed UPFC system.

• Section 4 delineates the problem formulation and
the ZOA algorithm utilized.

• Section 5 provides an assessment of the model’s
performance.

• Finally, Section 6 offers a summary of the overar-
ching conclusions.

2. System investigation

Figure 1 depicts a sample study of a distribution sys-
tem, featuring an 22 kV, 50 Hz AC utility connected
to a PV and wind microgrid (µG). Two feeders are
linked to the point of common coupling (Vpcc) via
transformer windings T3 and T4, with ratings of 750
kVA and 1000 kVA, respectively. Feeder 1 is connected
to non-sensitive loads with a 500 kVA rating. Feeder 2
is connected through a UPFC circuit to AC industrial
loads with a 750 kVA rating and a power factor (PF)
of 0.7 lagging [26].

2.1. Photovoltaic

One possible way to estimate the output power of PV
generation is given through the following expression
[27–29]:

PPV = ηgNPV AmGi (1)

Here, ηg represents the PV generation efficiency, and
NPV denotes the number of PV modules. Am and Gi

correspond to the utilized area of a single module (m2)
and the overall incidence of irradiance on the tilted
plane (W/m2), respectively [30–34]. The ηg can be
conveyed as:

ηg = ηrηpt[1− βt(Tc − Tr)] (2)

In Equation (2), ηr represents the PV reference ef-
ficiency, while ηpt corresponds to the efficiency of
the tracking power appliance when utilizing maximum
power point tracking, both taking a value of 1. Tr and
Tc signify the reference and PV cell temperatures in
degrees Celsius (°C), respectively. βt signifies the effi-
ciency temperature factor [35,36].

3. UPFC modelling

The UPFC is built up by two inverters linked to a sin-
gle dc capacitor. The series converter is linked via a

series transformer, and the shunt converter is linked in
parallel to the VL2. The series and shunt converters
act as voltage and current sources, respectively [27,37].
The schematic layout of UPFC in this work is shown
on Fig. 2. Parallel power management and PQ control
are made possible by the grid connections for the EV,
BESS, PV, and WT. The prime role of series filter’s,
Dynamic Voltage Restorer (DVR), is to solve voltage
issues originated at grid by delivering the necessary in-
jecting voltage (Vinj) and the appropriate selection of
series filter circuit via the interface transformer. Like-
wise, shunt filter circuit is used to link the shunt fil-
ter to the grid. The SHAPF is increasing compen-
sating currents to reduce the current’s harmonic con-
tent [38,39].

3.1. Shunt controller

The control strategy of the UPFC’s-shunt power filter
(SPF) follows switching criteria:

Switching conditions for S3 = on and S4 = off are
given as

vA(t)− vA,min −
[

kA
vDC

2 − vA(t)

]
i2C(t) ≤ 0 (3)

iC(t) ≤ 0 (4)

Switching conditions for S3 = off and S4 = on are
given as

vA(t)− vA,max +

[
kA

vDC

2 + vA(t)

]
i2C(t) ≥ 0 (5)

iC(t) ≥ 0 (6)

In this context, kA represents a fixed value deter-
mined by kA = LA

2CA
. The values vA,min and vA,max

indicate the lower and upper limits of the reference sig-
nal, respectively. ∆V represents the voltage ripple due
to hysteresis. The expressions for vA,min and vA,max

are defined as:

vA,min = vA(t)−∆V (7)

vA,max = vA(t) + ∆V (8)

The aim of the UPFC is to maintain a constant load
voltage (VL2). Consequently, the reference signal can
be adjusted according to the following:

vA(t) = vL2(t)− vabc(t) (9)

where vabc(t) signifies the desired load voltage. Conse-
quently, the switching conditions are redefined as fol-
lows:
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Fig. 1: Single-line diagram of UPFC–connected industrial distribution system.

Fig. 2: UPFC structure.

Switching conditions for S3 = on and S4 = off:

vL(t)− vL,min −
[

kA
vDC

2 − vL(t) + vabc

]
i2C(t) ≤ 0 (10)

iC(t) ≤ 0 (11)

Switching conditions for S3 = off and S4 = on:

vL(t)− vL,max+

[
kA

vDC

2 + vL(t)− vabc

]
i2C(t) ≥ 0 (12)

iC(t) ≥ 0 (13)

vL,min = vL2(t)−∆V (14)

vL,max = vL2(t) + ∆V (15)

The switching conditions can be illustrated clearly
in Figure 3.

3.2. Series controller

The control strategy of the UPQC’s-series DVR is il-
lustrated in Fig. 4. The FOPID controller adjusts
the DC link voltage within the exterior voltage control
loop. Inside the control system, hysteresis control is
employed in the internal loop to judge the input cur-
rent against a reference signal generated by both the
exterior loop and a phase-locked loop (PLL). This ref-
erence signal is utilized within the internal loop to as-
certain the input current.

3.3. FOPID controller design

The performance of the system’s transitory time re-
sponse is demonstrated by evaluating the Fractional
Order PIλDµ controller using a PQ evaluator. The
presence of additional tuning knobs, such as the λ or-
der integrator and µ order differentiator, enhances the
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Fig. 3: Switching conditions for UPFC’s-SPF.

effectiveness of the FOPID in steadying the changing
aspects [40]. To evaluate the proposed approach, the
Integral Time Absolute Error (ITAE) performance er-
ror index (Eq. 16) is chosen. This objective function
is utilized to examine the effectiveness of the FOPID
in an interrupted voltage situation.

ITAE =

∫ Ts

0

t · |Vdq0(t)|dt (16)

Where Vdq0(t) denotes the error voltage. The time
drawn for modelling is denoted by t.

The suggested method employs five coefficients and
is articulated in both the time domain and Laplace
domain as:

VD(t) = [Kp +KiD
−λ +KdD

µ]Vdq0(t), (λ, µ > 0)
(17)

Pc(s) =
VD(s)

Vdq0(s)
= Kp +Kis

−λ +Kds
µ (18)

In equation (18), the controller output is represented
by the variables Vdq0(s) and VD(s), respectively. The
remaining variables in the equation are Kp, Ki, Kd, λ,
and µ. These gain parameters align with the propor-
tional, integral, derivative, and fractional order aspects
of the integral and differentiator functions.

4. Problem formulation

4.1. Objective function

This study employs two crucial objective functions in
addressing power quality concerns within the power
grid: THD and the voltage drop at network buses.

The expression of the fitness function of minimizing
THD is as follows [24]:

f1(X) = min

 1

V1

√√√√ ∞∑
h=2

V 2
h

 (19)

Here, THDtotal and THDbusi represent the over-
all network THD and the THD at the i-th bus, re-
spectively. Mitigating deviations in bus voltage, repre-
sented by dvoltage(X), from the reference value stands
as a critical concern in distribution networks. This ob-
jective is addressed to enhance the voltage quality, en-
sure safe operations within the utility, and minimize
the specified objective function as secondary objec-
tives. The following equation is employed to reduce
bus voltage drop:

f2(X) = max(|1− Vmin|, |1− Vmax|) (20)

4.2. Constraints

The following limits employ to the optimization prob-
lem are as follows:

The voltage level is given by Eq. (21), thus.

0.95 ≤ VL ≤ 1.05 (21)

The THDv and THDi are given by Eq. (22), [41]
thus.

THDv ≤ THDv,max (22)

4.3. Zebra Optimization Algorithm
(ZOA)

The fundamental concept underlying the proposed
ZOA design is inspired by the algebraic modelling of
the smart behaviors demonstrated through zebras [42].
Each zebra can be viewed as a potential alternative to
the problem in a statistical context, with their habitat
symbolizing the search space of the issue. The position
of each zebra within this search space reflects the val-
ues of the decision variables. Consequently, it can be
depicted each zebra in the ZOA with a vector, where
the vector’s components correspond to the problem’s
variables. The zebra index can be mathematically rep-
resented using a matrix. Initially, the zebras’ positions
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Fig. 4: Control circuit of UPFC’s-DVR.

in the search space are randomly assigned. ZOA’s pop-
ulation matrix is defined in Equation (23). Here, X
represents the zebra population, Xi denotes an indi-
vidual zebra, N is the zebra population, m signifies the
number of decision variables, and Xi,j indicates the pro-
posed value for the jth variable through the ith zebra.

X =



X1

...
Xi

...
XN


N×m

=



X1,1 · · · X1,j · · · X1,m

...
. . .

...
. . .

...
Xi,1 · · · Xi,j · · · Xi,m

...
. . .

...
. . .

...
XN,1 · · · XN,j · · · XN,m


N×m

(23)

Using (24), a vector is used to represent the goal
function’s values.

F =



F1

...
Fi

...
FN


N×1

=



F (X1)
...

F (Xi)
...

F (XN )


N×1

(24)

The ZOA numbers undergo modification in two sep-
arate phases within every iteration. These phases con-
sist of predator defense strategies and foraging activi-
ties. In the initial phase, population members are up-
dated by mimicking zebras’ foraging behaviors. The
leading zebra within the group, referred to as the pi-
oneer zebra, directs the remaining population towards

its position within the search region. Equations (25)
and (26) can be employed to mathematically represent
the foraging phase.

xnew,P1
ij = xij + r(PZj − Ixij) (25)

Xi =

{
Xnew,p1

i , Fnew,p1
i < Fi

Xi, else
(26)

Following the initial phase, the updated status of the
ith zebra is denoted by Xnew,p1

i .

Here, the value of its objective function is repre-
sented by Fnew,p1

i and the value of its jth dimension
is represented by xnew,P1

ij . With its jth dimension de-
noted by PZj, the pioneer zebra, the top member, is
recognized as PZ. The variable r represents a random
number in the interval [0, 1]. I = round(1 + rand) as
well. The second step simulates and uses the zebra’s
protection system against predator assaults. Depend-
ing on the kind of predator they face, zebras employ
different protection mechanisms. It is considered that
there is an equal chance of either of two outcomes:

i. The zebra chooses an escape route after being
attacked by a lion. A mathematical model for this
event may be found in (27) in the mode S1.

ii. When confronted with predators other than lions,
the zebra will adopt an aggressive stance. This zebra
approach is theoretically modeled using the mode S2,
which is given in equation (27).

When a zebra adjusts its location, the new location
is approved only if it results in an improvement in the
objective function’s value. Equation (28) defines the
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criteria for this updating process.

xnew,P2
ij =


S1 : xij +R(2r − 1)(1− t

T )xij ,
Ps ≤ 0.5;

S2 : xij + r(AZj − Ixij),
else

(27)

Xi =

{
Xnew,p2

i , Fnew,p2
i < Fi

Xi, else
(28)

Xnew,p2
i represents the updated status of the ith zebra

during the second phase, where xnew,P2
ij signifies the

value of its jth dimensions. The objective function can
be denoted by Fnew,p2

i , with t indicating the iteration
number. The constant R is set at 0.01, T represents
the maximum number of iterations, and Ps denotes the
probability of randomly selecting one of two methods
within the range [0, 1]. Furthermore, AZ describes the
state of the zebra that encountered an attack, while
AZj indicates the value of its jth dimension. Population
membership undergo updates based on the first and
second levels at the conclusion of every ZOA iteration.
Upon the full implementation of the algorithm, popula-
tion updates are executed according to equations (25)
through (28). Iterations are iterated, with updates and
the best candidate solution being preserved. Following
the complete application of ZOA, the finest candidate
solution provided stands as the optimal solution to the
given problem.

4.4. Implementation of ZOA
approach with the problem
formulation

The flowchart of the ZOA approach is displayed in Fig.
5. The pseudocode for ZOA steps pertaining to the
UPFC device’s FOPID controller settings is provided
by Method 1.

Method 1.

Input: The upper and lower bounds of FOPID con-
troller parameters.

Put parameters of N and T .

Assemble the beginning population randomly.

For each zebra:

Estimate the objective function (minimize voltage
drop and THD).

Check for constraints.

For t = 1 to T :

Pioneer zebras should be renewed.

For i = 1 to N :

Phase 1: Use (18) to determine the new state of
the ith zebra. To update the ith zebra, use (26).

Make sure the modified size and location adhere
to the restrictions.

Phase 2: Ps = rand, if Ps < 0.5

First strategy: lion assault.

In (27), use mode S1 to determine the new state
of the ith zebra.

Alternative 2: predators besides lions.

In (27), use mode S2 to determine the new state
of the ith zebra.

To update the ith zebra, use (21).

Make sure the revised size and location adhere to
the limitations.

End for i = 1 to N .

Save the best possible solution thus far.

End for t = 1 to T .

Output: ZOA’s optimal FOPID parameters solution.

Finish ZOA.

4.5. Setting of presented FOPID
employing ZOA approach

Table 1 illustrates the optimal gains obtained for
FOPID using the ZOA optimization approach. Three
operations are examined for the simulation model:
three diverse sorts of faults, balanced sag/swell, and
unbalanced sag/swell.

5. Results and Discussion

Different varying operational conditions and harmonic
analysis are utilized to evaluate the control method-
ologies. The outcomes on the load side are showcased,
encompassing simulations both with and without the
recommended UPFC. Furthermore, a comparison is
drawn between the optimal UPFC performance using
the current method and the most effective solution for
fine-tuning the gains of optimized FOPID controllers.
These evaluations are conducted using the MATLAB
Simulink platform.

5.1. Off-grid PV Operation mode

The UPFC extracts voltage from the DC link capacitor
and supplies it to the system to sustain the load volt-
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Tab. 1: ZOA method for estimating the FOPID’s optimum controller gains.

Control Min Max Event 1: Event 2: Event 3:
variables Value value Balanced Unbalanced fault

voltage sag voltage sag condition
and swell and swell

Kp 0 10 4.0460 3.1144 3.9013
Ki 0 5 2.2558 2.3364 1.6410
Kd 0 2 0.518 0.651 0.316
λ 0 2 1.669 1.745 1.580
µ 0 2 0.132 0.298 0.560

age at 380 Vrms. When the PV radiation decreases
from 1000 W/m2 to 800 W/m2, causing the voltage
to drop by 70% of its RMS value from 0.5s to 1.2 s,
respectively, the system compensates accordingly. Fig-
ure 6 illustrates the grid, injected, and load voltages
post-compensation. In addition, the UPFC system en-
sures the lower harmonics voltage by supporting with
the compensating value. This, in turn, minimizes the
THD from 9.34 to 1.9% in off-grid mode.

5.2. Event 1: Balanced and
unbalanced sag

Figure 7 displays the ability of UPFC to mitigate un-
balanced sag (80% of nominal voltage) from the period
between (0.1 and 0.3 seconds) and balanced sag (70%
of nominal voltage) from the period between (0.3 and
0.5 seconds) by introducing the appropriate voltage for
maintaining a steady terminal voltage.

5.3. Event 2: Balanced swell

Figure 8 displays the ability of UPFC to mitigate bal-
anced swell (140% of nominal voltage) from the pe-
riod between (0.3 and 0.4 seconds) by introducing the
appropriate voltage for maintaining a steady terminal
voltage.

5.4. Event 3: Unbalanced sag and
swell

Figure 9 shows the ability of UPFC to mitigate unbal-
anced sag from the period between (0.1 and 0.2 sec-
onds) and unbalanced swell from the period between
(0.3 and 0.4 seconds) by introducing the appropriate
voltage for maintaining a steady terminal voltage.

5.5. Event 3: Fault conditions

Figure 10 shows the ability of UPFC to mitigate diverse
faults of symmetrical faults on the first feeder from 0.2

to 0.35 s. The UPFC introduces the appropriate volt-
age at VL2 for maintaining a steady terminal voltage.

5.6. Assessment of harmonic
distortions

The level of harmonic distortion in voltage or current
waveforms can be accurately determined by measur-
ing the THD [43]. Therefore, in this study, the THDv
values at both the grid and load buses were examined
using the presented UPFC-FOPID.

To assess the effectiveness of the UPFC-FOPID
topology, Figure 11 illustrates the evaluated THDv at
the load bus VL2 before and after compensation under
various operating circumstances. The results clearly
demonstrate a substantial reduction in THD values for
both voltage and current, bringing them within the
permissible bounds specified in IEEE 519 [44].

In addition, the UPFC system ensures the lower har-
monics voltage by supporting with the compensating
value, as depicted in Fig. 11. This, in turn, minimizes
the THD from 12.09 to 1.84% in sag mode, as depicted
in Fig. 11(a) and (b). Also, THD is minimized from
8.96% to 1.73% in swell mode, as depicted in Fig. 11(c)
and (d). Furthermore, THD is minimized from 9.32%
to 2.00% in fault conditions, as depicted in Fig. 11(e)
and (f).

5.7. Comparative assessments

This section presents two comparative investigations
of various optimizations and another controller aimed
at enhancing the efficiency and resilience of the UPFC
scheme.

To imitate the performances of the proposed UPFC
typology, the FOPID controller utilizes the ZOA
method, along with whale optimization algorithm
(WOA) [45] and the PSO [46]. Table 2 illustrates a
comparative study of these three algorithms specifi-
cally in the context of on-grid operation mode, aligning

© 2025 ADVANCES IN ELECTRICAL AND ELECTRONIC ENGINEERING 144



MAKLAD, A. M. et al. VOLUME: 23 | NUMBER: 2 | 2025 | JUNE

Fig. 5: ZOA flowchart.

with the objectives of the proposed typology. The re-
sults consistently demonstrate that ZOA achieves the
best fitness values with the minimum number of trials
and the low computational time. Also, the proposed
ZOA has two control parameters in comparison with
other optimizations.

The data clearly indicates that ZOA consistently and
reliably impacts the optimum values of the objective
function per the minimum iterations required.

6. Conclusion

In this research, a study was conducted on renewable
sources of wind turbines operating in various condi-
tions. These conditions were analyzed with the exis-
tence of nonlinear loads, which posed power quality
(PQ) issues such as voltage dips, swells, fault condi-
tions, and harmonics. To face these issues, a unified
power flow controller (UPFC) is employed. The con-

Fig. 6: Changes in the PV radiation and its impact on the grid
voltage, injected voltage, and load voltage.

Fig. 7: Simulation findings of UPFC performance for voltage
sag; Vabc, Vinj, VL2.

trol of the UPFC was attained using an FOPID con-
trol strategy with the improved zebra optimization al-
gorithm (ZOA) to get the appropriate gain values for
different PQ problems.

Furthermore, three comparative studies were car-
ried out. The first study compared diverse optimiza-
tions with the presented UPFC approach. The re-
sults showed that the proposed ZOA approach in three
events yielded the shortest computing time of 173.554,
257.544, and 382.405 seconds and achieved an objective
function value of 2.371, 2.387, and 2.398, respectively.
These outcomes represented significant improvements
over other optimization methods. In the second com-
parative study, an alternative controller called PID was
evaluated with the proposed FOPID controller during
operating grid conditions. The obtained results demon-
strated that the UPFC-FOPID controller exhibited ex-
cellent performance in regards to its rapid response and
minimized fitness function.

Overall, the results of this work indicated that the
optimal UPFC-FOPID control technique successfully
addressed voltage superiority performance and har-
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Tab. 2: Comparative investigation of the same FOPID controller with diverse optimizations.

Optimization PSO WOA Presented
approaches (ZOA)

Max. iteration 270 270 270
Search agent 20 20 20
Computation 382.405 257.544 173.554

time (s)
f1(%) 4.12 4.01 1.84
f2 2.398 2.387 2.371

Control w, m, Cmax= 1 & σ & C1

parameters C1, C2 Cmin= 0.00004
& vmax

Kp 3.896 3.398 4.0460
Ki 2.6145 2.472 2.2558
Kd 0.5872 0.532 0.518
λ 1.3365 1.461 1.669
µ 0.1985 0.338 0.132

VL2 (pu) 0.9575 0.9741 0.9921
IL2 (pu) 0.6347 0.6354 0.4792
P (pu) 0.5712 0.5818 0.4469
Q (pu) 0.2066 0.2104 0.1616

Fig. 8: Simulation findings of UPFC performance for voltage
swell; Vabc, Vinj, VL2.

monic elimination when confronted with grid voltage
alterations.

Finally, the potential challenges and limitations of
implementing the proposed UPFC control strategy
with ZOA optimization in large-scale power systems or
grid-integrated renewable energy setups can be briefed
as follows:

Fig. 9: Simulation findings of UPFC performance for unbal-
anced voltage sag and swell; Vabc, Vinj, VL2.

1- Implementing the UPFC management method
with ZOA optimisation in large-scale power systems
or grid-integrated renewable energy configurations may
provide problems and limits, including scalability con-
cerns. As electricity systems become more sophisti-
cated and large, the computational demands on the
ZOA may rise, making it harder to maintain efficiency
and timeliness.

2- Unpredictability in renewable energy sources
causes rapid fluctuations in demand and generation for
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Fig. 10: Simulation findings of UPFC performance for fault
conditions; Vabc, Vinj, VL2.

large-scale systems. The control approach must be ro-
bust enough to adapt to these dynamic conditions in
real-time, which may be difficult to do.

3- In grid-integrated settings, many UPFC devices
may need to work together to ensure synchronised func-
tioning. This demands a permanent communication
setup, which can be complicated in significantly dis-
tributed systems.

4- The cost-efficiency of implementing UPFCs with
the ZOA approach in large-scale systems has to be
demonstrated. High initial investment and ongo-
ing maintenance costs may limit the feasibility of
widespread utilization.
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