INTERNATIONAL JOURNAL of SMART GRID
A. M. A. Soliman, Vol. 9, No.4, December, 2025

Dynamic Harmonic Mitigation via Optimized PI-

Controlled SAPF Considering Utility VVoltage
Distortion and Load Variations

Ahmed Mohammed Attiya Soliman™"*{', Mohammed Hamouda Ali"™*,

Abdelmoezz Ahmed Eid™"*", Sally EI-Tawab™

* Department of Electrical Engineering, College of Engineering, University of Bisha, P.O. Box 551, Bisha 61922, Saudi
Arabia.

™ Department of Electrical Engineering, Faculty of Engineering, Al-Azhar University, P.O. Box 11751, Cairo 11884, Egypt.

(asoliman@ub.edu.sa , Eng_ahmed1020@azhar.edu.eg, Eng_MohammedHamouda@azhar.edu.eg, engabdelmoezz@azhar.edu.eg,
sally.eltawab@azhar.edu.eg)

fCorresponding Author; Ahmed Mohammed Attiya Soliman, University of Bisha, P.O. Box 551, Bisha 61922, Saudi Arabia,
asoliman@ub.edu.sa.

Received: 23.06.2025 Accepted: 23.11.2025

Abstract-This study addresses the persistent challenge of harmonic distortion in electrical distribution systems (EDSs) caused
by nonlinear loads (NLL) and grid voltage irregularities. It proposes an optimized control strategy for a Shunt Active Power
Filter (SAPF) to enhance power quality (PQ) and maintain system stability under varying operating conditions. The core
methodology integrates a proportional—integral (PI) controller, combined with a hysteresis current control technique (HCCT),
to manage both DC-link voltage and synchronization. This is achieved via a Phase-Locked Loop (PLL) coupled with a
Positive Sequence Voltage Detector (PSVD), introducing both conventional and adaptive controller techniques. This paper
conducts a comparative analysis of a proposed controller technique with and without tuned and optimized Pl controller gains
in both the PLL and DC-link voltage circuits, evaluating the performance of the SAPF controller. Optimization of controller
parameters is achieved through the Dandelion Optimizer (DO), a recent metaheuristic algorithm benchmarked against Aquila
Optimizer (AO), Mayfly Optimization Algorithm (MOA), and War Strategy Optimizer (WSO). MATLAB/Simulink
simulations test conventional and adaptive SAPF configurations under diverse conditions, including voltage distortion and
dynamic load variations. Results show that the DO-optimized controllers significantly outperform non-optimized cases,
meeting key objectives and exhibiting superior dynamic response, minimal steady-state error, and a total harmonic distortion
(THD) reduced to below the IEEE standard limits. The novelty lies in applying the DO algorithm for the first time to SAPF
parameter optimization within smart grid environments, achieving robust, self-adaptive harmonic mitigation and stable power
quality improvement across fluctuating grid and load scenarios. The work confirms the DO’s superiority in achieving fast
convergence and optimal tuning for enhanced electrical performance and reliability, contributing to the development of
intelligent, resilient smart power systems.

Keywords Shunt active power filter, proportional integral controller, metaheuristic optimization algorithm, dandelion
optimizer, total harmonic distortion, power quality.

1. Introduction sources. These systems employ power electronics-based
switching devices. The proliferation of power electronics-

Power quality (PQ) has become a critical concern for  based devices has significantly degraded PQ in electrical
utilities and consumers alike, driven by the growing  supply systems [1,2]. They distort voltage and current
penetration of nonlinear loads (NLLs) and renewable energy ~ waveforms, injecting harmonic currents into the distribution
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network. These harmonics further propagate into system
voltages, disrupting the operation of distribution equipment
and causing disturbances that are highly sensitive to
deviations from ideal sinusoidal voltage [3,4]. These
disturbances spread to consumer equipment connected at the
point of common coupling (PCC), deteriorating PQ and
leading to several operational issues. They are primarily
responsible for reduced system efficiency (evidenced by
elevated total harmonic distortion (THD) and poor power
factor), increased transmission losses, overheating of
electrical devices, premature equipment failure, and
malfunctioning of sensitive components. Additionally, they
can cause capacitor explosions, protection system
misoperations, and electromagnetic interference (EMI) in
communication systems [5-9].

Therefore, it is essential to limit harmonic distortion and
maintain it within acceptable levels to reduce power quality
issues. Consequently, harmonic filters are installed to
effectively reduce current distortion and reactive power
[10,11]. Several harmonic mitigation strategies are
documented in the literature, including passive power filters
(PPFs) [12], active power filters (APFs) [13], and hybrid
power filters (HPFs) [14,15]. APFs comprise series [16],
shunt [17-23], and a unified power quality conditioner
(UPQC) [24,25] topologies. Where the latter is a
combination of series and shunt APFs in one configuration.
Also, HPF combines PPF and APF, such as the Hybrid
Series Active Power filter [26] and the Hybrid Shunt Active
Power filter [27].

Conventional solutions like PPFs, while historically
used for harmonic mitigation, are proving insufficient for
contemporary power quality requirements. PPFs present
inherent drawbacks such as parallel resonance with grid
impedance, excessive reactive power compensation at
fundamental frequency, and inadequate dynamic response to
varying harmonic spectra [1,14]. The escalating severity of
power quality (PQ) issues in modern grids has prompted
power engineers to devise adaptive solutions capable of
addressing dynamic PQ challenges. Among these, APFs, or
active power line conditioners, provide broad compensation
capabilities. They mitigate harmonics, correct reactive
power, regulate voltage, suppress flicker, and balance three-
phase voltages. In addition, APFs offer several key
advantages: they automatically adjust to network variations
and load changes, mitigate multiple harmonic orders, remain
unaffected by significant grid characteristic modifications,
eliminate filter-network resonance risks, and require
substantially less space than conventional passive
compensators [1]. These capabilities make APFs the
preferred intelligent solution for harmonic mitigation, as they
actively identify distortions and inject corrective currents to
enhance power quality [2,3,5,10,13,14,21].

APF technology combines power electronic switching
devices with passive energy storage components (capacitors
and inductors) and can be categorized based on several key
factors: (1) connection method to the power system (series or
shunt), (2) power rating (low, medium, or high power), (3)
converter type (current-source or voltage-source converters),
(4) converter topology (inverter, switch-capacitor, or hybrid),

(5) system configuration (two-wire for single-phase or
three/four-wire for three-phase systems), (6) control
strategies (proportional-integral (PI), instantaneous power, or
dg theories), and (7) compensation  objectives
(current/voltage harmonics, reactive power, power factor
correction, three-phase balancing, or combinations of them)
[1,7,13].

Recent research has demonstrated that shunt active
power filters (SAPFs) represent the most efficient solution
for mitigating harmonic current issues in power systems.
Therefore, this study focuses on a SAPF that measures the
harmonic current distortion present in the power system.
Based on this measurement, it generates and injects a
compensatory current at the PCC. The generated current,
equal in magnitude but shifted by 180°, -effectively
eliminates harmonic contamination, resulting in a sinusoidal
source current that maintains phase alignment with the
supply voltage. These results are realized when all control
system components function as intended. This fundamental
concept remains valid for all harmonic-producing load types.
Furthermore, through proper control strategy
implementation, the APF can additionally provide power
factor correction. Consequently, the power distribution
system perceives the combined NLL and APF as a purely
resistive element, thereby satisfying all required SAPF
compensation objectives [1,7].

SAPFs typically utilize Pulse Width Modulated Voltage
Source Inverters (PWM-VSI) configured as current-
controlled devices. These systems function as non-sinusoidal
current sources connected at the PCC, designed to supply the
harmonic current demands of nonlinear loads. While SAPFs
demonstrate superior filtering capabilities, their performance
relies on both the power circuit design and the implemented
control strategy. The control algorithm plays a pivotal role in
harmonic mitigation, executing four critical functions:
computing reference current waveforms for each inverter
phase, maintaining constant DC-link voltage, controlling
synchronization, and generating precise gating signals
through the current control system. The SAPF control
scheme operates through two primary stages, as illustrated in
Figure 1. The first stage employs fast-response time-domain
controllers to derive compensation signals instantaneously.
This reference current extraction process identifies the
harmonic components in the load current and generates
corresponding compensation currents for injection at the
PCC. The second stage implements current control
techniques to produce precise gating signals or pulses for the
PWM-VSI. By regulating the inverter's switching devices
according to the extracted reference signals, this stage
ensures optimal compensation performance [1,28].

For the harmonic identification method to calculate the
reference currents for SAPF, there are many methods for
harmonic identification, such as instantaneous power,
synchronous reference frame (SRF), synchronous detection
(SD), a a-b-c reference frame, and a dg-axis with Fourier
(dgF). For current injection control, common approaches
include the hysteresis current control technique (HCCT) and
PWM. DC link voltage regulation can be achieved through
various controllers, such as Pl or fuzzy logic controllers
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(FLCs) [1,2,6,7,29]. In this paper, the PI controller is applied
to estimate the reference current with and without positive-
sequence detectors (PSD). Also, the Pl controller is
employed to control the DC bus voltage, and the gating
signals are obtained based on HCCT.
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Despite the effectiveness of SAPFs, several technical
challenges must be resolved for successful SAPF integration
into power systems with harmonic pollution. A particularly

crucial challenge involves achieving perfect grid
synchronization, maintaining  simultaneous frequency
matching, and phase alignment for stable, continuous

harmonic mitigation. As illustrated in Figure 2, an optimal
synchronization technique must: accurately track grid voltage
phase angles, detect and adapt to frequency fluctuations,
filter high-frequency harmonics, and rapidly respond to grid
voltage variations [7].

Synchronization techniques in SAPF control systems
vary based on application requirements. While advanced
methods like zero-crossing detection (ZCD), artificial neural
networks (ANN), adaptive linear neurons (ADALINE),
fundamental component extraction, and unit vector
generation have emerged, this paper focuses on the widely
used phase-locked loop (PLL) technique. PLL serves as the
core synchronization controller, enabling fast and precise
alignment between grid-interfaced converters and the utility
network to extract or achieve the monitoring of the grid
voltage information [7].

The PLL is important to respond to any variations in the
grid voltage, like changes in power network configuration,
which accordingly causes high utility voltage distortion with
a great influence on harmonic amplification, and then is
classified as a weak grid, thereby the quality of the power is
disturbed. This, in turn, adversely impacts the power quality
of the utility network and introduces various PQ issues into
the distribution network. To prevent this, with the design
stage of harmonic filters, utility characteristics should be
considered. Therefore, in this paper, the effect of the voltage
variation of the AC grid and the harmonic phenomenon is
investigated [30,31]. The performance of PLL systems
becomes particularly crucial during abnormal grid
conditions, including balanced/unbalanced faults,
frequency/phase variations, and harmonic distortions.
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While numerous PLL techniques exist for phase angle
estimation at the PCC, the most widely adopted conventional
methods remain the abc-PLL, ap-PLL, and dg-PLL, all of
which rely on the fundamental positive-sequence component
of grid voltage. An effective PLL design must therefore
ensure robust operation under grid disturbances, delivering
fast dynamic response, minimal oscillation/overshoot, and
low computational burden for practical real-time
implementation. For SAPFs, the control strategy must
address all current harmonics, even when the supply voltage
contains not only positive-sequence components but also
negative- and zero-sequence harmonics. This necessitates a
PSD to accurately extract the amplitude, phase angle, and
frequency of the fundamental positive-sequence voltage
(V*) as instantaneous values [32, 33]. In this context, this
paper introduces an abc-PLL system that utilizes the

fundamental PSD of grid voltage for enhanced
synchronization accuracy.
As established in prior discussions, SAPF design

revolves around four critical control domains: (1) controlling
of current reference generation or harmonic extraction; (2)
controlling of DC-link capacitor voltage (Vdc); (3)
controlling of switching pulses; (4) controlling of
synchronization. The overall performance of SAPFs is
fundamentally governed by both the efficacy of these control
algorithms and the careful selection of system parameters.
Key design elements, including PI controller gains (Kp, Ki),
DC-link capacitance (Cdc), and coupling impedance values
of SAPFs (Rc, Lc), significantly influence filter
effectiveness.  Achieving optimal SAPF  operation
necessitates precise optimization or selection of these
parameters to ensure optimal compensation performance
[34,35].

Previous research has explored various optimization
approaches for SAPF parameters. Taguchi's signal-to-noise
ratio (SNR) method was compared with genetic algorithms
(GA) for comprehensive parameter optimization in [34].
Study [35] introduced the novel nm-Predator Prey Fire-Fly
algorithm (nm-PPFO) specifically for SAPF tuning. For DC
bus voltage control, research [36] demonstrated the
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superiority of interval type-2 fuzzy logic systems (T2FLS)
over conventional type-1 systems (T1FLS). The Enhanced
Artificial Bee Colony Algorithm (EABC) was employed in
[37] to optimize PI controller gains in single-phase SAPFs.

Additionally, work [38] presented a hybrid PSODE
algorithm, offering a comparative analysis against standard
particle swarm optimization (PSO) and differential evolution
(DE) methods for PI controller tuning. Also, DC-link voltage
regulation in SAPFs has been addressed through multiple
control strategies. Study [39] compares traditional PI
controllers with neural network alternatives, whereas [40]
employs the water cycle algorithm (WCA) to optimize both
standard Pl and fractional-order Pl (FOPI) controllers.
Further advancing this field, [41] implements PSO for
precise tuning of Pl controller gains, resulting in enhanced
dynamic response and improved voltage regulation
performance. Also, a variety of optimization methods have
been explored in this brief literature review, shown in Table
1, to emphasize the great importance of the optimizer in
reaching an effective PI-Controller for both the PLL
synchronization circuit and a DC link voltage regulator
circuit.

This research leverages the Dandelion Optimizer (DO)
metaheuristic algorithm for optimization tasks. Through
extensive benchmarking against leading optimization

Table 1. Brief literature review

methods, including the Aquila Optimizer (AO), Mayfly
Optimization Algorithm (MOA), and War Strategy
Optimizer (WSO), the study demonstrates DO's superior
capability in achieving diverse objective functions.

The motivations and contributions of this paper are:

» For the first time, the Dandelion Optimizer (DO), a
recently developed metaheuristic algorithm, is applied to
address a real-world power quality problem, specifically in
optimizing SAPF controller parameters within smart grid
systems.

> This research assesses the work in two directions, in
addition to minimizing the THD. The first part examines the
influence of conventional and adaptive controllers, whereas
the second part discusses and compares the different recent
optimization techniques.

» The study incorporates smart grid concepts such as
self-monitoring, adaptive power networks, and advanced
control technologies aimed at improving power quality,
reducing system losses, and enhancing grid resilience against
disturbances.

» The proposed optimization based SAPF control
strategy is tested under a wide range of practical operating
conditions, including grid voltage distortion, unbalanced
utility voltages, and dynamic load variations, within a single,
unified framework using soft computing approaches.

Reference

Contribution

Year

[42]

This study investigates the effectiveness of a PV-based shunt active power filter with nonlinear loads in reducing
harmonic distortion and improving overall power quality. The proposed configuration of PV-SAPF incorporates a
biogeography-based optimization (BBO) tuned PI controller for DC-link voltage control, and operates under ideal
voltage conditions.

[2023]

[43]

This study proposes an intelligent tuned PQ control theory for SAPF and introduces an analysis of intelligent tools
based on different Differential Evolution (DE) techniques, leading to optimal tuning of PI controller gain values
for harmonic reduction and power quality improvement.

[2023]

[44]

This paper is a proposal for an estimator of the Hybrid Active Power Filter (HAPF) parameter accurately. For
evolving this estimator, an objective function that mathematically embeds filter parameters and harmonic pollution
is presented based on using the Amended Crow Search Algorithm (ACSA).

[2023]

[45]

This study deals with the application of three-dimensional fuzzy logic to DC voltage regulation in active power
filters exploration in power quality improvement of PV smart grid system installation.

[2023]

[46]

This study introduces a novel Artificial Bee Colony-based optimized Artificial Neural Network (ABC-ANN )
algorithm for the purpose of improving the power quality in a SAPF-based power system. Firstly, the PSO
technique is used to tune a standard PI controller to its optimum gain values (Kp, Ki). Then, supply these inputs to
the ANN controller. To find the optimal weight, this ANN controller has been tuned with the ABC algorithm.

[2023]

[47]

In this paper, a proportional-integral (PI) control unified power quality conditioners with distributed generation
(UPQC-DG) system is optimized for stabilizing the DC link voltage fluctuations using an innovative real-time
Particle Swarm Optimization (PSO) tuning approach.

[2024]

(48]

In this paper, the improvement of power quality (PQ) in a distribution system using a PV-SAPF is investigated.
The performance of the proposed filter is increased using an enhanced Jaya optimized proportional integral (P1)
with an indirect current controller (ICC) technique.

[2024]

[49]

This paper introduces the Golden Jackal Optimizer (GJO) incorporates an optimized PI controller for DC-link
voltage regulation and an optimized output filter in SAPF to enhance the system quality.

[2025]

[50]

In this paper, a PV-fed unified power quality conditioner UPQC with an Adaptive Lizard Algorithm (ALA) is
introduced. The ALA-based PI controller is designed to generate the parameters of Kp and Ki and maintain a
constant DC link voltage of the UPQC for the elimination of harmonics.

[2025]

[51]

This paper proposes a novel Pl tuning approach based on the Pity Beetle Algorithm (PBA) for enhancing the
performance of the SRF-PLL grid synchronization system for grid-connected power converter applications. The
proposed method is thoroughly assessed under challenging grid abnormalities.

[2025]

193




INTERNATIONAL JOURNAL of SMART GRID
A. M. A. Soliman, Vol. 9, No.4, December, 2025

» The results demonstrate the effectiveness of the
proposed method in significantly reducing THD, while
ensuring stable DC-link voltage regulation and achieving fast
dynamic response and convergence speed under various grid
conditions.

» The performance of the proposed methodology is
validated through a detailed MATLAB/Simulink-based test
system. Comparative analysis against other published
optimization techniques confirms the superiority of the DO-
based approach in terms of current harmonic mitigation,
control stability, and dynamic performance.

This paper is structured as follows: Section 2 outlines
the proposed control system architecture for the SAPF. The
configuration and parameters of the SAPF are detailed in
Section 3. Section 4 presents the problem definition and the
objective function. The optimization algorithm parameters
are discussed in Section 5. Section 6 covers Proposed
Methodology, Section 7 illustrates the simulation results and
their analysis for the proposed optimization methods. Finally,
Section 8 provides the conclusion.

2. Proposed Control System of SAPF

To finalize the three-phase SAPF model depicted in
Figure 2, the control strategy hinges on four core
components: (@) DC-link voltage regulation, (b) reference
current  extraction, (c¢) current control, and (d)
synchronization algorithms. The control block diagram is
shown in Figure 3, [28,52].

2.1. DC-Link Voltage Control Algorithm

Figure 3a shows a dynamic voltage regulation
mechanism where the system compares the measured DC-
link capacitor voltage (V,.) against its desired reference
value (Vg rer)- to produce a voltage error e(t) that serves as
the critical input to the Pl-controller at each sampling instant,
as formulated in Eq. (1). The sophisticated Pl-controller,
with its transfer function H(S) Indicted in Eq. (2), the expert
calculates the required reference current magnitude ensuring
optimal DC-link capacitor voltage. The controller's output
represents the peak value of the reference supply current
(Imax = Ismrer = Ism’) as indicated in Eq. (3) [52].

e(t) = Vdc,‘ref — Ve 1)
H(S) = Kp + 7 )
Ism" = ky e(t) + k; [ e(®) d(©) (3)

In this control setup, the proportional gain (k,) shapes
the DC-link voltage response, while the integral gain (k;)
speeds up settling and completely eliminates steady-state
voltage errors. These gains are set by mathematical or
heuristic methods, and their values are mathematically
derived from Eq. (4) and Eq. (5) [52].

ky=2. @, C 4)
ki = a)nz.C (5)
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Fig. 3. The block diagram for the SAPF control strategy.

where, C - dc-link capacitor value, ¢ =§ - damping
factor, and ®, - natural frequency, chosen as the supply
fundamental frequency. As main part of the objective
functions of the proposed optimization algorithms in this
study is to optimally tune the Pl-controller gains for the DC-
link voltage regulator.

2.2. Reference Current Extraction Algorithm

As illustrated in Figure 3b, the unit sine vector templates
are generated by sensing the instantaneous supply voltages,
as mathematically expressed in Eq. (6) [35,37]:

Vea = Vem sin(at),
Vsp = Vi sin(wt — 120°), (6)
Voo = Vo sin(et + 120°),

Vs=

where, V,,,, - represents the source voltage peak value,
o = 2nf - fundamental angular frequency.

To achieve a harmonic-free unity power factor, the
three-phase source currents are estimated using unit sine
vector templates. These templates align precisely with the
source voltages and their peak values. The derivation of the
unit sine vector templates is given in Eq. (7) [35,37]:

Ugq = Vsa/Vsm = sin(awt),
Ugp = Vsb/v.;m = sin(wt — 1200)' (7)
Use = Vo /Vem = sin(ot + 120°),

Us =

In steady-state, the unit sine vector template maintains a
unity amplitude. However, during transient conditions, its
amplitude varies in response to load changes. The output of
these templates is then multiplied by the PI controller’s
output, scaled to the peak amplitude of the estimated
reference current (Is,,,"), generating the required reference
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currents (I, = Is"), as detailed in Eq. (8) and Eq. (9)
[28],[35],[37].[52]:

Is°= Iy rer = Ism ™ Us ®)
L, = Iy " sin(ot) ,
I = I, = Igp," sin(wt — 120°), ©)

I." = Ig," sin(ot + 120°),

2.3. Current Control Algorithm

The PWM current controller critically defines SAPF
performance by producing optimal VSI gating signals from
reference current estimates. Owing to its fast response,
stability, accuracy, and simplicity, the HCCT is proposed as
the optimal control method for enhanced SAPF performance
[28,52].

As depicted in Figure 3c, the filter reference current
(Ic") is derived from the sum of the measured load current
(I,) and the extracted supply current reference (I5*), as
formulated in Eq. (10). This reference current, along with the
VSI output current, is then processed by the model predictive
current controller to generate optimal gating signals for the
SAPF using HCCT [28,37].

I.'=L"—1 (10)

2.4. Synchronization Algorithm

Figure 3d presents the proposed synchronization
algorithm incorporating a (PSVD) that generates balanced
sinusoidal voltage templates (Vg,', Vsp', and Vi) from
potentially distorted or unbalanced supply voltages
(Vew Vsp, and V).  Theoretically, this control part is
ineffective with ideal supply voltages, and only in this case
can you skip it and directly apply the control part in Figure
3b, but realistically, the source voltage is not considered
ideal and therefore cannot be dispensed with before applying
the control part in Figure 3b. While the SAPF is designed to
compensate for all current harmonics, the supply voltage
typically contains a dominant positive-sequence component
along with possible negative and zero-sequence harmonics.
This necessitates the inclusion of a positive-sequence
detector in the filter architecture to accurately extract the
fundamental positive-sequence voltage (V*!) parameters,
enabling accurate control even under distortion, using dual p-
g theory and a robust PLL circuit with a Pl-controller. Figure
4 shows the PLL control block diagram, highlighting the PI-
controller as a critical element for achieving the paper's
objectives through optimization of its gains using the
proposed algorithms [30-32].

Vah sinot-17/2) —bfa !

sin@r

—a—

PI

Controller

p cos(or-1/2) P

sin(of +27/3)

Fig. 4. Control block diagram for the PLL circuit.

3. System Configuration and Parameters of SAPF

The proposed configuration model, shown in Figure 5,
consists of a grid-connected AC power system interfacing
with an inductive nonlinear load. The load is connected on
the DC side via an uncontrolled full-bridge diode rectifier. At
the Point of Common Coupling (PCC), a Shunt Active
Power Filter (SAPF) is integrated, which is connected to a
DC-link bus capacitor through a Voltage Source Inverter
(VSI). These components form the complete model under
study. The selection of SAPF parameters is of utmost
importance. Coupling inductor Ly, dc side capacitor Cqc, and
dc reference voltage Vi, rer Can be chosen assuming:
1) proper sinusoidal source current; 2) the maximum
distortion allowed for the AC line current must be within 5%,
and 3) the inverter operates in a linear modulation mode. The
parameters coupling inductor Ls and the DC capacitor Cqc
can be fetched as follows.

3.1. Selecting the DC Bus Voltage

The system’s energy source is the DC storage capacitor,
carefully sized to let the controller track the reference signal
effectively. The DC-link voltage (Vqc) is determined based
on the minimum voltage needed at the VSI output and must
be nearly twice the supply phase voltage peak to ensure full-
range operation. Consequently, the minimum DC-link
voltage (Vyemin), is fundamentally dependent on the
system’s line voltage, and the required Vq for the VSI can be
expressed mathematically as formulated in Eq. (11) as
follows [38,39,41,53,54]:

V — 2‘/5 (VLL,rms)
dc,min — V3(m)

Where, V;; ,ms IS the line-to-line RMS voltage at PCC,
m is the modulation index (selected as 1), and therefore, with
a Vyp-ms Of 380 V, the magnitude of Vg is calculated as
620.5 V, and it is selected and fixed at 650 V as a reference
value.

(1)

_Et E e

Nendingar Load

i

L7
" RLC Load 2
'C,.‘ TLF : RLC Load 1
| —Lana
» =

Fig. 5. MATLAB/Simulink model for the proposed
configuration system.

3.2. Selection of the DC Bus Capacitor

The DC bus capacitor (Cqc) is designed to maintain
voltage stability during load transients, compensating for
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both voltage sags during sudden load application and surges
during load removal. Its capacitance must be precisely
calculated to ensure sufficient energy storage capacity for
instantaneous real power exchange, enabling the SAPF to
meet dynamic load requirements. Furthermore, under
unbalanced operating conditions where harmonics appear in
the DC bus voltage, the capacitor must provide effective
harmonic suppression. The design of Cqc is expressed by Eq.
(12) [38,41,53]:

3.Vpp.isn-afket

1/2 (Vzdc,ref_Vzdc,min)

Cdc,min -

(12)

In this formula, Vp, represents the phase voltage, iy,
denotes the phase current handled by the SAPF, a, The
overloading factor, and t refers to the time required to reach
steady-state operation. The parameter k, captures the energy
variation under dynamic conditions, while Vg, and
Vacmin Indicate the reference and minimum required DC-
link voltages, respectively. Based on the system parameters,
the calculated values are, Vi min=620.5V, Vg =650V,
Vpr=220V, is,= 10 A,t =50 msec, a;= 1.2, and k., =0.1
(reflecting a 10% dynamic energy variation).The value of
Cacmin Is calculated as 2.1 mF. For practical
implementation, this value is rounded and approximated to 2
mF.

3.3. Choosing a Filter Inductor

The interface inductor L is crucial to SAPF
performance, with its design directly impacting the system’s
ability to deliver clean and accurate current compensation. Its
value balances filter current ripple reduction with efficient
high-frequency switching. A properly selected inductor
ensures that the VSI can track the reference current with high
precision. When paired with a sufficiently high DC-link
voltage, a well-sized inductance significantly boosts
compensation performance. To maximize the inductor’s
effectiveness, the switching frequency is also pushed to its
optimal upper limit, ensuring a responsive and smooth
dynamic behavior. The SAPF is integrated into the power
network via an interface inductor, which functions as a
passive filter whose performance is directly influenced by the
switching frequency. The ripple current (I, ,,) serves as a
critical parameter in determining the inductor's effectiveness.
The design equation for calculating the optimal inductance
value is expressed in Eq. (13) as follows[41,53,54]:

‘/g-m-vdc,ref
12.af.f5H.ICT,pp

Lf,min - (13)

Based on the selected design parameters, lcr, pp Set at 8%
of the phase current (defined as 10% of the RMS phase
current handled by the SAPF), f;, of 10 kHz, modulation
index (m) equal to 1, Vg ,.r 0f 650 V, and an a; of 1.2, the
required  minimum interfacing inductance (Lgmn) IS
calculated to be 1 mH. Accordingly, a practical value of 1
mH is chosen and implemented in this investigation to ensure
reliable and efficient filter performance.

3.4. System Parameters of SAPF

The device parameters selected to implement the proposed
system are indicated in Table 2, providing a clear overview
of the key specifications utilized in this study.

Table 2. Proposed system parameters

Device Parameters Values
Frequency fs 50 Hz

Supply Voltage Vs 380 V
Parameters Source line inductor Ls 2 mH
Source line resistor Rs 4Q

Non-Linear Load inductor Lgc 30 mH
Load Load resistor Ryc 4Q
Interface inductor L¢ 1mH

SAPF Interface resistor Ry 0.5Q
Parameters DC side capacitor Cqyc 2 mF

References voltage Ve, ref 650 V

4. The Problem Definition and Objective Functions

The proposed optimization algorithms aim to fine-tune
the Pl-controller gains (K, and K;) for both PLL and DC-
link voltage regulation in adaptive and conventional SAPF
controllers. This tuning process is designed to accomplish
several key objectives, including eliminating steady-state
errors in the Pl controllers and minimizing the total
harmonic distortion of the source current (THDi). These
improvements adhere to stringent harmonic standards such
as IEEE 519-1992 [55], IEEE 519-2014 [56], and IEEE 519-
2022 [57], which require maintaining THD below 5% to
enhance the PQ and reduce harmonic interference in
contaminated power systems. As shown in Figure 6, the
optimization process systematically adjusts the controller
gains (Kp and Kj) to meet these objectives effectively and
efficiently [30,31,58].

The THDi represents the quantitative measure of
harmonic pollution, calculated as the RMS ratio of all
harmonic components (up to a specified order) to the
fundamental frequency component, as defined in Eq. (14).
In this context, the proportional gain (Kp) primarily
addresses instantaneous system errors, while the integral
gain (K;) eliminates steady-state deviations. The PI
controller's complete mathematical representation comprises
its transfer function. G.(s) in Eg. (15) (frequency domain)
and the time-domain output signal u(t) In Eg. (16),
providing a comprehensive characterization of the control
dynamics [30,31,58]:

Tmax 2
THD; = |==5—= (14)

Ge(s) =k + 2 (15)

u(®) = e(®) + k; [} e(t) d(®) (16)

where, e(t) Is the error between the actual and reference
DC bus voltage (Vdc, Vdc, ref), respectively.
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Fig. 6. Pl-controller control system using optimization
algorithms.

5. Dandelion Optimizer

The Dandelion Optimizer (DO) is a swarm intelligence
algorithm inspired by the wind-dispersed flight of dandelion
seeds [59, 60]. It employs a dual-group strategy (core and
assistant dandelions) and distinct seed-sowing mechanisms
to effectively balance global exploration and local
convergence, preventing premature convergence in complex
optimization tasks. It evolves through four key phases:

e Step 1: Initialization

In the DO algorithm, each seed represents a
potential solution within the search space. The collective set
of these candidate solutions forms the population of the
algorithm, which is mathematically represented in Eq. (17).

X; = LB +rand X (UB — LB) a7)

Here, i is an integer ranging from 1 to the total
population size, and rand denotes a random number between
0 and 1. The upper and lower bounds (UB and LB) are
defined as follows: LB = [lby,lb,,.....,lbp;,] and UB =
[uby, uby, ....., ubpim]-

The initial elite individual in the DO algorithm is the
solution with the highest fitness value, representing the
optimal position for dandelion seeds in the search space. For
minimization objectives, this elite solution is identified and
preserved during initialization using Eg. (18) and Eq. (19):

foest = min(f (X;)) (18)
Xeiite = X(find (fpest == f(X1))) (19)

e Step 2: Rising

Dandelion seeds must reach a sufficient height to ensure
successful dispersal from the parent plant. The initial ascent
of dandelion seeds, influenced by environmental factors like
wind and humidity, is modeled by Eqg. (20) and Eq. (21) to
determine their upward trajectory.

P {Xt +aXv, Xv,InY X (Xg — X,),randn < 1.5
t+1 ™ X, Xk , else
(20)
Xs;=LB +rand x (UB — LB) (21)

Where, at iteration t, X represents a randomly chosen
position, while X, Indicates the position of the dandelion
seed at the same iteration. The term InY follows a lognormal
distribution with parameters u = 0 and o2 = 1, as given in
Eg. (22).

L _1 2
Iny = {ymexp[ Szny)°l, y=0 2

0 ,y<0

where the standard normal distribution variable y ~
N(0,1) provides controlled stochasticity for the algorithm's
exploration phase. The parameter a denotes a random
variable within the range [0, 1], introducing controlled
stochastic perturbations. Meanwhile, v, and v, Represent the
lift coefficient components of the dandelion seed, and 6
serves as a random angular variable within the bounds of [-x,
m], enabling omnidirectional exploration in the search space.
Each can be computed as expressed as follows:

azrandx(%tz—%t+1) (23)
1
r = e—g (24)
v, =71cosf (25)
v, =71sind (26)
k=1—-rans xq (27)
_ 1 2 _ 1 1
9= T2 T2orat +1+ T2-2T+1 (28)

e Step 3: Descending

During this stage, dandelion seeds rise and then descend
gradually, representing the exploration phase. The DO
algorithm simulates this motion using Brownian movement
to mimic the seeds’ natural drifting path.

Xep1 =X —a X e X (Xmean,t —axXf X Xt) (29)

e Step 4: Landing

The DO enters its final exploitation phase, where it
strategically refines the search to converge on optimal
solutions. Each dandelion seed’s final position is determined
through an adaptive probability mechanism that balances
previous search knowledge with controlled randomness. This
process ensures steady convergence toward the global
optimum, where refined adjustments lead to the most
effective solution, mathematically expressed as follows:

Xev1 = Xeiite + levy (D) X a X (Xejiee — X X 6)  (30)

levy(d) = s % wxf (31)
It|B

_ 1"(1+B)><sin(n2—ﬁ)) -

(s 2

s=2 (33)

T

Here, X,;;;. Represents the optimal position of the seed,
while s is a fixed constant set to 0.01. The parameter g is a
randomly generated value ranging between 0 and 2, and both
d and w are arbitrary numbers selected within the interval [0,
1]. A comprehensive flowchart illustrating the DO
algorithm's architecture is presented in Figure 7. The
suggested parameters for the selected optimization
algorithms are presented in Table 3.
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Generate adaptive
parameter using Eq. (25)
Update dandelion seeds

using Eq. (18)

Rise stage
if
randn( )<1.5

Generate adaptive
W arameter using Eq. (21)
Update dandelion seeds
using Eq. (18)

Fig. 7. Flowchart of the DO algorithm.

Table 3. Optimization algorithm parameter settings

Algorithm Parameters Values
Iterations Maximum Number 200
n 10
U 0.0265
AO ) 0.005
a 0.1
o 0.1
B 15
Iterations Maximum Number 200
DO Population Count 50
B 15
Iterations Maximum Number 200
Population Count 50
Inertia Weight 0.8
Personal Learning Coefficient 1
Inertia Weight Damping Ratio 1
MOA Glc_)bal Lear_ning Coef_fiFient 15
Distance Sight Coefficient
Random flight
Nuptial Dance
Damping Ratio 0.8
Number of Offspring 2
Mutation Rate 0.01
Maximum Number of Iterations 200
WSO Po_pulation Size_ _ 50
Exploration and exploitation 01
parameter

6. Proposed Methodology
6.1. Proposed Controllers and Initialization Data

In this paper, MATLAB/SIMULINK is employed as a
powerful simulation platform to implement and evaluate the
proposed  optimization techniques. The simulation
environment enables detailed performance analysis of these
competing approaches, providing critical insights into their
dynamic behavior and operational effectiveness. The
research uses simulations to critically assess two control
techniques:

A. The first controller depends on a conventional
controller technique.

B. The second controller depends on the adaptive
controller technique.

All simulation results for the proposed controllers, along
with the applied optimization algorithms, are executed within
the MATLAB/SIMULINK environment. The initial
parameter settings for the DO, AO, MOA, and WSO
algorithms are detailed in Table 4, providing the foundation
for consistent and accurate performance evaluation.

6.2. Simulation Scenarios

The purpose of the optimization process is to get the
optimal values for the Pl-controller gains to accomplish the
objective functions. Then, the performance of the controllers
is evaluated according to the following cases, which are
explained as follows:

» Case (A): The system was simulated under an ideal
source voltage condition without using the filter to observe
the effect of the harmonic distortion before applying the
proposed mitigation technique.

» Case (B): The system was simulated with a filter
connection, and the connected SAPF was controlled using
the conventional technique.

» Case (C): The system was simulated with a filter
connection, and the connected SAPF was controlled using
the adaptive technique.

For the cases (B and C), several steps and scenarios were
applied as follows:

» Simulation with an unoptimized controller to
observe the performance of the filter without optimization.

» Simulation with optimized controller gains using
the proposed optimization algorithms, the results are
compared in terms of total harmonic distortion values,
controller performance, including its stability and steady-
state errors, as well as its convergence characteristics, to
observe and choose the best optimization algorithm.

» Finally, the best-proposed optimization algorithm
was chosen, and then it was applied to observe and assess the
effectiveness of the optimized controller under the conditions
of ideal and distorted supply voltage, as well as the variable
or dynamic load conditions.
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Table 4. Preliminary data for suggested optimization algorithms

No. of Variables Upper / Lower Limits Obijective functions Population It'e\fgt);én
Variables | p|-Controller (1) gains PI-Controller (2) gains THD; SS-Error Number | =
4 10<Kp1<50 |1<Ki1<10 [0.1<Kp2<2 | 1<Ki2<35 |0<THDi<5% |0 <Error<5% 50 200

7. Simulation Results

7.1. Case (A): Simulation without SAPF Connection

In this case, the tested model is simulated under an ideal
source voltage condition connected to the NLL. The filter is
absent and not connected to the system to study and estimate
the effect of the NLL on the source current waveform and the
extent of the THD generated due to the linked NLL. The
importance of this step lies in determining the extent of the
improvement required to be achieved and the harmonics to
be compensated through the chosen active filter. As
illustrated in Figure 8, under ideal supply conditions, the
three-phase source voltage maintains perfect sinusoidal
waveforms. However, when nonlinear loads are introduced
without filtering, significant distortion becomes evident in
both load and source currents, transforming their waveforms
into non-sinusoidal patterns. This harmonic distortion is
quantitatively analyzed in Figure 9 through FFT spectrum
analysis, revealing a substantial THD of 23.44% in the
source current due to NLL effects.

09 091 092 093 0.94 095 096 097 098 0.99 1
1
T T I T

| | | |
-
09 091 092 093 094 095 096 097 098 099 t
Offsot=0.9 Time (Sec)

Fig. 8. Three-phase waveforms of source voltage and current
in case (A) without SAPF.

FFT window: 5 of 50 cycles of selected signal
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Fig. 9. Source Current waveform and its FFT harmonic
spectrum without SAPF for case (A).

7.2. Case (B): Simulation with SAPF Controlled Using the
Conventional Technique

In this case, SAPF is integrated into the system to reduce
harmonic distortions in the source current caused by the
NLL, with its operation controlled using a conventional
technique. First, the controller is simulated without
optimization, i.e., without tuning the PI controller gains, to
appreciate the stability and response of the system before the
optimization process. Then, optimization is done through an
optimization proposed algorithm.

7.2.1. Simulation with an un-optimized conventional
controller

In this scenario, the system was simulated without any
optimization. Despite encouraging results in Figure 10, and
Figure 11, where the source current waveform returned to a
clean sinusoidal shape and the THD dropped to 1.97% as
calculated by FFT, Figure 12 reveals a significant
shortcoming. The DC-link voltage fails to reach the 650V
reference promptly, taking an excessive amount of time to
approach it. This slow response indicates instability in the
filter’s performance, leading to overall unreliable results and
a controller that reacts slowly to fluctuations in the network.

1y (A

1,0A)

Iegm (A)

(1] 081 (1] 08 0% 085 096 057 0358 099 1

Time (Sec.)
Offset=0.9

Fig. 10. Three-phase waveforms of source voltage and
current with SAPF-controlled and un-optimized conventional
controller for case (B).

FFT window: 5 of 50 cycles of selected signal
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Fig. 11. Source Current waveform and its FFT harmonic
with SAPF controlled and un-optimized conventional
controller for case (B) .
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Fig. 12. Response of DC-link voltage value with its reference
value for the SAPF controlled with an un-optimized
conventional controller for case (B).

7.2.2. Simulation with an optimized conventional controller

In this scenario, the system was simulated with the
SAPF controlled using both conventional methods and
optimization algorithms for tuning the PI controller gains to
enhance performance. Prior to implementation, a
comprehensive  comparative assessment of multiple
optimization algorithms is conducted. This evaluation aims
to identify the most effective approach for enhancing
controller performance, specifically targeting improvements
in dynamic response, operational stability, and PQ
regulation.

7.2.2.1. Comparative performance analysis of all proposed
algorithms against the conventional controller

Figure 13 demonstrates the dynamic performance of
DC-link voltage regulation across all implemented
algorithms, showcasing their rapid tracking capability and
precision in maintaining the reference value. Each
optimization technique exhibits excellent transient response
characteristics, including fast settling time, minimal voltage
overshoot, and low steady-state error. These performance
enhancements directly contribute to superior SAPF controller
stability and PQ improvement.

Table 5, shows a comparison between the results
obtained using the proposed algorithms .The comparison
criterion is the best fitness value, which is represented by the
sum of the THDi and the error (the difference between the
DC reference value “650V” and the actual DC side voltage).

1000

Fig. 13. Response of DC-link voltage values with their
reference value for the optimization algorithms and the
conventional.

Table 5. Optimized control solutions /parameters, THDi, and
error fitness, and convergence iteration results for the
optimization algorithms with the conventional controller for

case (B)
Propf)sed B,ESt of Corresponding Best solutions Convergence
tuning fitness iteration
Algorithm (%) THD | Error Kp Ki
AO 2.0825 1.96 0.122 | 0.678 29.58 198
DO 2.076 1.95 0.126 0.6 24.938 160
MOA 2.0818 | 1.952 0.13 0.65 33.238 72
WSO 2.08 1955 | 0.125 | 0.586 | 23.391 161

Minimizing these values is the objective function of the
algorithms. The comparison was also made on the
convergence of the algorithm to the best result in fewer
iterations.

Table 5, and figure 14 show that the Dandelion
Optimizer (DO) gives the best result in terms of Iterative
convergence characteristics and the corresponding minimum
THDi at the best solution values of control parameters/gains;
Kp and Ki with values 0.6 and 24.938, respectively.

Also, figure 14 illustrates the iterative convergence
characteristics of the objective function across four different
optimization algorithms. Among them, the Dandelion
Optimizer (DO) exhibits the fastest convergence rate,
reaching the minimum objective function value in fewer than
70 iterations and stabilizing at approximately 2.076. In
comparison, the WSO and MOA algorithms also achieve
reasonable convergence, though at a slower pace and with
more oscillations, stabilizing around 2.08 and 2.0818,
respectively. The AO algorithm shows the weakest
performance, maintaining a relatively high objective value
(2.0825) and requiring a longer duration to reach steady
state.

These results highlight the superiority of the DO
algorithm in terms of both convergence speed and accuracy,
making it well-suited for applications that demand fast
response and precise control.

ves3 of Otyective

Fig. 14. Iterative convergence characteristics of the fitness
function for the optimization algorithms, conventional
controller for case (B).

It is clearly evident that the performance of the SAPF is
greatly enhanced when optimization algorithms are used to
tune the Pl controller. With the application of optimized
gains, the system achieves its best fitness by effectively
minimizing the THDi objective function. Among the tested
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algorithms, the DO algorithm stands out, delivering a best
fitness value of 2.076% and achieving a THDi as low as
1.95%- the most optimal results compared to other
algorithms. So, the conventional controller optimized using
the DO algorithm is suggested to evaluate its performance
under different conditions to show the extent of improvement
and stability in SAPF performance with the proposed
conventional controller.

7.2.2.2. Simulation with an optimized conventional controller
using the DO Algorithm tested under ideal source conditions

In this scenario, the system was simulated under ideal
voltage conditions, with a source waveform free from any
distortions. Figure 15 displays the source voltage and current
waves, both exhibiting pure sinusoidal waveforms, along
with the load current and the filter's compensating current.
Meanwhile, Figure 16 reveals a THD; value of 1.95%, as
determined through FFT harmonic spectrum analysis.
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Fig. 15. Three-phase waveforms of source voltage and
current with SAPF controlled with an optimized
conventional controller using the DO algorithm and tested
under ideal source conditions for case (B).

FFT window: 5 of 50 cycles of selected signal
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Fig. 16. Source Current waveform, and its FFT harmonic
with SAPF controlled with optimized conventional controller
using DO algorithm and tested under ideal source conditions

for case (B).

7.2.2.3. Simulation with an optimized conventional controller
using DO Algorithm tested under distorted source voltage
conditions

The strong and distinctive performance of the controller
appears when it is tested and evaluated with distortions in the
supply voltage waveform. When the supply voltage is
distorted by 8.05%, the THD for the supply current is
maintained within a permissible value by the SAPF, which is
controlled by the proposed optimized controller. Figure 17,
illustrates the waveforms of the source voltage, source
current, load current, and compensating current.

Furthermore, Figure 18 presents the THD spectrum of the
supply current, revealing a THD value of 2.99%.
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Fig. 17. Three-phase waveforms of source voltage and
current with SAPF controlled with optimized conventional
controller using DO algorithm and tested under distorted
source voltage conditions for case (B).

FFT window: 5 of 50 cycles of selected signal
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Fig. 18. Source Current waveform, and its FFT harmonic
with SAPF controlled with optimized conventional controller
using DO algorithm and tested under distorted source
conditions for case (B).

7.2.2.4. Simulation with an optimized conventional controller
using the DO Algorithm tested under load variation
conditions

This section examines how the optimized controller
performs amid dynamic changes and fluctuating load
conditions. Where the system is overloaded by 150% of its
rated values through connecting an RLC load in addition to
the presence of an NLL. The RLC load was connected to the
grid at 0.2 seconds into the simulation. Then disconnected at
0.4 seconds, as shown in Figure 19 where the supply current
maintained its pure sinusoidal waveform. Figure 20 presents
the FFT analysis results, revealing a THD; of just 1.43% for
the source current during the proposed overload interval
under variable load conditions.

To thoroughly evaluate the controller’s performance, it
is essential to investigate how the DC-link voltage responds
to varying load conditions. As shown in Figure 21, the
dynamic response of the DC-link voltage closely follows its
reference value despite fluctuations in load. The controlled
SAPF maintains the voltage with minimal overshoot, low
steady-state error, and rapid settling time, demonstrating a
notable improvement in the dynamic performance of the
SAPF controller.
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Fig. 19. Three-phase waveforms of source voltage and
current with SAPF controlled with an optimized
conventional controller using the DO algorithm and tested
under load variation conditions for case (B).

FFT window: 5 of 50 cycles of selected signal
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Fig. 20. Source Current waveform, and its FFT harmonic
with SAPF controlled with optimized conventional controller
using DO algorithm and tested under load variation
conditions for case (B).
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Fig. 21. Response of DC-link voltage of SAPF controlled
with an optimized conventional controller using the DO
algorithm, tested under load variation conditions for case (B).

It is observed that the conventional SAPF controller
optimized with the DO algorithm yields acceptable values for
the desired objective functions. This performance is
consistent under various test conditions, including ideal and
distorted source voltages, as well as dynamic load changes.
Thus confirming the efficiency of the chosen DO optimizer.

7.3. Case (C): Simulation with SAPF controlled using the
adaptive technique

In this case, SAPF is controlled by an adaptive technique
to mitigate the harmonics produced by the NLL in the source
current. Since the non-optimized scenario in this case is not
much different from what was previously presented with the
conventional controller, the discussion begins with the study
of the proposed adaptive controller. This controller is
simulated and optimized through the proposed optimization
algorithms.

7.3.1. Simulation with an optimized adaptive controller

In this scenario, the system was simulated, and the SAPF
was controlled by an adaptive technique. By using the
optimization algorithms, the PI controller gains were tuned to
enhance the controller's performance. The outcomes of the
algorithms are compared to select the most effective
algorithm for enhancing the controller’s performance,
response, and stability.

7.3.1.1. Comparison of the optimized outcomes for all
proposed algorithms with the adaptive controller

As depicted in Figure 22, all implemented algorithms
demonstrate exceptional tracking capability, with DC-link
voltages rapidly converging to their reference values. The
comparative analysis reveals consistently fast response times
across all methods, along with favorable dynamic
characteristics such as minimal settling time, acceptable
overshoot, and negligible steady-state error. These features
collectively enhance operational stability and ensure superior
performance in the SAPF controller implementation.

o 02 %} [ os [ a7 o8 a9
Time (Sec)

Fig. 22. The DC-link voltage response relative to its
reference value for the optimization algorithms and the
adaptive controller for case (C).

Table 6, shows a comparison between the results
obtained using the proposed algorithms, where the
comparison is made in terms of the best fitness, which is
represented by the sum of the THDi and the error.
Minimizing these values is the objective function of the
algorithms. The comparison was also made on the
convergence of the algorithm to the best result in fewer
iterations.

Also, Table 6 and Figure 23 show that the DO algorithm
gives the best result in terms of the best of fitness and the
corresponding minimum THDi at the best solutions of
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control parameters/gains; Kpi, Kii, Kpz, and Ki, with values
given in Table 6. Figure 23, further emphasizes the long-term
convergence behavior of the same algorithms, observed up to
200 iterations. The results confirm that the DO algorithm
maintains its advantage by reaching the lowest objective
value (2.087) before iteration 70 and remaining stable
without oscillations throughout the optimization process.
While the WSO and MOA algorithms also demonstrate
steady convergence to approximately 2.0872 and 2.088, they
experience intermittent stagnation during the optimization.
AO continues to underperform, failing to reach comparable
accuracy, which indicates its limited -effectiveness in
handling complex objective functions.

From a computational efficiency perspective, it can be
concluded that the DO algorithm not only delivers accurate
results but also achieves them in fewer iterations, reducing
computational time and enhancing processing efficiency.

Table 6. Optimized control Solutions /parameters, THDI,
and error fitness, and convergence iteration results for the
optimization algorithms with the conventional controller for

case (C)

Pzﬁsfszd Best of Corresponding Best solutions Convergence
Algorithm fitness | THD | Error | Kp; | Kiy | Kp2 | Ki; iteration
AO 2.099 [ 1976 | 0.123 | 10 10 | 0.756 | 35 42
DO 2.087 [ 1958 | 0.129 | 25 |1.14 | 0.61 25 52
MOA | 2088 | 1.963 | 0.125 | 27 |292 | 0.72 |33.27 78
WSO |[2.0872|1.9622 | 0.125 |42.72| 6.6 | 0.636 |25.77 61
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Fig. 23. Iterative convergence characteristics of the fitness
function for the optimization algorithms with the adaptive
controller for case (C).

7.3.1.2. Simulation with an optimized adaptive controller
using the DO Algorithm tested under ideal source conditions

Following the same methodology as Case (B), this
simulation examines system performance under ideal grid
conditions with a completely undistorted source voltage.
Figure 24 presents perfectly sinusoidal source voltage and
current waveforms alongside the corresponding load current
and active filter compensation current. The accompanying
harmonic analysis in Figure 25 demonstrates outstanding
performance, with FFT spectrum measurements revealing an
impressively low THDi of merely 1.958% - clear evidence of
excellent PQ.
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Fig. 24. Three-phase waveforms of source voltage and
current with SAPF controlled with optimized adaptive
controller using DO algorithm and tested under ideal source
conditions for case (C).

FFT window: 5 of 50 cycles of selected signal
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Fig. 25. Source Current waveform, and its FFT harmonic
with SAPF controlled with optimized adaptive controller
using DO algorithm and tested under ideal source conditions
for case (C).

7.3.1.3. Simulation with an optimized adaptive controller
using DO Algorithm tested under distorted source voltage
conditions

The adaptive controller's robust performance and
effectiveness of the optimizer technique appear and are
demonstrated when tested and evaluated with distortions in
the supply voltage waveform. When the supply voltage is
distorted by 8.05%, the THD; for the source current is
maintained within the permissible value by the SAPF, which
is controlled by the proposed optimized adaptive controller
using the DO algorithm.

Figure 26 displays the waveforms of the source voltage
and current, along with the load current and the
compensating filter current, clearly illustrating the system’s
coordinated response. Figure 27 presents the THDi spectrum
analysis of the supply current, revealing a distortion level of
1.96%, which is notably lower than the value recorded with
the conventional controller in case (B), indicating a
significant improvement in harmonic mitigation.
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Fig. 26. Three-phase waveforms of source voltage and
current with SAPF controlled with optimized adaptive
controller using DO algorithm and tested under distorted
source voltage conditions for case (C).
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Fig. 27. Source Current waveform, and its FFT harmonic
with SAPF controlled with optimized adaptive controller
using DO algorithm and tested under distorted source
conditions for case (C).

7.3.1.4. Simulation with an optimized adaptive controller
using the DO algorithm tested under load variation
conditions

This section assesses the optimized controller's dynamic
performance under severe loading conditions, where the
system is subjected to a 150% overload through
simultaneous connection of RLC and NLLs. As illustrated in
Figure 28, the abrupt application (0.2 sec) and removal (0.4
sec) of the RLC load demonstrates the controller's
exceptional regulation capability - maintaining perfect
sinusoidal source current throughout the transient. The
corresponding FFT analysis in Figure 29 reveals outstanding
harmonic suppression, with THDi remaining at an
impressively low 1.4% even during peak overload
conditions.

As shown in Figure 30, the SAPF controller exhibits
exceptional voltage regulation through its dynamic response
to load variations. It tracks the DC-link reference with
minimal overshoot, error, and settling time, confirming its
superior performance. it observed that the optimized SAPF
adaptive controller using the DO algorithm gives an
acceptable value for the desired objective functions when
tested under different conditions, including ideal and
distorted source voltage conditions, and also under dynamic
load variation conditions. Thus confirming the efficiency of
the chosen DO optimizer.

Offsot=0 Time (Sec.)

Fig. 28. Three-phase simulation waveforms for Source
Voltage, and Current with SAPF controlled with optimized
adaptive controller using DO algorithm and tested under load
variation conditions for case (C).

FFT window: 5 of 50 cycles of selected signal
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Fig. 29. Source Current waveform, and its FFT harmonic
with SAPF controlled with optimized adaptive controller
using DO algorithm and tested under load variation
conditions for case (C).

Fig. 30. Response of DC-link voltage of SAPF controlled
with an optimized adaptive controller using DO algorithm
tested under load variation conditions for case (C).

7.4. Comparison between the conventional and adaptive
controllers optimized using the DO algorithm

This section compares the conventional and adaptive
controllers under identical conditions, with Table 7
presenting the THDi values for each case. The results reveal
similar THD levels for both controllers when dealing with an
ideal source and load variations. However, the adaptive
controller stands out in scenarios involving a distorted
source, thanks to its advanced synchronization algorithm that
integrates PSVD and PLL circuits.
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Table 7. Comparison between the conventional and adaptive
controllers

THD using a THD using an
Comparison cases | Conventional Adaptive
controller controller
Ideal source 1.95% 1.958 %
Distorted source 2.99 % 1.96 %
Load variation 1.43% 1.4%

7.5. Comparative Performance Evaluation of Optimization
Algorithms under Different Control Strategies

Table 8 presents a detailed performance comparison of
four optimization algorithms: DO, AO, MOA, and WSO
used for tuning PI controllers in SAPF applications under
two operating scenarios (Cases B and C). The comparison
includes Total Harmonic Distortion, percentage overshoot,
and settling time of the DC-link voltage.

The results indicate that the Dandelion Optimizer (DO)
outperforms the other algorithms in both cases, achieving the
lowest THD and shortest settling time, thereby confirming its
superior dynamic response and robustness. The AO and
MOA algorithms show moderate performance, while WSO
demonstrates the highest overshoot and settling time, making
it the least efficient in terms of response dynamics. These
findings are consistent with the convergence behavior shown
in Figures 14 and 23, where DO reaches optimal fitness
values faster and more consistently than others.

Table 8. Comparative performance summary of optimization
algorithms for cases B and C

Case B Case C
Algorithm[ THD | Overshoot | Settling | THD [Overshoot | Settling
(%) (%) Time (s) (%) (%) Time (s)
DO 1.95 5.4 0.28 1.958 5.1 0.25
AO 1.96 7.2 0.34 1.976 6.9 0.31
MOA 1.952 6.5 0.32 1.963 6.3 0.30
WSO 1.955 8.1 0.36 1.9622 7.7 0.34

8. Conclusion

This research investigates a SAPF solution for PQ
enhancement, specifically targeting current harmonic
compensation and critical PQ issue mitigation. Two control
strategies are employed: a conventional controller and an
adaptive controller. Both controllers are optimized using
different optimization techniques, having an input variable
represented as a Pl- PI-Controller's gains and objective
functions represent an output, including optimal THDi and
Error-values. The performance of these controllers is
rigorously evaluated under various operating conditions,
including ideal and distorted source voltages, as well as
dynamic nonlinear load variations. Results demonstrate that
the DO stands out as a robust and efficient metaheuristic
algorithm, outperforming other optimization methods in
achieving the desired objectives.

Notably, the adaptive controller delivers superior
accuracy and performance compared to conventional

approaches. By optimizing critical parameters, the SAPF
effectively minimizes THDi OF source current, reduces
settling time, stabilizes DC-link voltage steady-state error,
and mitigates peak overshoot, validating its enhanced
efficacy in real-world PQ improvement.

From the previous study, the following conclusions have
been reached:

» The proposed SAPF controller techniques
effectively compensate for 23.44% of THDi caused by
current harmonics from NLLs, reducing the supply current's
total harmonic distortion to well within the standard
acceptable limit of 5%, and transforming the source current
into a clean, sinusoidal waveform.

» By applying optimized tuning methods to the PI
controllers, all THDi values are reduced compared to those
without tuning, while the DC-link capacitor voltage
consistently returns to its reference level without deviation,
unlike the behavior observed in unoptimized controllers.

» The DO  optimizer delivers  exceptional
performance, achieving superior accuracy and the strongest
correlation with DC-link reference voltage when compared
to AO, MOA, and WSO algorithms. It consistently produces
the lowest THDi and minimal error values across all
scenarios, including impure source voltage conditions and
dynamic load variations, outperforming other optimization
techniques.

> It is observed that the optimized SAPF adaptive
controller using the DO algorithm achieves acceptable values
for the desired objective functions in all comparison cases.
This confirms the efficiency of the chosen DO optimizer
over other techniques, as well as the superiority of the
adaptive controller compared to conventional controllers.

This work contributes directly to the advancement of
Green and Smart Grid (GAS) technologies, where
maintaining high PQ is essential for integrating renewable
energy sources, distributed generation, and electric vehicle
charging systems. By combining adaptive control techniques
with intelligent optimization algorithms, this study
contributes to the development of self-regulating, resilient,
and energy-efficient smart grids. These grids can effectively
adapt to disturbances and load variations while minimizing
losses and enhancing overall system stability. Building upon
the promising results of this research, several future
directions are proposed:

» Extension to  multi-objective  optimization
frameworks that simultaneously consider other power quality
indices, such as voltage unbalance, reactive power
compensation, and system losses.

» Hybridization of the DO with other metaheuristic or
Al-based algorithms to enhance convergence speed,
accuracy, and robustness in complex, high-dimensional
optimization problems.

> Integration with loT-enabled and Al-assisted smart
grid management systems to allow predictive, self-learning,
and adaptive power quality control in future decentralized
power networks.
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» Application in microgrids and renewable energy-
based distribution systems, where PQ challenges are
increasingly critical due to the intermittent and fluctuating
nature of distributed generation.

» Collectively, the strong emphasis on Pl-controller
parameter optimization for DC-link voltage and PLL
synchronization highlights the practical feasibility of
deploying Pl-based controllers optimized by metaheuristic
algorithms such as the Dandelion Optimizer (DO). This
approach confirms that Shunt Active Power Filters (SAPFs)
can be effectively controlled and optimized for real-time
deployment on high-speed DSP/FPGA platforms, ensuring
both rapid dynamic response and operational stability under
challenging nonlinear and distorted load conditions. These
promising outcomes strongly motivate us to work on this in
the future, supporting the practical deployment of power
quality solutions in smart grid environments.
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