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ABSTRACT

Distribution systems have been significantly impacted in the present

scenario by incorporating solar and wind power electronic devices. This OPEN ACCESS
work designs the synchronous reference frame theory (SRFT) based five-

level cascade H-bridge unified power quality conditioner (UPQC) by Received: 13/04/2025
optimizing the weights and bias values of the neural network controller

(NNC) and the filter parameters using the Fennec fox optimization Accepted: 09/06/2025
algorithm (FFOA). The primary goal is to efficiently tackle the power Published: 15/08/2025

quality difficulties, including voltage distortions, direct current (DC) link DOI

capacitor voltage (DLCV) balancing, and to reduce the source current 10.23967/5.1imni.2025.10.66625
total harmonic distortion (THD) of the system connected to the grid

that integrates wind energy system (WES) and solar system, including Keywords:

electric vehicle (EVs) along with battery energy storage system (BESS) Neural network controller

which is denoted as (SLU-SWBEV). The study also intends to use a Fuzzy fennec fox optimization algorithm
logic controller (FLC) regulation to control the flow of power between the power quality

grid, battery storage, EV and renewable sources. However, this facilitates comparative analysis

the management of power transfer between solar/wind/battery and the
grid and between EVs and consumer loads. Additionally, this integration
contributes to a consistent electricity supply, effective demand fulfillment,
and efficient use of generated power. The study shows that the optimal
UPQC combined with FLC-based power flow management can handle
power quality (PQ) issues and accomplish suitable and efficient power
sharing.

*Correspondence: Praveen Kumar Balachandran (praveenbala038@gmail.com). This is an article distributed under the 1
terms of the Creative Commons BY-NC-SA license
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Shunt active power filters

Ant colony optimization

State of charge of battery

Voltage Source Converters

Membership Function

Particle swarm optimization

DC Link capacitor Voltage

Nominal Voltage

Phase-Locked Loop

Station

Pulse Width Modulation

Source voltage for abc phases
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Pw Wind power
PL Load power
PEV EV power
Ve, Reference DLCV
Al Error current
il , Load side current in dq component
Ve Ve, Reference supply current in dq component
V' | pe Reference load terminal voltage in abc phase
VeaVi, Source voltage in dq frame

1 Introduction

In recent decades, there has been increased focus on incorporating renewable energy sources (RES)
into the distribution network. This integration is encouraged to alleviate the workload of VSCs and
minimize the need for higher ratings. A novel configuration of a solar-integrated UPQC was created
to efficiently tackle PQ issues. The study thoroughly summarizes the difficulties renewable energy
sources (RESs) offer and the several approaches taken to overcome these difficulties [1-3]. Because
of the inherent uncertainty of PV systems, the electrical grid might experience distortions that affect
both voltage and current signals. Custom devices have been utilized to mitigate THD and address
voltage stability concerns. Because of the inherent uncertainty of PV systems, the electrical grid might
experience distortions that affect both voltage and current signals. FACTS technologies are frequently
used to improve PQ. By integrating FACTS, stability in voltage problems is successfully resolved while
enhancing the grid’s overall PQ [4-6].

An investigation was conducted to see if the use of UPQC in grid-connected solar systems can
improve PQ [7]. An exhaustive examination was performed on the characteristics, methods of charging,
and advantages of electric vehicles (EVs) [8—10]. The UPQC outperforms the static compensator and
DVR in terms of its multifunctional abilities in FACTS. The majority of the intended goals—including
raising power factor (PF), diminishing THD, boosting voltage profiles, and generally boosting PQ
throughout the system—are successfully attained by the UPQC [11]. The FLC was used to integrate
BESS and EVs to provide better power quality, which increased the overall reliability of the grid-
associated SPV-WES-BESS-EVs system compared to a conventional grid setup [12].

The firefly optimization method mimics the interaction between predators and prey and was used
to obtain optimal parameters of the shunt filter along with PI controller gain values to decrease THD
and improve PF [13]. The PI controller gain values selection for the shunt filter was developed utilizing
an Ant Colony Algorithm to minimize THD with different loads [14]. An innovative method that
combines FLC and NNC was presented to optimize THD and improve PF of five-level UPQC [15].
However, in the distribution network that is linked with a micro-grid, problems over PQ were addressed
by introducing UPQC, which aims to address voltage imbalances and current harmonics. Besides, an
Al-based ANFIS controller was suggested to improve system efficiency and utilization [16]. A novel
control technique, integrating Bat and Mothflame Algorithms, was developed to address PQ issues in
a distribution system. The primary objective of this technique is to reduce the error associated with
supply voltage fluctuations. In addition, by adjusting the gain parameters, the operational expenses
of non-conventional sources decreased [17].

Additionally, a new method that combines Enhanced Efficient Global Optimization with Arti-
ficial Neural Network approaches was proposed for SHAPF. The purpose of this method was to
reduce existing disturbances and improve the PQ in the distribution system [1&]. Furthermore, a study
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was undertaken to analyze the power flow of the UPQC by considering an approach of impedance
matching under various operating situations [19]. A self-tuning filter technique was developed for
UPQC and renewable energy to address PQ challenges [20]. Simultaneously, an ANN was used to
apply the PV integrated UPQC to reduce the THD of the grid current and sag and swell in voltage
under various load conditions [21]. A novel metaheuristic algorithm named Fennec Fox Optimization
(FFA) was developed, which emulates two inherent characteristics exhibited by the Fennec Fox in its
native habitat. Fennec’s tunneling prowess and ability to evade wild predators served as the primary
source of inspiration for the projected FFA [22]. The micro-grid was introduced, which is associated
with a direct current (DC) bus that serves as a connection point for various loads. Additionally, the
integration of UPQC was employed to address PQ issues [23]. A novel control approach based on
synchronous reference frame (SRF) was introduced to address PQ issues. The system utilizes a three-
phase four-wire UPQC to mitigate the effects of imbalanced and distorted load situations [24]. A
hybrid controller was developed with a soccer league algorithm and is trained using an ANNC to
control the shunt active power filter of UPQC. Additionally, this study introduces an FLC in the series
active power filter to mitigate the unbalanced supply voltages [25]. The various Al-based techniques
with metaheuristic optimization methods were adopted to handle PQ issues and effective management
[26-30].

Most existing works focus on UPQC either as a power quality device only, where conventional
controllers (e.g., PI, PID) are used for harmonic compensation, voltage sag mitigation, or reactive
power control, with limited adaptability to nonlinear or fluctuating loads or an energy management
component, where intelligent controllers like FLC or machine learning are applied in smart grid
scenarios, but without optimizing UPQC parameters or addressing real-time power quality issues
under renewable and EV load integration. Our approach combines both dimensions, i.e., FFOA
is used to finely tune NNC, filter parameters of UPQC converters, enhancing response speed, DC
bus voltage stability, and efficiency under variable load and fault conditions. Next, FLC handles
real-time decision-making for power flow, EV charge/discharge/prioritizing source allocation (e.g.,
between renewables and grid), and ensuring power quality compliance even during unpredictable
load/generation fluctuations. This hybrid structure allows the UPQC to act not only as a power
quality solution but also as an active participant in energy optimization, particularly in microgrids or
smart distribution systems with high renewable penetration. It is essential to mention that, especially
when there is high demand for electricity on the grid, both BESS and EVs can effectively control and
handle excessive power demand. This dual strategy enhances PQ and enables simultaneous power flow
regulation. The novelty of the paper is highlighted in the key points below:

e Application of the FLC to handle the power flow among the RES, WES, Grid, and EVs.

e Training of NNC for shunt inverter along with the choice of filter parameter values of five-level
cascaded H-Bridge UPQC by using FFOA to reduce mean square error (MSE) and THD.

e Reduction of THD in the current improves PF, and addresses issues with grid voltage such as
disturbances, swells, sags, and other associated difficulties.

e The integration of EVs, BESS, and RES to UPQC helps to minimize the stress on converters,
and offers support in satisfying the demand, and guarantees the regulation of a stable voltage
across the DC bus, even in the presence of fluctuations in solar radiation (G), wind speed,
and load.

The paper is organized in the following manner: Section 2 gives the modeling of renewable
sources, Section 3 focuses on applying the approaches employed in this research, specifically Fuzzy and
FFOA. Section 4 provides the findings and corresponding analysis. In conclusion, Section 5 provides
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a comprehensive overview of the findings derived from the proposed study and proposes prospective
avenues for further research within this particular domain.

2 Modeling of Microgrid

Here, two inverters coupled to a single DC-link capacitor buildup the UPQC. The shunt converter
is attached in parallel to the point of common coupling (PCC), and the series converter is connected
through a series transformer. Whereas the shunt converter functions as a current source, the series
converter serves as a voltage source. Fig. 1 shows the schematic layout of the proposed system. The
WES, SPV, BESS, and EV grid connections enable PQ control and parallel power management. The
primary function of the series filter is to address grid-side voltage-related issues. This is achieved by
providing the right choice of L,, and the required V.., delivered the interface transformer. Similarly,
the shunt filter is connected to the grid L,,. The shunt filter is responsible for maintaining a constant
DLCYV and adding compensating currents to suppress the harmonic content in the current.

Grid V- FLC D I I i il
: £ Vsciabc II\‘]-OH-
. ' iner
. ] Veae + Ry balanced
: . [—W— &
v | — | \UAANS Unbalanc
abe I5_abc — ed load
Inverter
| | Lie_abe Active
- power
Solar PV Wind Energy 5L load
System System Series VSC Shunt VSC
A = J_ A
Battery EV Charging Ve T Cee
Storage Station -
PWM Current
controller controller
RES/EV [ A

PIC | FFOA Trained NNC

Figure 1: Layout of developed U-SWBEV with FFFO optimized and loads considered

Nevertheless, the primary limitation of traditional converters is that their output contains a
significant amount of harmonics, resulting in the need for larger filters to achieve a sinusoidal
waveform, which incurs higher costs. In addition, the proposed multilevel converters generate a levelled
output, reducing both the size and cost of the converters. In multilayer inverters, the cascaded H
Bridge architecture operates without the need for clamping diodes or components. Fig. 2 illustrates
the three-phase SL-CHBU (cascaded H-bridge UPQC) configuration of a one-sided converter, while
the corresponding switching sequence is presented in Table 1. The five-level cascaded H-bridge (CHB)
topology was chosen over neutral point clamped (NPC) and fuzzy logic controller (FLC) because
it 25%-30% lower switching losses with 50% lower THD and simpler and more robust DC link
balancing. These advantages directly enhance the performance, reliability, and efficiency of the UPQC,
especially in high-power or modular applications. Eq. (1) is used to calculate the power flow.
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Figure 2: Three phase 5L cascaded H bridge VSC configuration for the proposed UPQC

Table 1: Switching pattern for cascaded five level UPQC

Output SW-1 SW-2 SW-3 SW-4 SW-5 SW-6 SW-7 SW-8

Vi v v * * N4 v * *
A v v * * e * v *
0 v * v * v * v *
-Vien * * v v v * v *
Ve * * v v * * v v

Note: v indicates ON, * indicates OFF.

2.1 Modeling of Solar PV System

A solar photovoltaic system operates based on the premise that solar cells convert light energy into
electrical energy. The modules of PV are arranged in a series configuration to create a string, which is
then assembled in parallel to achieve the desired current and voltage levels.

P, +P, +P +P, +P =P, (1)

BESS

Fig. 3 depicts the representation of the single diode model. The system comprises a photocurrent,
denoted as /,,,, contingent upon temperature and irradiation. The series resistance signifies the internal
resistance through which current 7 is transmitted, while the shunt resistance characterizes i, py flow,
representing a leakage current. The equations for the load current, photocurrent, and other variables
[24] are provided in Egs. (2)—(6).

I == Ip/l - [0 - I.\'h (2)
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L, =[L.+ k (T, — T)] x G 3)
ph — Lsc i k 1000
I
Ips = > 4)
[exp(g x V,./N, x kx AxT)—1]
7 gxEy|[1 1
I = Is | — Ll — 5
0 RS|:]-;:| eXp[ Ak {Tr T}:| ()
q X Vpy + IpyR,,
Iy = Np x I, — Np x I, |:exp { NSP; Ak;f —1 (6)

here, 1, represents diode photocurrent, V', denotes diode voltage, I, gives reverse saturation current,
V,. resembles open circuit voltage, I, is leakage current, R,, denotes series resistance, /,, represents
short circuit current, R, denotes shunt resistance, ¢ represents electron charge, 4 represents diode
ideality factor, k defines Boltzmann constant 7 is the temperature, N,-N, gives the number of PV
cells connected in parallel/series.

WY 3. v

Figure 3: PV single diode cell

2.2 Battery System

The BESS plays a crucial role in ensuring satisfaction of load needs. Batteries, composed of cells
assembled in parallel/series configurations, are utilized to get the requisite amounts of voltage and
current. The BESS also aids in maintaining DLCV. The Li-ion battery is chosen for this research
project because of its benefits, including slow discharging and low maintenance expenses. Eq. (7)
represents the SOCOB, whereas Eq. (8) provides the boundaries of this state.

SOCOB = 95 (1 + / igss sz) (7)
SOCOB,,, < SOCOB < SOCOB,,. (8)

2.3 Wind Energy System

The wind’s kinetic energy is initially transformed into rotational motion, which is then syn-
chronized with the speed of the turbine and generator through a gearbox. A generator’s purpose is
to transform the mechanical output produced by a turbine into electrical. Through the process of
rectifying, the alternating current (AC) voltage produced by WES is converted into a DC voltage.
This DC voltage is then increased using a boost converter to enhance its magnitude. This study takes
the permanent magnet synchronous machine because it provides reliability, cost-effectiveness, ease of
operation, and exceptional performance. The WES controller is depicted in Fig. 4. The Eqgs. (9)—(11)
provide the power generated by WES [24].

https://www.scipedia.com/public/Balachandran_et_al_2025 7
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Figure 4: Control of Microgrid/EV charging station at grid side

Here, P,; denotes the mechanical power, g8 gives pitch angle, p represents air density, A gives the
tip-speed ratio, R illustrates blade radius, tip speed ratio A = 2R/V, £2 denotes rotor speed, and C,
can be expressed as a function of A

P, = 1/2T1pC, (A, B) R*V? )
116 —165
Cr=1/2 (T — 048 — 5) exp 1 (10)
1
A = : 11
t= 1 0.035 (b

A+ 0089 B+ 1
where C; is the power coefficient of the turbine and A, is any constant.
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3 Fuzzy Logic-Based Power Flow Control

The utilization of the RES for power production and demand forecasting by the FLC facilitates
the management of power shifting between the grid and EVs. It enables the transmission of electrical
energy between EVs and the power grid. This study helps in improving PQ and power management
in the grid system by integrating EVs with UPQC. The main goal of applying FLC-based power
management is to govern the usage of EVs as transportable and BESS. Therefore, once accrued energy
is no longer necessary, it can also be used for transport purposes. The triangular MSF is adopted to
produce the best result, as illustrated in Fig. 5, and the inputs 1 and 2, output MSF are shown in
Fig. 6, respectively. The fuzzy surface area is illustrated in Fig. 7. The mathematical expression for the
triangular MSF is presented in Eq. (12).

lLAi(X)’i: 172
s (y),j=1,2 (12)
where w4, u5 are the MSF outputs.

H“

1 — — —

>
X

|
|
l
a; bi Ci

Figure 5: Triangular MSF for FLC
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Figure 6: MSF of FLC for power flow control. (a) MSF of input-1; (b) MSF of input-2; (¢) MSF of
output
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pewrefl

Figure 7: Fuzzy surface

The present study focuses on the efficient management of power flow through the utilization of
FLC. The flowchart depicted in Fig. & elucidates the operating procedure of the proposed power flow.
FLC regulators facilitate power transfer among organizations, such as the grid, BESS, load, and EV
charging stations. Nevertheless, this factor is crucial in determining the course of action regarding EV
charging. The EVs can be stored at charging stations when not in use. These electric vehicles can also
serve as BESS during periods of heavy demand, decreasing the peak load hours of the grid. Essential
loads (e.g., healthcare equipment, communication systems) are served with the highest priority to
ensure reliability. During peak demand, the BESS discharges to support the grid or local loads, helping
reduce peak power drawn from the utility. EV charging is reduced or temporarily deferred if it’s not
time-sensitive or if the state of charge (SOC) is sufficient for expected travel needs. EVs can discharge
stored energy back to the grid during peak times, acting as mobile energy storage. EVs provide backup
power to the home or building loads during outages or peak pricing hours. Charging schedules are
optimized based on grid demand and user preferences. Charging and discharging are constrained
within optimal SOC ranges (typically 20%-95%) to minimize battery stress. The energy management
system minimizes unnecessary cycling by aggregating demand and utilizing other energy sources
(e.g., solar, wind, grid) when economically or technically viable. Scheduled charging/discharging is
considered to avoid overuse. The visual representation of the fuzzy-based power flow control is
illustrated in Fig. 9.
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Figure 9: Fuzzy logic-based power flow control

4 Proposed Controllers

The shunt filter reduces THD in the current signal and stabilizes the DC bus voltage. This is
achieved by employing the abc/dq0 transformation, utilizing the optimally trained NNC with FFOA,
and carefully selecting filter settings. However, to convert sources into a dq0 frame, the PLL utilizes
phase and frequency information obtained from the supply voltage. The FFOA-NNC compares the
V. and V', to maintain it stable. It then makes appropriate current changes to rectify any differences.
The load current’s d-th component is incorporated into the NNC. The Hysteresis controller depicted
in Fig. 10 is utilized to create gate signals. ANN is a renowned technique in the field of Artificial
Intelligence. It is a mathematical model inspired by humans and is highly versatile for controlling
electrical systems. Multi-layer perceptrons (MLPs) encompass the well-known neural networks.
The benefits of ANN include its capacity for self-learning, fault tolerance, rapid convergence, and
robustness. The layout of an ANN has 3 layers: (IL, HL, OL), input/hidden and output layers. The
learning algorithm chosen for training is the primary determinant of ANN performance. Training
is the iterative process of identifying the optimal set of weights that connect the neurons of the NN
across different layers to minimize errors. There are primarily two types of training methods in MLP:
supervised and unsupervised.
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Figure 10: Control of shunt and series converters of UPQC

However, these methods can be classified into gradient search and meta-heuristic. Back propaga-
tion (BP) is a well-known training approach for MLP networks that is based on gradients. Despite its
fame, BP is plagued by several shortcomings, including inadequate initial weight estimation, sluggish
convergence, and a high likelihood of becoming stranded in local minima. In addition, search methods
based on meta-heuristic algorithms rely on the stochastic choice of preliminary predictions at the time
of the optimization procedure. Utilizing these methods offers the advantage of identifying the global
best optimal solution as opposed to a local optimal solution. Nevertheless, they require any preexisting
knowledge of the selected issue during calculation. The approaches above can be utilized to optimize
the weight, parameters, and design of neural networks NN. In supervised learning, the objective is
to reduce the disparity between the intended and output. The summation function aims to aggregate
the product of inputs, weights, and bias, as depicted in Eq. (13). In this equation, wt,, represents the
connection weight 7, linking neuron k, §, represents a bias term, and m is the total number of inputs
for the neuron. A nonlinear activation function, such as the sigmoid function, is commonly employed
as indicated in Eq. (14). Hence, the output of neuron k can be characterized as depicted in Eq. (15).
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m
Se= D> wiyl, + B (13)
p=1
(x) = 14
f0 =1 (14)

O, =1, (i wiyd, + ,Bk) (15)

p=1

The present study involves training of feed-forward structure with a single-layer NN for DC bus
voltage stabilization. The NN is then compared to a reference model, where the error is utilized as the
input and the intended output is provided as the target to the NN. Reduced Complexity by using fewer
layers or fewer neurons per layer (10 neurons with 1 hidden layer), early stopping the training when
the validation loss stops improving, even if training loss continues to decrease, and reducing training
time with fewer epochs (1000) to avoid the model memorizing the training data. The structure of NN
for the shunt DC-bus voltage balancing with 10 neurons in HL is depicted in Fig. 11, while Fig. 12
illustrates the design of the FFOA trained NNC controller for DC-Link. A study [25] demonstrated
that a multilayer perceptron with one hidden layer is sufficient for approximating any type of function.

Hidden Layer Output Layer

10 1

Figure 11: Structure of artificial neural network controller (ANNC) for DC-link with number of
neurons and layers

The voltage across the load terminals is compared to a specified reference value using proportional
integral controller (PIC) after conversion from the abc-dq0 domain and vice versa. This process
subsequently generates the fundamental gate pulses for the series filter. The present signals function
as the initiating pulses for implementing PWM in the converter.

4.1 FFOA Selection of NNC Bias, Weights, and Parameters

The multilevel UPQC with conventional design parameters may not be effective in lowering
the THD. In recent days, meta-heuristic optimization algorithms have played a vital role in solving
complex multi-objective engineering problems effectively. In this work, FFOA, a member of the meta-
heuristic algorithm family, is employed for solving the UPQC design problem to minimize the THD
and obtain the best possible design parameter values for both the series and shunt converters of UPQC,
taking into account various power quality problems at different harmonic loads. The main reason
for selecting FFOA in this work is its advantages, such as its effectiveness in solving unconstrained
and constrained multi-objective optimization problems, easy development, minimum parameters for
tuning, and robust solutions. This section explains the FFOA, the representation of problem variables
the solution procedure.
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Figure 12: FFOA trained NNC for DC-Link voltage management

The fennec fox is an omnivorous creature that consumes a variety of food sources, such as lizards
and small rodents. The significance of the two actions exhibited by the fennec fox surpasses that of
its other characteristics. The proposed FFOA optimization method draws inspiration from the main
elements of a powerful digging ability and an escape plan from predators. Below, a comprehensive
explanation of the mathematical modelling is provided.

4.1.1 Initialization

FFOA utilizes a population of fennec foxes as members in search space. In FFOA, every fox
symbolizes a potential resolution to the problem, and its placement inside the search space dictates
the value assigned to the decision variables. A fennec fox can be mathematically represented as a
vector, while its population can be defined as a matrix known as the population matrix [22]. During
the initialization process, foxes are randomly assigned using a value of Eq. (16).

i=1,2. . Nj=1,2...m (16)

In this context, X, represents the i-th fox, x;; denotes the j-th dimension, corresponding to the
control parameter. N represents the total foxes, m signifies the total number of control parameters, r
is a randomly generated number within the interval [0, 1], /b, and ub; represent the lower and upper
bounds of the j-th decision variable. The matrix with the population of N fennec foxes for the FFOA
is defined in Eq. (17).
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X, ] X . . Xy e . Xi |
X = X = X,-’l . . . X,-J . . . X,-,m (17)
—XN— Nxm _xN’l : : : xN!/ : : : XN‘m— Nxm

The matrix X denotes the i-th fennec fox within the population, spanning the range provided by
N, denoted as X; = (xi, Xa, ..., X;,). Each column Xx,;, x5, ..., xy; symbolizes the potential value
for the j-th decision variable. Each fennec fox proposes possible values that are then assigned to the
objective function variables, which are then assessed. The objective function’s estimated values are
formally represented using the vector stated in Eq. (18).

"F TF(O)T
F=|FE| =|Fx) (18)
Fy | F(Xy) ]

- Nxl1 Nxl

F represents the vector of objective (obj) function values, while F; represents the value of the obj
calculated for the i-th fennec fox. The position of foxes has been updated using two natural fennec
fox behaviors. These activities include (i) excavating to consume prey deep within the sand and (ii)
escaping predators.

4.1.2 Stage 1. Digging for Prey ( Exploitation)

The fennec fox does nocturnal hunting, utilizing its heightened auditory capabilities to locate
prey beneath the sandy surface. Once located, it employs its feet to excavate and pursue its prey. The
action exhibited by the fennec fox can be characterized as a local search. By imitating this behavior,
the FFOA'’s ability to utilize the environment is enhanced, leading to a solution that is closer to the
global optimal solution. To simulate the actions of a fox while digging, we examine a local area with
an R radius surrounding its current location. A fox conducting a local investigation in this location
can reach a superior solution. The mathematical simulation of updating members is performed using
Eqgs. (19)—(21).

XPli,/ =X, + Q2r—1) ~Ri,1‘ (19)
t
R, =oa. (1 - 7) Xy (20)
X, F' <F,
Xi = {X,, else @1
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The new status of i-th fox, denoted as X', is determined based on the first phase. The dimension
of X*';; is the j-th dimension, the objective function value is represented by F*',, the neighbor radius
for x;; is known as R,;, the iteration counter is denoted as ¢, the total iterations is denoted as 7', and
the constant « is set to 0.

4.1.3 Stage 2: Escaping from Prey ( Exploration)

Wild predators threaten the fox, like the Pharaoh eagle-owl, etc. Nevertheless, it evades predators
due to its remarkable velocity and abrupt alteration of locomotion. The escape method employed by
the fennec fox serves as the foundation for the comprehensive exploration of the search space within a
mathematical model. It aids in avoiding being trapped in the most efficient local regions and thereby
locating the most efficient global one. Therefore, the stochastic placement of each potential solution
inside the search space can represent the fennec fox’s behavior [22] while attempting to evade capture.
The mathematical simulation of the 2nd phase of population is updated by using Eqs. (22)—(24).

Xmmi,': x"“"dl-i/:Xf,/,kE {1,2.N}3l= 152N (22)

mo Xy (!, = Lxy) F < F,
X7, = [xi JE o (x, —xy) else (23)
X7, F” < F,
X = [ X, else (24)

Let X", represent the position of the target planned for the escape of i-th fox. x*;; denotes
the j-th dimension of the fox, while F and i represent the objective function value. X*?; represents the
updated position of the i-th fox established on the second stage. X*?,; represents the j-th dimension of
the fox, and F** represents the obj value. 7 is a randomly selected value from the set {1, 2}.

4.1.4 Representation of Design Variables

The problem variables in this study encompass the design parameters, such as the weights and
bias of the NNC, as well as the resistance and inductances of both series and shunt active filters. The
FF is represented by arranging these variables in vector form, as illustrated in Eq. (25).

X = [th,l ) M/tl,Sa LU WZI,IO) 1303 R ﬂSa .. ﬁlO: Rsh: Rsea LS/I’LSL’] (25)

where, n = number of design variables

4.1.5 Fitness Function

The objective function used for this study is the minimization of THD. The fitness function (FF)
is considered to be the inverse of the objective function, as expressed in Eq. (26).
1

MaxFF = 26
= 1+ {Obj,, Obj,) (26)

where, the Obj, = THD determined by Eq. (27).

VAP + . P,
1

Objective two is denoted as Obj,, Obj, = MSE can be assessed using Eq. (28). In this equation,
the actual output is represented, the expected output is indicated.
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1 m 2
MSE = — o,—-0 (28)
n P P

p=1

4.1.6 Solution Process of the Flow Chart

The FFOA iteration is finished once the position of all foxes is determined in the two phases.
The updating procedure persists until the algorithm reaches the maximum number of iterations, as
indicated by Eqs. (18)—(23). Ultimately, the FFOA offers the potential resolution to the provided issue
following complete execution. The flowchart in Fig. 13 illustrates the stages involved in implementing
the FFOA. The bonds of the variables considered in this work were listed in Table 2. On the other
hand, FFOA’s performance may degrade with the increasing dimensionality of the problem, which is
common in large grid power systems. Computational complexity can lead to longer processing times
as the size of the grid and the number of variables increase. While FFOA can effectively avoid local
optima, its convergence rate may be slower compared to other optimization algorithms, especially in
high-dimensional search spaces. In large grid applications, finding the right set of parameters becomes
more complex and time-consuming. However, in large power grids, obtaining comprehensive and high-
quality data for all components can be challenging, potentially affecting the algorithm’s performance.

| Read the data | Stage 2: Create X™"; by Eq
| @)
Set FFOA parameters N, T l
l Stage 2: Compute Fitness by
F™4, based on X™,
Randomly produce Fennec Fox population l

as variables by Eq. (1)

Stage 2: Compute X" by Eq.(20)

|

Stage 2: Update X; by Eq.(21)

No

o>
Set i=1, t=1 l
Yes
|

Save best solution obtained so
Compute the Fitness based on initial far

population ¢

i=1,t=t+l _
A

| Stage 1: Update R;; by Eq.(20) | l
Yes

| Stage 1: Compute X*'; by Eq.(19) | | Optimal solution |

| Stage 1: Update X; by Eq.(21) |

Figure 13: FFOA flow chart
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Table 2: Lower and upper bonds for filter decision variables

Decision variable R, R, L, L,
Lower 0 0 0.01 0.01
Upper 10 0.5 10 10

5 Results and Discussion

The development and implementation of the SLU-SWBEYV integrated with FLC were carried out
utilizing Simulink/Matlab 2022b. Table 3 contains the selected parameters for SPV, WES, BESS, and
EVs. Table 4 presents the selected system and the chosen parameters for the UPQC and the loads.
Renewable penetration level can be considered up to 60% of the total load, EV integration is up to
35% of total demand, including clustered charging scenarios. Beyond these thresholds, the THD began
approaching the upper limit (5%), and voltage deviations at the PCC exceeded +5% under worst-case
loading, indicating a need for support of energy storage. This research comprises three case studies
examining different permutations of voltage issues, including swell, disturbance, and sag. These cases
(listed in Table 5) also consider scenarios involving varying irradiation and the velocity of wind. These
case studies showcase the efficiency of the created FLC in power management and the integration
of FFOA-trained NNC with SLU-SWBEV. The major aim of this study centers on the intelligent
management of power flow, specifically targeting the efficient resolution of PQ concerns. This goal is
accomplished by employing the fuzzy-based power flow management and FFOA optimized UPQC
to improve PQ.

Table 3: PV, BESS, EV, wind ratings considered for research work

Equipment Parameter Chosen value
PV panel Parallel and series no of cells 45, 10
SOC 8.18 A
Rated power 228.735 W
OoCV 37.1V
Under P, Voy & Iy 299 V/7.65 A
Li-ion battery Voltage under fully charged conditions 326.6 V
Capacity 400 Ah
SOCB 95%
Wind turbine Nominal turbine Pmop 30 kW
Maximum 6p 45 deg.
Base VW 15 m/s
Maximum rate of change of 6p 25 deg./s
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Table 4: Grid specifications and Load values selected for the study

Source grid Voltage: 415 V; Frquency: 50 Hz

DC link capacitor DC bus voltage: 470 V; DC bus
capacitance: 100 uF

Loads selected 1. Rectifier bridge load R = 30; L = 20e—3
2. Active and reactive power load P = 4
kW; Q = 1000 Vars
3. Unbalanced RL load R, R, R; =10,
40, and 70; L, L, L; = 0.05¢e—3, 0.1e—3,
and 0.15¢—3
4. BLDC Motor drive

Table 5: Test Cases considered in the study

Scenario Case study 1 Case study 2 Case study 3
11 m/s wind velocity v v

Stable G v

Varying G v v
13 m/s wind velocity v
Harmonics v

Swell/Sag v

Flicker v
Load 1 v v

Load 2 v

Load 3 v
Load 4 v v
Power factor v v v
THD v v v

Fig. 14a for case 1 demonstrates that the proposed FLC effectively manages EVs in alignment
with their SOCs. Currently, the grid consumes power at a rate of 0.1 s, whereas the solar and wind
systems generate their power. However, here the BESS will charge, and the EVs will discharge (the
vehicle power is sent to the grid) to meet the demand. Next, the grid supplies power at 0.4 s during the
charging of EVs, BESS, and PV and wind energy, supplying to their level of extent. In this scenario,
(grid to the vehicle) condition exists. At 0.3 s, the grid to island transition takes place where grid power
is nil with charging battery and EV, here the required load power is supplied by the islanded renewable
source. Besides, Fig. 14b displays the stable G and Ppy of the solar system, which has a battery SOC
of 95% while exhibiting superior performance in maintaining the stable DLCV.
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Figure 14: Waveforms of the FFOA for case 1. (a) Powers of grid, solar, battery, wind, EV, load; (b)
Irradiation, solar battery powers, SOC in %, DC voltage; (¢) Grid voltage, series filter compensated
voltage, load voltage; (d) Current at load, compensated current, source current

Fig. 14c illustrates the efficiency of the U-SWBEYV in mitigating sag (0.15 to 0.25 s) and swell
(0.3 to 0.4 s) through the injection of appropriate voltage for maintaining a steady terminal voltage.
In addition, due to the loads 1 and 2, which lead to major distortions of the load current, the SHAPF
system ensures the distortion-free grid current by supporting the required amount of compensating
current, as depicted in Fig. 14d. This, in turn, minimizes the THD to 2.23% and improves the PF to
nearly unity.

In the second case study, it is observed that the proposed approach works effectively during
fluctuations in solar G and selected different combinations of loads. In this scenario, the grid consumes
power at 0.1 s, as depicted in Fig. 15a, while the RES provides its peak power output. However, EVs are
configured to discharge while BESS is in the charging state to provide the required amount of power
to the load. On the other hand, the PV and BESS provide nil output at 0.25 s when the EVs are in
charging mode. The power is supplied through a combination of a wind system and the grid to satisfy
the power requirement. Fig. 15b illustrates the variable G considered during the load transition.
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Figure 15: Waveforms of the FFOA for case 2. (a) Power of grid, solar, battery, wind, EV, load; (b)
Irradiation, solar, battery powers, SOC in %, DC voltage; (¢) Grid voltage, Series filter compensated
voltage, load voltage; (d) Current at load, compensated current, source current
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Furthermore, as highlighted in Fig. 15c, the series filter notably mitigates disturbances occurred
during 0.45 to 0.5 s. This is achieved by injecting an appropriate compensatory voltage while
maintaining a constant terminal voltage. In addition, due to the nonlinearity of load 1 and load 4,
the current at the load terminals is highly polluted. To address this issue, a shunt filter is employed to

introduce the required current, as depicted in Fig. 15d, resulting in a reduction of THD to 3.64% and
PF close to unity.

In the case 3 scenario, a varying solar G level and load are selected. Specifically, load 3 and load
4 are taken into consideration. The efficiency of the suggested approach is seen in Fig. 16a. The EV
provides power to the grid at a time interval of 0.1 s. Besides, it is evident that the grid offers a limited
power supply at 0.3 s. Currently, the PV system is insignificant, but the BESS and wind power provide
the necessary electricity to the load, while the EV charges from the grid. The selected G, solar power
generated, and DLCYV balancing with SOC of the battery storage are depicted in Fig. 16b. This study
investigates the occurrence of voltage flicker within the time range of 0.2 to 0.3 s, demonstrating the
effective mitigation of this issue using the UPQC. In addition, the U-SWBEYV efficiently manages the
imbalanced load and delivers sinusoidal source current with reduced THD, as depicted in Fig. 16¢,d.
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Table 6 shows the THDs of the suggested technique in each case study. Well, it is exhibited
from the outcomes that the obtained THD values in all case studies are within the IEEE 519-2014
standards in addition to the THD when compared with other standard methods, including those
found in the review. Below 20%-30% of full load, harmonic-producing rectifiers can dominate current
flow, at which THD compliance fails. Additionally, as Fig. 17 illustrates, it has been proven that the
suggested FFOA for the five-level converter system converges to a lower THD of 2.23% after 20
iterations. Comparatively, to reach convergence, GA and FFA need 63 and 43 iterations, respectively.
Furthermore, as Fig. 18 illustrates, the value of the proposed PF system is extremely close to unity
when compared to alternative methods.

Besides, it is clearly visible from Fig. 19 that the time taken (sec) for the proposed method to
reach a stable DC bus voltage is much less than other compared techniques. Similarly, Fig. 20 exhibits
that the MSE for the suggested approach is lower when compared to other algorithms. In addition,
Table 7 included the UPQC optimized parameter values that were acquired. In Fig. 21, the regression
curve for NN is displayed. The fast Fourier transformation (FFT) spectrum of the grid current for
the suggested system’s case studies is shown in Fig. 22. Finally, the statistical comparison of THD
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result for case-1 with maximum, minimum of THD with success rate (Table 8) clearly proves that the
proposed technique works effectively in contrast to other methods. Variations in passive components
(resistors, inductors, capacitors) were introduced by applying £5%—10% tolerance to nominal values.
Power electronic switches were modeled with non-zero switching and conduction losses. Time delays
were introduced in control signal transmission to emulate latency in real-time control environments or
networked systems. Nonlinear and time-varying loads were used (e.g., diode bridge rectifiers, switching
loads) to stress-test the control strategy under realistic disturbances. Besides, regarding the islanding
scenario, UPQC is not traditionally used for intentional islanding detection. However, Real-time FLC
and NNC inference still require a capable embedded platform (e.g., DSP or FPGA), which may add
to hardware complexity.

Table 6: Comparison of % THD for all the cases with phases

Case

Controller/Ref. [ ]

%THD of source current

Phase-a Phase-b Phase-c

GA

FFA

Proposed SL-FFOA-based UPQC
GA

FFA

Proposed SL-FFOA-based UPQC
ANFIS [16]

FLC16]

PIC[16]

BF tuned PIC [14]

ACO tuned PIC [14]

PIC[14]

PSO [13]

HSO [13]

ZN [13]

ICM [13]

GA

FFA

Proposed SL-FFOA-based UPQC

3.41 4.01 3.72
3.31 3.22 3.35
2.23 2.37 2.31
3.28 3.17 3.66
3.11 3.17 3.21
3.64 3.68 3.71
243 - -
6.13 - -
14.74 - -
3.71 - -
3.72 - -
3.88 - -
2.09 - -
241 - -
7.57 - —
4.2 - -
3.26 3.43 3.71
241 2.54 2.24
2.21 2.27 2.24
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Figure 19: Comparison plot of time taken in sec to reach DC link capacitor voltage (DLCV) stable
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Figure 20: MSE for case studies

Table 7: Comparison of optimally selected design parameters for all the cases

Case Method R, Ry, L, Ly,

1 GA 2.271 0.315 6.552 7.223
FFA 8.542 0.654 2.355 5.245
FFOA 2472 0.301 2.001 9.422
2 GA 2.001 0.225 6.339 7.245
FFA 1.005 0.346 1.002 4.102
PIC[14] - -
ACO tuned - - - -
PIC[14]
BF tuned PIC - — — —
[14]
PSO [13] - - - -
HSO[13] — - - -
ZN[13] - - - -
ICM [13] - - - -
ABC17] - - - -
GSA [17] - - - -
FA [17] - - - -
MFOA [17] - - - -
FFOA 6.335 0.364 1.993 4.898
3 GA 6.998 0.214 2.457 5.541
FFA 6.887 0.104 7.998 2.887
FFOA 8.445 0.336 1.225 7.998

https://www.scipedia.com/public/Balachandran_et_al_2025 28


https://www.scipedia.com/public/Balachandran_et_al_2025

S

IPEDIA

Output ~=0.97*Target + 6.5

Output ~=0.97*Target + -7.2

P. K. Balachandran, G. Kalpana, V. B. Shalini, K. Srilakshmi and S. Singh,
Optimization of EV and green source fed five-level UPQC for

power quality and energy management using fennec fox algorithm,
Rev. int. métodos numér. calc. diseno ing. (2025). Vol.41, (3), 44

Training: R=0.98657

soof O P
600} ks YT
400
200

0
-200

200 0 200 400 600 800
Target
Test: R=0.98539

800 o] E:ta
600 Lz Y=T
400
200

0
-200

Mg (% of Fundamantal}
E & B kB E & T b

Fundamental {0tz = 1.4, THO= 220%
e i e e e Tl

-200 0 200 400 600 800
Target

Figure 21:

800
600
400
200

-200

Output ~= 0.97*Target + 6.7

800
600
400
200

0.97*Target + 6.6

-200

Output ~

Validation: R=0.9861

O Data
Fit
wvesiiass Y& T

-200 0 200 400 600 800

Target

All: R=0.98633

O Data
Fit
B

-200 0 200 400 600 800

Target

Regression Plot

(T8 | IT Ty ™
[ L] L]

Mag (% ol Fundunesta)

Fraquency (Hz)

(a)

nallina -Ill Ao I-..-A. | P P
™) ) = W ) ™) & 500

(50HZ) = 21.72 , THD= 2.21%
T T T

Fundamental (30Hz) - 10.42 , THD- 3.64%
———T———— ™ ™

.l.-.-.-.l.'.l.-.-_l...l.l.-.l.-—..-l.l.—l-...--.:

50 100 150 200

300 350 400 450 500

Fraquency (Hz)

T

aEmm II- -l.l.l B lman.nl
0 [ 100 150 20

280
Frequency (Hz)

(c)

locsenan Hafa.n nalinan
00 % am %0

50

Figure 22: Current %THD spectrum for case studies. (a) Case-1; (b) Case-2; (¢) Case-3

https://www.scipedia.com/public/Balachandran_et_al_2025

29


https://www.scipedia.com/public/Balachandran_et_al_2025

P. K. Balachandran, G. Kalpana, V. B. Shalini, K. Srilakshmi and S. Singh,
Optimization of EV and green source fed five-level UPQC for

S I p E D I A power quality and energy management using fennec fox algorithm,
Rev. int. métodos numér. célc. diseno ing. (2025). Vol.41, (3), 44

Table 8: Statistical comparison of THD result for case-1

Algorithm %THD % Rate of success
Maximum value  Minimum value  Average

GA 4.56 3.41 3.93 78

FFA 4.09 3.31 3.85 87

FFOA 2.87 2.23 2.88 92

6 Conclusion

A sophisticated fuzzy logic regulation is utilized to efficiently manage electricity in a system
consisting of the Grid, RES, BESS, and EVs. UPQC is utilized to address PQ concerns to maintain a
consistent DC link voltage under different load levels, wind velocities, and irradiation circumstances.
Furthermore, the FFOA technique is utilized to train the NNC while simultaneously selecting suitable
filter settings. The objective of the developed power management technique is to satisfy the load
requirement and accommodate the necessary quantity of EVs. This study efficiently addresses both PQ
issues and power management simultaneously. The device efficiently mitigates voltage fluctuations,
swells, sags, and flaws in the current waveforms. Nevertheless, using this suggested methodology,
the THD values for currents have been below 5%. Subsequent investigations may expand upon the
findings of this work by using metaheuristic algorithms to further augment the efficacy of power
flow regulation. However, the proposed method is effective to seven-level (and beyond) systems with
enhanced control schemes, ensuring stable DC link voltages and reliable UPQC performance with
hydrogen energy and future smart inverters.
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