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General Introduction

L Research background

The energy environment across the globe is undergoing profound changes, influenced by
the urgent need to mitigate environmental degradation and reduce dependence on fossil fuels
[1]. Growing concerns over climate change, the rise in greenhouse gas emissions, coupled with
the diminishing availability of non-renewable energy resources, has prompted governments,
industries, and research institutions to promote clean and sustainable energy alternatives.
Among these, solar photovoltaic (PV) among various solutions, energy has surfaced as a
particularly promising renewable technologies due to its abundance, modularity, and capability
of direct electricity generation without moving parts or harmful emissions [2].

PV systems have evolved from small-scale, standalone applications to large-scale, grid
connected PV (GCPV), playing an increasingly vital role in modern power networks. The
integration of PV generation into electrical grids contributes to the decarbonization of energy
production [3]. It supports the development of smart grids, where distributed energy resources
(DERs) enhance reliability and efficiency. However, despite their advantages, GCPV systems
introduce several operational challenges related to power quality (PQ), stability, and grid
compliance, especially when integrated in large numbers within distribution networks [4].

The intermittent and nonlinear characteristics of solar irradiance and temperature cause
frequent power fluctuations, voltage instability, and dynamic disturbances. Additionally, the
widespread use of power electronic converters, essential for energy conversion, control, and
grid synchronization, introduces harmonic distortions that can deteriorate the overall PQ [5].
The coexistence of nonlinear loads, unbalanced conditions, and distributed renewable sources
makes harmonic mitigation and reactive power compensation indispensable for maintaining
grid standards such as IEEE 519 and IEC 61000-3-2 [6].

To address these challenges, Shunt active power filters (SAPFs) have been widely adopted
as practical solutions for mitigating harmonics and compensating reactive power within
distribution networks. When integrated with PV systems, SAPFs not only enhance PQ but also
facilitate efficient utilization of generated energy, increasing the general stability and reliability

of the network. This configuration, known as GCPV with SAPF (GCPV-SAPF) system, allows
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bidirectional energy exchange, enabling the PV unit to inject active power into the grid while
the SAPF mitigates current distortions and maintains a unity power factor (PF) operation [7].

In parallel, maximum power point tracking (MPPT) techniques play a vital role in ensuring
that photovoltaic (PV) arrays operate at their optimal power point under varying environmental
conditions.

Conventional algorithms, such as Perturb and Observe (P&O) and Incremental Conductance
(INC) [8], are simple to implement but often exhibit limited performance, particularly under
partial shading conditions (PSCs).

Intelligent approaches, including fuzzy logic control (FLC) and artificial neural networks
(ANNs), have been employed to handle nonlinearities and uncertainties in PV systems;
however, they generally involve high computational complexity and substantial memory
requirements, which may restrict real-time implementation.

Consequently, metaheuristic optimization algorithms (MOAs), inspired by natural and
biological processes, have gained increasing attention due to their simpler structure, reduced
computational burden, and strong global search capability. Algorithms such as particle swarm
optimization (PSO), grey wolf optimization (GWO), whale optimization algorithm (WOA), and
their hybrid variants have demonstrated improved robustness and reliable global maximum
power point (GMPP) tracking under complex and PSCs, overcoming the limitations of
conventional MPPT methods that tend to converge to local maxima [9].

Moreover, the control of SAPFs requires precise regulation of DC-link voltage (Vac) and
instantaneous power exchange with the grid. Conventional Proportional-Integral (PI)
controllers, while simple to implement, often fail to deliver satisfactory dynamic performance,
particularly during transient conditions or nonlinear disturbances [10].

To overcome these limitations, advanced control techniques such as Fractional-Order PI
(FOPI) control [11], Backstepping control (BC), and Sliding Mode Control (SMC) have been
developed [12]. These methods offer faster response, improved robustness, and enhanced
harmonic compensation capability compared to classical control approaches.

The combination of these technologies—metaheuristic MPPT optimization, advanced
SAPF control, and real-time implementation—forms the foundation of this thesis. The proposed
system aims to enhance both energy extraction and power quality, enabling the GCPV-SAPF

system to operate efficiently under diverse environmental and grid conditions.
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II. Problem statement

Despite the significant progress in PV integration and active power filtering technologies,
several persistent challenges continue to limit the optimal performance of GCPV-SAPF
systems. These challenges can be broadly categorized into three main areas: energy extraction

efficiency, power quality management, and system control robustness.
1. MPPT under PSCs:

Among the most critical issues affecting PV system efficiency is the accurate and stable
tracking of the MPP, particularly under PSCs. Shading, which can result from environmental
factors such as passing clouds, dust accumulation, or nearby obstacles, leads to the appearance
of multiple local maxima on the P—V curve. Under these conditions, conventional MPPT
algorithms, such as P&O and INC, often converge to local maxima instead of the global
optimum [13].

This behavior causes a significant reduction in harvested energy and deteriorates overall
system efficiency. Furthermore, under dynamically changing irradiance, these conventional
algorithms often exhibit slow response, poor adaptability, and increased oscillations around the

operating point, which can result in frequent power fluctuations and instability in the Vae.
2. Power quality deterioration in GCPV-SAPF system operation:

In GCPV-SAPF systems, the interaction between the PV converter, nonlinear loads, and
grid interface contributes to deterioration in PQ. The presence of nonlinear loads generates
current harmonics and reactive power components, which distort the grid current waveform and
reduce the system’s overall power factor (PF) [2].

Additionally, the switching behavior of power electronic converters introduces high-
frequency harmonics that can propagate into the grid, violating established PQ standards such
as IEEE 519. These distortions may also cause overheating in electrical equipment,
malfunctioning of sensitive loads, and increased losses in transmission lines [3].

Although passive filtering solutions can mitigate some harmonic components, they are
limited by bulky components, fixed compensation characteristics, and potential resonance
issues. Maintaining high power quality under dynamic grid and load variations remains a

persistent challenge that requires precise and adaptive control of the active power filtering stage.
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3. Limitations of conventional control strategies:

Conventional control strategies employed in GCPV-SAPF systems, including PI-based
regulators, classical direct power control (DPC), and direct current control (DCC) methods,
exhibit several inherent limitations when applied to highly nonlinear and dynamic operating
environments. PI controllers, commonly used for DC-link voltage regulation, rely on fixed
control parameters, which makes them sensitive to parameter variations, system nonlinearities,
and external disturbances. As a result, they often suffer from poor transient performance,
overshoot, and slow recovery under rapidly changing operating conditions [14].

Likewise, classical DPC and DCC approaches, which typically depend on predefined
switching tables or hysteresis-based control mechanisms, are associated with variable switching
frequency, increased power and current ripples, and limited robustness under grid disturbances.
These drawbacks lead to fluctuations in instantaneous active and reactive powers (P and Q),
degraded current waveforms, and increased total harmonic distortion (THD). Consequently,
ensuring stable operation, accurate power control, and low harmonic distortion under dynamic

grid and load conditions remains a critical challenge.
4. Real-time implementation and validation:

A large portion of the existing research on GCPV-SAPF systems remains confined to
simulation-based validation. While simulations provide valuable insights into control behavior,
they often neglect practical issues such as sensor noise, computational delays, switching
nonlinearities, and hardware constraints, which can significantly affect the real-time

performance and stability of the proposed control strategies.

Real-time implementation and validation are essential to bridge the gap between theoretical
models and practical applications. Without experimental verification, the accuracy, robustness,
and efficiency of control techniques under hardware constraints, sensor noise, and
computational delays cannot be reliably guaranteed. Furthermore, limited real-time validation
restricts proper assessment of system performance with respect to international grid standards,
thereby limiting the practical feasibility of advanced control approaches for large-scale
deployment.

In summary, the main challenges in GCPV-SAPF systems can be outlined as follows:
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» The inability of conventional MPPT algorithms to effectively track the global maximum
power point (GMPP) under partial shading and dynamic irradiance conditions.

» Degradation of PQ due to harmonics, reactive power imbalance, and switching-induced
distortions.

» Limited adaptability and robustness of classical control strategies under nonlinear and
time-varying operating conditions.

» Lack of comprehensive real-time experimental validation for advanced control and

filtering strategies.

Addressing these unresolved issues is essential for improving energy extraction efficiency,

enhancing PQ, and ensuring stable and reliable operation of modern GCPV—-SAPF systems.
III. Objectives of the thesis

The overarching aim of this research is to develop, optimize, and experimentally validate
an intelligent and robust control framework for a GCPV-SAPF system. The proposed
framework aims to achieve maximum energy extraction, superior power quality, and enhanced
dynamic performance under both standard and disturbed operating conditions.

This thesis seeks to bridge the gap to experimental validation by integrating metaheuristic
optimization, advanced control techniques, and real-time implementation into a unified GCPV—

SAPF system.
> Objective 1: Comprehensive review and identification of research gaps

The first objective of this research was to conduct an extensive literature review on
photovoltaic (PV) systems, PQ issues, and harmonic mitigation techniques. This review
involved a critical analysis of existing MPPT algorithms, converter control approaches, and
active filtering strategies.

The study revealed that conventional MPPT algorithms such as P&O and INC often fail
under PSCs due to their inability to escape local maxima on the P-V curve. Likewise, classical
control schemes, such as DPC and conventional PI regulators, tend to suffer from variable
switching frequencies, high power ripples, and limited adaptability to nonlinear and time-
varying systems.

These findings highlighted significant research gaps in terms of global optimization

capability, control robustness, and real-time experimental validation. Addressing these
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limitations motivated the development of the advanced hybrid optimization and control

solutions presented in this thesis.
» Objective 2: Modeling of the GCPV-SAPF system

The second objective was to develop a comprehensive mathematical model of the GCPV—
SAPF system. The model incorporated detailed representations of the PV array, DC-DC and
DC-AC converters, and grid interface.

To support laboratory experimentation, an implicit electrical model of the PV array was
developed to reproduce its dynamic behavior in real time. This model was implemented as a
PV emulator using a Lookup Table (LUT)- based approach that generates the corresponding
voltage—current (V—I) characteristics under varying irradiance conditions.

The developed emulator enabled flexible, repeatable, and safe testing of the proposed
control and optimization algorithms without relying on physical PV panels. It also provided a
controlled environment for evaluating system performance under different shading patterns and

environmental variations.

> Objective 3: Development of advanced MPPT algorithms using metaheuristic

optimization

The third objective was to design and compare advanced MPPT algorithms based on
metaheuristic optimization to overcome the limitations of conventional techniques under PSC
and dynamic irradiance conditions. These algorithms were developed to enhance tracking
accuracy, minimize steady-state oscillations, and accelerate convergence toward the GMPP.

The following optimization methods were implemented and analyzed:

e Zebra Optimization Algorithm (ZOA)
e Grey Wolf Equilibrium Optimizer (GWEO)
e Hybrid GWO-PSO algorithm

» Objective 4: Design of advanced control strategies for SAPF and DC-link

regulation

The fourth objective of this thesis was to design advanced control strategies for the SAPF

to ensure improved power quality and dynamic stability. The P-DPC method was implemented
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to enhance both transient and steady-state performance of the SAPF. This control approach is
designed to estimate instantaneous power variations and select the optimal switching state to
regulate active and reactive powers (P and (), aiming to maintain a fixed switching frequency,
minimize THD, and provide faster transient responses compared with conventional DPC
methods.

To further improve DC-link voltage regulation and robustness, a Fractional-Order PI (FOPI)
controller with an anti-windup mechanism was designed. This controller offers superior tuning
flexibility and adaptability to nonlinear operating conditions compared with classical integer-

order PI regulators, thus ensuring stable operation under fluctuating grid and load scenarios.
> Objective 5: Optimization of controller parameters using metaheuristic algorithms

The fifth objective of this thesis was to optimize the controller parameters to achieve
superior transient and steady-state performance. Manual tuning of controller parameters is often
inefficient, time-consuming, and prone to inaccuracies. Therefore, the ZOA was employed to
automatically tune the parameters of the FOPI-AW controller within the P-DPC framework.
The tuning process was formulated as a multi-objective optimization problem, aiming to:

e Minimize DC-link voltage overshoot,

e Reduce THD of the supply current,

e Minimize steady-state voltage error in the DC-link regulation loop, and

e Enhance transient response, stability, and robustness under varying operating
conditions.

> Objective 6: Experimental implementation and performance validation

The final objective of this thesis was to carry out the real-time experimental implementation
and validation of the proposed GCPV-SAPF system using a dSPACE DS1104 platform. A
laboratory-scale prototype was developed to evaluate the proposed optimization and control
strategies under standard test conditions (STC), partial shading conditions (PSCs), and dynamic
shading conditions (DSCs), as well as under nonlinear and time-varying loading conditions.

A programmable PV emulator, based on the developed lookup table (LUT) model, was
employed to reproduce realistic PV behavior under different irradiance profiles. In addition, a
high-precision power analyzer was used for real-time measurement and monitoring of the
system variables.

The experimental evaluation focused on key performance indicators, including:

7
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e Global MPPT efficiency and convergence speed,

e DC-Link voltage stability,

e THD of grid current,

e Reactive power compensation and power factor improvement,

e Dynamic performance under transient operating conditions.
IV. Structure of the thesis

The organization of this thesis consists of five core chapters. Chapter 1 provides a
comprehensive literature review on photovoltaic (PV) systems, power quality issues, and
harmonic mitigation techniques, setting the foundation for the research. Chapter 2 presents the
detailed modeling of the GCPV-SAPF system, capturing its dynamic behavior and interactions
with the grid. In Chapter 3, metaheuristic and hybrid optimization algorithms are developed to
enhance MPPT performance for PV systems. Chapter 4 focuses on advanced control and
regulation techniques for SAPF, ensuring improved power quality and system stability. Finally,
Chapter 5 presents the experimental implementation and performance evaluation of the GCPV-
SAPF, validating the proposed methods under real operating conditions. This structure ensures
a logical progression from theory and modeling to algorithm development, control design, and

practical validation.




Chapter 1:

Literature Review on Photovoltaic Systems, Power Quality

Issues, and Harmonic Mitigation Techniques

1.1 Introduction

With the continuous increase in global energy demand and the growing interest in
sustainable solutions, photovoltaic (PV) systems have emerged as one of the most attractive
and widespread renewable energy sources (RESs) due to their high efficiency in generating
clean and environmentally friendly energy. However, with this widespread deployment,
whether in grid-connected or stand-alone applications, modern electrical power grids face
increasing technical challenges related to efficiency, stability, and power quality (PQ).

One of the most critical challenges is PQ degradation, where nonlinear loads and the use of
power electronic converters in PV systems lead to complex issues such as harmonic distortions,
voltage fluctuations, frequency variations, and power factor (PF) deterioration. These
disturbances not only reduce the efficiency of electrical systems but also affect grid reliability
and shorten equipment lifespan, which has led to the establishment of international standards
such as IEEE Std 519 and IEC 61000 to ensure compliance with PQ requirements.

To address these challenges, a variety of filtering techniques have been developed, including
passive power filters (PPFs) for their simplicity and low cost, active power filters (APFs) for
efficient dynamic compensation, and hybrid power filters (HPFs) that combine the advantages
of both techniques to achieve superior performance.

This chapter provides a comprehensive review of the principles and technologies of PV
systems, analyzes the PQ challenges faced by modern electrical grids, and discusses mitigation
strategies ranging from conventional filtering techniques to advanced methods. Furthermore, it
paves the way for a deeper understanding of modern trends in designing effective compensation

systems aimed at ensuring grid stability and achieving high PQ.
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1.2 Photovoltaic systems: principles and technologies

Over the last several decades, the world's demand for electricity, primarily sourced from
consumption of fossil fuels, including natural gas, oil, and coal, has been rising steadily [1].
However, burning these resources releases harmful byproducts that exacerbate problems such
as global warming and air pollution, which are detrimental to both ecosystems and human life
[13]. Due to these issues, an increasing number of people are becoming interested in RES,
with solar photovoltaic (PV) technology emerging as a leading solution [8].

The term "photovoltaic" originates from the Greek words “photo,” which means light, and
“voltaic,” referring to electricity [15]. Photovoltaic (PV) technology involves the direct
conversion of solar radiation into electrical energy using semiconductor materials, a process
known as the photovoltaic effect [9]. This phenomenon was first discovered in 1839 by Antoine
Becquerel, the grandfather of Henri Becquerel, who later discovered radioactivity in 1896 [15].

PV systems are a long-term and effective way to address the growing need for electricity.
Because they have no moving parts, they are highly reliable and require minimal maintenance.
Additionally, they produce no noise and require only sunlight to power generation. The solar
cell, typically built from silicon-based materials, is the most crucial component of a PV system.
These cells are assembled into modules, which can then be combined into larger arrays to meet
various power demands [16].

The Global Solar Energy Council (GSEC) and the European Photovoltaic Industry
Association (EPIA) have conducted recent statistical analyses that show the worldwide
photovoltaic (PV) capacity has been growing steadily and significantly [1,17]. According to
recent data, the global installed PV capacity expanded from about 8 GW in 2007 to
approximately 515 GW by 2018, and continued its rapid growth to exceed 2,240 GW by the
end of 2024, as illustrates in Figure 1.1. Projections suggest that global PV capacity could
approach 2,500 GW by 2025 [18].

Notably, the year 2024 marked a record-breaking milestone, with 602 GW of new PV
capacity added worldwide [18]. This rapid acceleration in deployment can be attributed to
several key factors: the continuous reduction in the cost of PV modules, improvements in
system efficiency, and favorable regulatory policies under international agreements, such as the
Kyoto Protocol [1]. These developments underscore the crucial role of solar PV technology in

driving the global transition toward clean and sustainable energy sources.
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Furthermore, PV systems offer flexibility in scale and application. They can be easily
configured as small, low-power systems for individual use or as large, high-power installations
for utility-scale generation, often at lower costs compared to other renewable technologies [17].
Based on their integration with the electrical grid, PV systems are generally categorized into

two main types: stand-alone (off-grid) systems and grid-connected systems.
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Figure 1.1: Global installed solar PV capacity and annual additions (2007-2024) [17]

There are two basic types of photovoltaic systems: stand-alone (oft-grid) systems and grid-
connected (on-grid) systems [2]. In grid-connected systems, the PV array is connected directly
to the public energy grid. The electricity generated by the PV modules is converted into
alternating current (AC) using power electronic devices, primarily inverters, and then fed into
the utility grid. These systems typically incorporate components such as filters and control units
to ensure efficient and stable integration [19].

GCPV systems can be further divided into distributed generation and centralized power
systems. Distributed systems are installed to supply electricity either to local consumers
connected to the grid or directly to the grid itself. Centralized systems, on the other hand, are
generally implemented at a larger scale with the primary goal of reducing greenhouse gas
emissions from conventional, fossil-fuel-based energy sources [1].

In contrast, stand-alone PV systems operate independently of the utility grid and rely on
energy storage units, such as batteries, to ensure a continuous and reliable power supply during
periods of low solar irradiance or nighttime operation [19]. These systems are typically
deployed in remote or isolated areas where grid connection is unavailable or economically

impractical. In such configurations, the PV generator supplies either DC loads directly or AC
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loads through a power conditioning unit. Stand-alone PV systems are commonly applied in
small-scale applications, including rural electrification, telecommunications, and solar-

powered water pumping systems [17].
1.2.1 Overview of Off-grid photovoltaic systems: design, uses, and benefits

Stand-alone PV systems, often known as off-grid systems, are intended to operate
independently of the public electrical grid. These systems are often set up to fulfil specified DC
and/or AC power requirements [20]. A typical stand-alone PV system consists of major
components such as solar panel arrays, power electronic converters, and energy storage devices.
These elements collectively facilitate the conversion of solar energy into electrical power,
which is then used either to supply electrical loads directly or to charge storage systems [1].

Stand-alone PV systems are a practical and cost-effective solution for supplying electricity
in areas where grid connectivity is either unavailable or economically impractical, such as
distant or rural areas. These systems have numerous uses, including solar home systems (SHS),
domestic water pumping (DWP), livestock watering (LW), small-scale irrigation (SSI), and
aquaculture (fish farming) [17].

Stand-alone PV systems have several advantages, including a long operating lifespan, the
ability to provide continuous electricity to the load during solar hours, and low long-term
maintenance requirements. These advantages make them a dependable and sustainable solution

for decentralized power generation, as shown in Figure 1.2 [53].
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Figure 1.2: General configuration of a stand-alone photovoltaic (PV) system

12



Chapter 1. Literature Review on Photovoltaic Systems, Power Quality Issues, and

Harmonic Mitigation Techniques

1.2.2 Overview of grid-connected photovoltaic systems

The goal of GCPV systems is to inject the electricity generated by PV arrays into the public
power grid. These systems are frequently connected to local distribution networks and are used
in homes, businesses, and factories. They may considerably boost a country's overall energy
production and are becoming increasingly important in today's modern power systems [1,21].

GCPV systems usually include more than one step of energy conversion, which is typically
done using power electronic converters [ 19]. These stages are in charge of extracting maximum
energy from the PV array and injecting it into the grid in a way that works. These systems
contribute to decreasing reliance on fossil fuels and mitigating greenhouse gas emissions by
providing power directly to consumers who are linked to the grid or in massive amounts to help
the system [1,22].

Within grid-connected systems, the inverter serves as the primary component. It converts
the DC from the PV modules into AC compatible with the utility grid. However, since inverters
switch semiconductor devices at high frequencies, they also cause significant harmonic
distortion [23].

To ensure safe, efficient, and standard-compliant operation, the integration of distributed
energy resources (DERs), such as PV systems, into the grid is subject to various international
standards. Among the most widely referenced are those established by the International
Electrotechnical Commission (IEC) and the Institute of Electrical and Electronics Engineers
(IEEE) [17,1].

Key operational parameters are defined to guarantee compliance with these standards,

including:

e THD

e DC current injection limits

¢ Galvanic isolation requirements
e Anti-islanding protection

e Counter-voltage thresholds

e Frequency range constraints

This section provides a brief overview of the most relevant standards for GCPV systems,
particularly IEC 61727 and IEEE 1547-2003. Additionally, Table 1.1 summarizes the key

technical requirements outlined in these standards based on the aforementioned criteria [24].

e
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Table 1.1: Summary of key technical standards and operating limits for grid-connected power

systems
Criteria IEC 61727 IEEE 1547-2003
THD < 5% of rated current < 5% of rated current (individual < 3%)

DC current injection

< 1% of rated output current

< 0.5% of rated output current

Frequency range

49 — 51 Hz (for 50 Hz systems)

59.3 — 60.5 Hz (for 60 Hz systems)

Voltage range

85% — 110% of nominal grid

voltage

88% — 110% of nominal grid voltage

Power Factor

> 0.9 lagging at rated power

Near unity unless required otherwise

Galvanic isolation

Required for transformerless

inverters

Strongly recommended for personnel

protection

Anti-islanding

protection

Mandatory (disconnection within

2 seconds)

Mandatory (disconnection within 2

seconds)

Response to grid faults

Must disconnect within 2 seconds

Must disconnect within 2 seconds

Reconnection Delay

At least 180 seconds after grid

restoration

5 minutes (adjustable)

Voltage Flicker

Should not exceed 3%

Minimal flicker required

1.2.2.1 Topological structures of grid-connected PV systems

The progress of power electronics has significantly improved the efficiency of using

photovoltaic (PV) energy, making it possible to produce electricity at a high rate and deliver it

straight to the utility grid. As a result, GCPV systems are now the most popular kind on the PV

market. This popularity is primarily attributed to their cost-effectiveness, minimal maintenance

requirements, and the fact that they do not require energy storage devices [22,17].

The primary electrical components of a GCPV system include PV arrays, power electronic

converters (inverters), and grid filters. Among these, the power electronic stage plays a crucial

role in both maximizing the energy extracted from the PV arrays and ensuring that the injected

power meets grid quality standards in terms of voltage, frequency, and harmonic content [1].

GCPV system architectures are typically categorized according to the number of energy

conversion stages into two main categories:
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e Single-stage systems are those where a single power converter handles energy
conversion and grid interfacing [17].
e Double-stage systems, which use separate converters for MPPT and grid

synchronization and injection [17].

These two configurations form the basis for most modern power electronic topologies used

in GCPV applications.
1.2.2.1.1 Topology of single-stage grid-integrated PV systems

A single-stage GCPV system operates with only one power conversion stage, typically a
DC-AC inverter, which performs all critical control tasks, as shown in Figure 1.3. These include
MPPT, regulation of output current and voltage, and compliance with grid connection,
protection, and stability requirements [17]. The use of a single conversion stage offers
significant advantages, such as reduced system weight, size, and cost. However, the simplicity
of this topology limits its ability to optimize performance across all functions, particularly when
balancing efficiency, dynamic control, and grid synchronization.

For effective implementation of this configuration, the input voltage of the inverter (PV output
voltage) must exceed the peak grid voltage to enable proper energy injection into the grid.

This requirement can be fulfilled using one of the following approaches:

e Inserting a step-up transformer after the inverter to enable operation with a lower PV
array voltage while still achieving the required grid voltage [1].

e Connecting a large number of PV modules in series to generate a PV array with a
sufficiently high DC voltage that directly meets or exceeds the grid voltage requirements

[22].

Both solutions are widely used in practice; nevertheless, each has limitations. The
installation of a DC-DC converter increases the system's complexity, weight, and expense while
also contributing to significant power losses [19]. Alternatively, connecting a large number of

PV modules in series causes problems like:

e The risk of hot spots under PSCs,

e Safety concerns related to high-voltage operation,
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e Anincreased likelihood of leakage currents due to parasitic capacitance between the PV

panels and ground.

Moreover, both methods require sophisticated control strategies that integrate MPPT

functionality with inverter control, increasing the overall control system complexity [1].

Vie | o | peac
Converter

PV Generator Electrical Grid
Figure 1.3: Configuration of a single-stage GCPV system
1.2.2.1.2 Topology of dual-stage grid-integrated PV systems

In a dual-stage (two-stage) GCPV system, energy conversion is divided into two distinct
stages, as illustrated in Figure 1.4. The first stage typically consists of a DC-DC converter,
which is responsible for boosting the PV array voltage and performing MPPT to ensure optimal
energy extraction from the solar modules. The second stage involves a DC-AC inverter, which
converts the regulated DC voltage into AC and injects the extracted power into the grid. This
stage also controls the V4 and regulates the grid current to comply with grid standards [2].

Compared to single-stage systems, the weight, size, and cost of the two-stage configuration
are generally higher, owing to the presence of additional components and circuitry. This also
leads to increased power losses within the conversion chain due to the multiple energy
transformation stages [1].

Despite these drawbacks, two-stage systems are widely implemented because they offer
several operational advantages. By decoupling the MPPT and grid current injection functions
into two separate converters, the control design becomes more flexible and easier to manage.

This architecture also enables the V4 to be maintained above the grid’s peak voltage, regardless

e
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of the specific PV array configuration or the level of solar irradiance and power generation [22].
As a result, two-stage systems are highly effective in maximizing energy harvesting and

ensuring robust grid integration under varying operating conditions.

v
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Figure 1.4: Configuration of a dual-stage GCPV system
1.2.3 Topologies of PV system

Various GCPV system topologies have been developed using both single-stage and two-
stage configurations, especially for medium- and high-power applications. A key component of
these systems is the inverter, which converts the DC output of the PV panels into AC that is
synchronized with the grid. At present, three main inverter topologies are commonly used in
PV power plants to provide efficient energy conversion: central inverters, string inverters, and
multi-string inverters. Among these, multi-string configurations and central inverters combined
with multiple MPPT controllers are the most widely employed solutions [25].

In centralized inverter systems, numerous photovoltaic (PV) modules are interconnected in
series and parallel to form a large solar array, which is linked to the electrical grid via a single
central inverter, as shown in Figure 1.5(a). This configuration is widely adopted due to its cost-
effectiveness and ease of inverter maintenance. However, it also has notable limitations, such
as lower reliability, since a failure in the central inverter causes the entire PV system to stop
operating. Moreover, energy losses may arise from a mismatch between PV modules and partial
shading, due to the use of a single MPPT mechanism, which can reduce the overall efficiency

of power generation.
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In string inverter configurations, several photovoltaic (PV) modules are connected in series
to form individual strings, each associated with its own DC-AC converter, as illustrated in
Figure 1.5(b). This topology enhances system reliability and efficiency since each string can
independently track its MPP, thereby minimizing the adverse effects of partial shading.
Moreover, the modular nature of the string architecture allows for easy system expansion by
adding more strings to increase the total power capacity. However, this configuration is
typically more expensive due to the higher number of inverters required [1,26].

In the multi-string inverter architecture, each photovoltaic string is paired with its own DC-
DC converter, which performs MPPT and boosts the voltage level. These individual converters
are connected to a single centralized DC-AC inverter via a shared DC bus, as depicted in Figure
1.5(c). This configuration merges the strengths of both string and centralized systems. It
enhances energy output by allowing each string to operate independently at its optimal power
point, while also reducing overall system cost through the use of a single inverter. However,
this approach has slightly lower reliability than the string topology and introduces additional
energy losses due to the presence of multiple DC-DC converters [1,17,22].

PV String PV String PV String
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Figure 1.5: Topologies of GCPV systems: a) Central inverter configuration; b) String inverter

configuration; c) Multi-string inverter configuration
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1.3 Power quality issues in electrical networks

PQ denotes the capability of an electrical power system to deliver a clean, stable, and
undistorted supply within defined standards for voltage, frequency, and waveform. These
parameters must remain within acceptable limits to ensure the efficient and reliable
performance of electrical equipment [24]. In a typical three-phase system, the critical
characteristics include sinusoidal waveform, consistent frequency, and equal voltage amplitude
across all phases. Poor PQ can significantly affect system performance, leading to decreased
equipment efficiency, shortened lifespan, higher maintenance costs, operational failures, and
safety concerns [22].

In the context of an idealized three-phase system, the three voltages are sinusoidal, equal in
magnitude, and shifted by 120° (2n/3 rad) in phase. Any deviation from this ideal condition is

classified as a power quality disturbance. Common disturbances include:

e Voltage sags and swells, usually triggered by faults, heavy load variations, or capacitor
switching;

e Voltage interruption, either short- or long-duration, caused by faults, switching failures,
protection actions, or external factors;

e Voltage imbalance, when three-phase voltages deviate in amplitude or phase (from
120°), typically caused by asymmetrical faults, unequal phase loads, or transformer and
system issues;

e Voltage flicker, caused by load variations or equipment failures, leading to disturbances
in electrical devices;

e Voltage frequency variation, resulting from rapid load changes;

e Harmonics, which are waveform distortions caused by the presence of higher-order

frequency components whose values are integer multiples of the fundamental frequency

[5].

PQ is an important challenge in electrical power generation and distribution systems. The
extensive usage of power electronic gadgets typically makes this worse. These devices add
harmonics to the system since they do not behave linearly [5]. This causes problems, including
distortion in current and voltage waveforms and a lower PF. High levels of harmonics may mess

with voice communication systems. These harmonics may cause joule losses, noise, and
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mechanical vibrations as they travel back to the power source via transmission lines. Also, they

may make the voltage profile worse at various places on the network [24,27].
1.3.1 Harmonics in power systems: issues and effects

Nonlinear loads, especially those caused by power electronic converters, make power
quality much worse by adding more harmonic pollution to the distribution network. This high
harmonic content may cause equipment linked to the grid to stop working [24]. As a result, the
problem has received significant attention, and many are working to develop ways to reduce or
eliminate harmonic distortion. Many electrical loads linked to distribution systems, particularly
those considered polluting, use reactive power and create imbalanced, unstable currents. The
initial effect of this behavior is that generators, transformers, and transmission lines lose some
of their ability to transmit and generate active power [27]. The second effect is voltage distortion
or even voltage collapse if the coil resistance is very low. These nonlinear loads create current
harmonics that spread across the electrical network, making the voltage profile even more
distorted at many locations in the grid [1]. Harmonics are sinusoidal components at integer
multiples of the fundamental frequency that combine with the main waveform to produce
distortion. Figure 1.6 shows a distorted current waveform decomposed into its fundamental (50
Hz) and higher-order harmonics (3rd, 5th, 7th, and 9th), which are commonly caused by
nonlinear loads. These harmonics degrade PQ, increase losses, and can damage sensitive
equipment. The combined effect of these harmonic components forms the overall distorted

signal [28].
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Figure 1.6: Example of a distorted sinusoidal waveform along with its fundamental

component and selected harmonic components
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Harmonics in electrical grids are mainly generated by nonlinear loads. These loads draw
current in a way that is not proportional to the voltage supplied, which changes the fundamental
waveform. Inverters, rectifiers, triacs, and diodes are all examples of static power conversion
devices that are often employed in systems for controlling speed and power.

In homes, standard electrical devices like TVs, computers, fluorescent lights, and air
conditioners that may change speed are also key generators of harmonics [28]. Electric arc
furnaces, induction heating systems, and adjustable-speed motors may all cause much harmonic
distortion in industrial settings, especially when they are under much stress [22,27]. Also, RES
like wind and solar plants that use power electronic converters can exacerbate harmonics. Also,
several physical factors, such as ferromagnetic resonance, magnetic core saturation, and
asynchronous resonance, may make harmonics stronger. These distortions lower the quality of

electricity and have several harmful effects:

e Decrease in power factor due to the presence of reactive power in the electrical network.

e Overheating of conductors, cables, capacitors, and rotating machines caused by
additional copper and iron losses.

e Errors and inaccuracies in measurement devices.

e Heating and degradation of transformer insulation.

¢ Electromagnetic interference with communication networks due to coupling between
power and telecom systems, leading to noise issues.

e Resonance between transformer inductance and cable capacitance can align with
harmonic frequencies, causing significant amplification and potential equipment
damage.

e Disturbance of control systems, such as thyristor switching errors during voltage zero-
crossing.

e Audible noise is generated in transformers and inductors due to harmonic effects [24].
1.3.1.1 Harmonic characterization

Accurately analyzing the behavior of harmonics in a system is essential for precisely
measuring harmonic voltages and currents [27]. Various criteria can be used to assess these
disturbances, the most commonly employed being the nth-order harmonic rate, the THD, the

power factor (PF), and the crest factor (CF).
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A. Total Harmonics Distortion (THD)

THD is a common and important way to measure harmonic distortion in voltage or current.
It makes it easier to systematically and fairly compare the quality of power systems. It measures
how much a signal deviates from a perfect sine wave because of the harmonics [22]. THD is
defined as the square root of the sum of the mean-squared values of all harmonic components,
divided by the mean-squared value of the fundamental component. THDv stands for voltage

distortion, while THDi stands for current distortion [27]. Equations (1.1 and 1.2) defines both

J27
THDW(%) = =2—*100 (1.1)

i
THDI(%) = +3—*100 (1.2)
1

quantities:

] -

B. Crest Factor (CF)

The CF of a signal is expressed as the ratio of its peak current or voltage to its root mean
square (RMS) value. For voltages or currents that are purely sinusoidal, the CF is 2. For signals
that are not sinusoidal, it might be more or less than 2. In the case of highly distorted waveforms,
the CF can reach values up to 5 [27]. Equation (1.3) shows it.

X
CF = —max (1.3)
XRMS

C. Power Factor (PF)

PF is mathematically represented as the ratio of the active power (P) delivered to the load
to the apparent power (). It reflects how efficiently electrical energy is converted into practical
work. PF is not merely the cosine of the phase angle between voltage and current; it is also
referred to as the distortion factor (DF) and coincides with PF only in the case of linear loads
supplied with purely sinusoidal voltages and currents [24,27]. A low PF results in inefficient

device operation [22]. For a sinusoidal signal, the PF is expressed as:
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PF = Ll
) (1.4)
PF = __P
JP +0?
The S is expressed as:
S =Veus L rus

(1.5)
s:mwy/%ﬁfm

The P and Q are defined by the following expressions:
P =3V 1 cosg, (1.6)
Q =3V sme, (1.7)
Where, V; and I; represent RMS phase voltage and current of the fundamental harmonic.

In the presence of harmonics, an additional component known as the distortion power (D)

arises. This power is given by the following relation:

D=V 21, (1.8)
n=2

The S can then be expressed as follows:

S=\P+0*+D’ (1.9)

Therefore, the PF is given by the following expression:

PF = P (1.10)

Jﬁ+g+w

1.3.1.2 Standard regulations for limiting current and voltage harmonics

Various international organizations and institutions have developed documents aimed at
regulating electrical power quality for both consumers and distributors, while also guiding
suppliers and users on proper connection of electrical equipment [1].

These documents include:

e QGuidelines offering detailed explanations and practical solutions.

e Recommendations suggesting preferred methods and practices.
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e Formal, legally binding standards established between producers, consumers, and
government authorities to ensure proper and efficient electricity generation and

consumption

The primary objectives of these documents are to minimize harmonic disturbances,
standardize terminology and procedures, and promote compatibility between producers and
consumers, thereby maintaining stable and reliable power quality.

The Institute of Electrical and Electronics Engineers (IEEE) provide practical guidelines
and standards for controlling harmonics and compensating for reactive power in static
transformers in electric power systems. This standard applies to both power providers and end
users, and it covers all power ratings. It establishes limitations on harmonics depending on the
ratio of the short-circuit current at the grid connection point to the base load current.

IEEE Std-519—Standard for harmonic control in electric power systems is an important
resource in the subject of power quality [24,29]. It provides instructions for how to design
power systems so that power sources and loads may interact with each other in the right way.
The IEEE 519-1992 version sets the highest levels of distortion that may be tolerated in an
electrical system. For most circumstances, the THD should not be more than 5%, and for
systems running at voltages of 69 kV or more, it should not be more than 3%. Tables 1.2 and
1.3 present the allowable limits for odd-order harmonic current distortion (THD%) at the point
of common coupling (PCC), categorized according to the system voltage level and the ratio of

short-circuit current to load current [22,30].

Table 1.2: Allowable voltage distortion levels

Voltage level at PCC Individual voltage distortion Total voltage distortion THD

(%) (%)

Up to 69 kV 3.0 5.0

From 69.001 kV to 1.5 2.5
161 kV

Above 161 kV 1.0 1.5
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Table 1.3: Summary of maximum allowable harmonic current distortion by system voltage

level and short-circuit ratio includes limits for odd-order harmonics and THD as specified by

IEEE 519-1992

System Isc/IL h<I1l 11<h< 17<h< 23<h< h>35 THD%
voltage level 17 23 35

Distribution <20 4.0 2.0 1.5 0.6 0.3 5.0
(120 V- 69 20-50 7.0 3.5 2.5 1.0 0.5 8.0
kV) 50— 100 10.0 4.5 4.0 1.5 0.7 12.0
100 —1000 12.0 55 5.0 2.0 1.0 15.0
> 1000 15.0 7.0 6.0 2.5 1.4 20.0
Sub- <20 2.0 1.0 0.75 0.3 0.15 2.5
transmission 20-50 3.5 1.75 1.25 0.5 0.25 4.0
(69.001 kV—- 50— 100 5.0 2.25 2.0 0.75 0.35 6.0
161kV) 100 -1000 6.0 2.75 2.5 1.0 0.5 7.5
> 1000 7.5 3.5 3.0 1.25 0.7 10.0
Transmission <50 2.0 1.0 0.75 0.3 0.15 2.5
(> 161 kV) > 50 3.0 1.5 1.15 0.45 0.22 3.75

Where, Isc is the available short-circuit current at PCC, and /7 is the maximum load current

of the user.

1.4 Mitigation strategies for harmonic disturbances in electrical systems

There are several ways to make up for reactive power in electrical networks to improve the

PF, reduce losses, and keep the voltage stable. One way to do this is to use sinusoidal current

absorption, which tries to make the current drawn seem like a pure sinusoidal waveform with a

PF of 1 [24]. This is typically achieved using PWM. Smoothing inductors are also used to

reduce higher-order harmonics by raising impedance at higher frequencies. Using filters to

eliminate harmonics is one of the best ways to improve power quality [27]. The filter operates

by injecting a compensatory current that cancels out the load current's harmonic components,

as shown in Figure 1.7.
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Figure 1.7: Basic operation of a filter

Filters can generally be classified into three main categories: active power filters (APFs),

passive power filters (PPFs), and hybrid power filters (HPFs). Each category includes specific

subtypes, as illustrated in Figure 1.8.

Filters
\ 4 \ 4 \ 4
Active power filters Passive power filters Hybrid power filters
(APFs) (PPFs) (HPFs)

\ 4 Y \ 4 Y

SEAPF SAPF urPQC STF HPF
y \ 4 \ 4
SAPF in parallel with a SEAPF in parallel with a SEAPF in series with a
PPF parallel PPF parallel PPF parallel

Figure 1.8: Filters classification
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1.4.1 Passive power filters (PPFs)

PPFs are a traditional yet effective way to reduce harmonic distortion and address the long-
standing problem of parallel resonance. They function by changing the impedance of the
network in a specific area, which changes the flow of harmonic currents and lowers the voltage
of harmonic currents [22]. These filters are made up of passive parts like capacitors, inductors,
and resistors. They not only reduce harmonics but may also provide reactive power
compensation. However, their performance depends a lot on the impedance of the system.
Figure 1.9 illustrates the types of passive filters and their various configurations [15].

Among passive filters, the single-tuned filter (STF) is an LC-type passive filter that is
regarded for its simplicity and its ease of combination with other ways to reduce harmonics. It
has a low impedance at a specific harmonic frequency, which lets harmonic currents flow
through it easily and reduces distortion in the system. To enhance the PF at the fundamental
frequency, it is important to choose the correct value for the capacitor [15].

High-pass filters (HPFs), on the other hand, are designed to get higher-order harmonics.
They are available in different configurations: first, second, and third order. The second-order
high-pass filter (HPF) is the most commonly used type because it strikes the best balance
between ease of use and filtering power. The third-order HPF is more effective at reducing
harmonics. However, it is not often used in low-voltage applications since it is more
complicated, costs more, and offers no practical advantage in these cases [15,27]. As

summarized in Table 1.4, the main advantages and disadvantages of PPFs are compared to

L

| —I—
High pass Highlpass
2nd order 3nd order

highlight their performance characteristics and inherent limitations.

Band pass  High pass

Figure 1.9: Configurations of PPFs
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Table 1.4: Comparison of advantages and disadvantages of PPFs

Aspect Description
Simple design Straightforward structure, easy to implement without
complex control strategies
Low cost Economical in both initial investment and operation
Advantages
Efficient Effective in harmonic mitigation under stable operating
performance conditions
Easy Can be easily integrated into industrial power systems
integration
Dependent on
network o C .\ .
Filtering performance is highly sensitive to the grid
impedance .
impedance
Lack of Cannot respond to load variations or component aging
adaptability (e.g., heating, drift)
Resonance Risk of harmonic amplification due to resonance with
Disadvantages issues the network
Harmonic Identical-rank filters on the same network can cause
circulation harmful harmonic currents
Requires Proper design needs accurate grid parameters, which are
detailed study not always available
Bulky May require large components, especially for high-
equipment power applications
Limited

performance at

Achieving low THD increases cost and complexity
low THD
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1.4.2 Actives power filters (APFs)

To address the limitations of passive filters, power engineers have developed dynamic and
adaptive solutions to enhance power quality. The APF is a well-known example that is being
used increasingly in modern power systems. APFs were first developed in the 1970s [24]. They
operate by employing a VSI to provide compensatory currents or voltages based on the grid's
configuration. APFs maintain sinusoidal grid voltage and current waveforms by creating
harmonic components that are the same size but out of phase with those generated by nonlinear
loads, often achieving a unity PF [15].

The fundamental operating principle is the use of power electronics to make current
components that cancel the harmonic distortions that nonlinear loads create. APFs can do more
than reduce harmonics; they can also offer reactive power compensation, load balancing,
voltage regulation, and neutral current management. APFs can be classified in several ways,

including:

» By Power System Type:
e Single-phase APFs—for low-power uses and home networks.
e Three-phase APFs are for industrial and commercial applications that need more power.
» By Connection Method:
e Shunt APFs — connected in parallel with the load. Their primary purpose is to fix the
power factor and reduce current harmonics.
e Series APFs — linked in series with the supply line and are used to get rid of voltage
harmonics, sags, and swells.
e Hybrid(series—shunt)) APFs— combine both types of APFs to deal with complicated
power quality and harmonic problems.
> By kind of converter:
e Voltage Source Inverter (VSI) — the most common kind since, it responds quickly to
changes and has a high level of control.
e Current Source Inverter (CSI) - not as prevalent; primarily used in specific industrial

settings.

The best APF setup depends on the kind of harmonic distortion (voltage or current) and the

operational requirements of the network [22,24,27].
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1.4.2.1 Shunt active power filter (SAPF)

SAPF functions as a controlled current source, injecting harmonic components equal in
magnitude but opposite in phase (180° phase shift) to those generated by the load. This process
effectively cancels the load current harmonics, resulting in a sinusoidal source current and phase
with the grid voltage. The SAPF is suitable for a wide range of load types and also improves
the power factor. Structurally, it typically consists of a VSI and an inductive output filter, as
illustrated in Figure 1.10 (a). The VSI-based SAPF configuration is currently the most widely

used due to its well-established topology and simplicity of implementation [22,24].
1.4.2.2 Series active power filter (SEAPF)

SEAPF is an advanced solution to improve power quality, especially by mitigating voltage
distortions. It is connected in series with the load and uses a controlled VSI to provide a
compensatory voltage via a coupling transformer [27]. Its primary job is to protect the load
from harmonics and distortions that come from the grid while making up for voltage drops,
rises, and imbalances. This guarantees a perfect sinusoidal voltage waveform at the connecting
point, which is excellent for sensitive loads. However, the SEAPF has limited capability in
compensating harmonic currents and requires a highly efficient protection system to withstand
short-circuit conditions, which adds complexity to its design and practical implementation [22].

A schematic diagram of the SEAPF is shown in Figure 1.10(b).
1.4.2.3 Unified power quality conditioner (UPQC)

UPQC is an advanced integrated device designed to enhance electrical PQ. It combines a
SEAPF and a SAPF that are linked via a shared DC bus. This configuration makes it possible
to fix various PQ issues at the same time, such as voltage dips, surges, and imbalances, as well
as current and voltage harmonics. The series filter compensates for voltage problems, while the
shunt filter eliminates current harmonics and provides reactive power compensation. UPQC is
a fantastic way to improve power quality since it works well and can be used in various
applications [22,27]. However, it needs more complex control techniques and costs more to
install than regular active filters, which might make it harder for businesses to use on a large

scale. Figure 1.10(c) shows how UPQC is built.
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1.4.3 Hybrid power filters (HPFs)

HPFs are practical solutions to improve power quality since they combine the best features
of both active and passive filters into a single configuration. Several arrangements are possible,

the most common being:

e An APF connected in parallel with a PPF,
e An APF linked in series with a PPF, or
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e A series-connected APF followed by a parallel PPF.

This combination allows for compensation across a broader range of harmonic frequencies.
The PPF focuses on specific low-order harmonics, while the APF deals with the rest of the
harmonic spectrum. This kind of integration makes system parts smaller, improves the overall
system performance, and addresses the problems that PPFs have when circumstances change

[22,24]. Figure 1.11 illustrates each of these filter configurations.
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As illustrated in Table 1.5, the advantages and disadvantages of APFs are outlined to

emphasize their operational capabilities and limitations.

Table 1.5: Advantages and disadvantages of APFs

Advantages of APFs

Disadvantages of APFs

A single filter can eliminate a wide range

of unwanted harmonics

High initial cost limits their use in small-scale

industrial applications

No resonance issues, enhancing power

system stability

Higher power losses due to switching and

semiconductor components

Capable of adapting to nonlinear and

varying loads

Difficult to build high-power APFs with wide

bandwidth and low losses

Fast dynamic response and wide

compensation bandwidth

Requires complex control systems and real-

time signal processing

Consumes negligible active power aside

from internal component losses

The overall system cost remains higher

compared to passive filters

Smaller physical size compared to bulky

passive filter systems

Limited deployment due to investment and

maintenance costs

1.5 Shunt active power filters (SAPFs): Structure and control strategies

In electrical power systems, SAPFs are widely employed to compensate for reactive power

and eliminate current harmonics. Gyugyi and Strycula first introduced the concept of this type
of filter in 1976 [22,27]. Recently, SAPF technology has been extensively studied and applied
to mitigate harmonic currents generated by non-linear loads connected to electrical networks.

A SAPF consists of a multilevel inverter (MLI) connected in parallel with a non-linear load.
The inverter injects a compensating current of the same magnitude but opposite phase to that
of the harmonic current produced by the load, thereby cancelling it [22].

A VSI connected in parallel with the supply network through a low-pass filter (LF) at its
output is the most common way to improve PQ. The main aspects of the general structure are:

e Voltage source

e R-L load bridge with diodes

e Multilevel inverter representing the SAPF
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Figure 1.12 illustrates the schematic diagram of a SAPF. To generate control signals for the

VSI, two basic functional blocks are required (Figure 1.13):

1. Power Stage:

A voltage source with switches that can be controlled (e.g., IGBT or GTO) and diodes

that are anti-parallel.
Energy storage circuit, usually a DC-link capacitor.

A coupling filter reduces switching harmonics [22].

2. Control Stage:

DC-link voltage regulator keeps the reference value stable.
Control signals generation for inverter switches, which is frequently done with

multilevel PWM.

System for synchronizing grids that usually uses Phase-Locked Loop (PLL) technology.

The control technique is just as important as the physical structure when it comes to making

sure that reactive power is compensated for and harmonics are reduced [22,27]. Different

control methods have been devised, each with its own rules, accuracy, and speed of response to

changes:

Direct Power Control (DPC): This method controls both active and reactive power
directly by choosing the right inverter voltage vectors. It doesn't need a standard PWM
stage. It has a simple math structure and a fast dynamic reaction.

Predictive Direct Power Control (PDPC): An improved version of DPC that employs
a predictive system model to choose the best voltage vectors, which makes control more
accurate and cuts down on power ripples.

Direct Current Control (DCC): This is all about directly controlling the reference
compensating current that the filter will inject. It is one of the most common ways to do
things because it is easy to use and works well with harmonic extraction methods.
Other methods: These include PWM-based systems, linear controllers (PI, FOPI),
fuzzy logic control, adaptive control, and hybrid methods that use more than one

strategy to improve performance in different operating situations.

34



Chapter 1. Literature Review on Photovoltaic Systems, Power Quality Issues, and

Harmonic Mitigation Techniques

Non Linear load

'
'
. Three-Phase
: Rectifier
'
'

==2""1
I
Z:‘;‘;l
~
= 1
p
8 |
’ I
=) |
;! I
AR R I
L. B _EB I B _J
|
I 5
. ~
i ~
|
i
B -
LR B2 ]
—b: u—
D
DD
< 2

r
I
I
I
I
I
I
I
I
]

1
ln _' = (d‘.
T
<3 <4 {I}
Shunt Active Power Filter (SAPF)
Figure 1.12: Structural Representation of a SAPF
Power block
Source -
’ — Qutput filter < Inverter Storage element
0 - - .l.. - - - -
@ | 8
« ] I el e e bl e e :
= | =|: :
=

S ﬁ ol Inverter Command block |
I
S| 2| control -
T [
= g : 4 [
R leulat | :
c I
; 1= :aﬂtl i DC voltage ;

: l n : .
: it e regulation !
' power :

Figure 1.13: General structure and parameters of APFs

1.6 Conclusion

In this first chapter, we presented a comprehensive study of photovoltaic (PV) systems and
the challenges associated with power quality in modern electrical networks. We began by
highlighting the growing importance of PV energy and its integration in both stand-alone and
grid-connected configurations, which play a significant role in meeting the global demand for
clean and sustainable energy. However, the integration of PV systems also introduces several
power quality issues due to the widespread use of nonlinear loads and power electronic

converters. These issues manifest as harmonic distortions, voltage fluctuations, frequency
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deviations, and reduced power factor, which negatively impact the efficiency, stability, and
reliability of electrical systems.

To address these challenges, we explored various compensation techniques. Conventional
solutions, such as PPFs, were presented for their simplicity and low cost but showed limitations
in dynamic environments. APFs were then discussed for their superior dynamic performance
and effective compensation of a wide range of disturbances. Furthermore, HPFs were
introduced as an optimized approach combining the advantages of both passive and active
filtering, offering improved overall performance for power quality enhancement.

In addition, the chapter examined the classification and topologies of PV systems and
provided an overview of SAPFs, including their structure and control strategies, highlighting
their significant role in power quality improvement in GCPV systems.

Overall, this chapter establishes a solid foundation for the remainder of this thesis by
introducing the fundamental concepts, key challenges, and state-of-the-art solutions related to
PV integration and power quality enhancement. It also underscores the importance of advanced

control techniques in achieving efficient, stable, and reliable operation of future energy system
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Chapter 2:

Modeling of the Grid-Connected Photovoltaic System with SAPF

2.1 Introduction

The integration of photovoltaic (PV) systems into electrical grids has become a key solution
for sustainable energy generation. However, the intermittent nature of solar irradiance and the
nonlinear characteristics of PV modules necessitate accurate system modeling to enable reliable
performance prediction and effective control design. A grid-connected photovoltaic (GCPV)
system generally comprises a PV generator, power electronic converters, and a grid interface,
all of which must be described using appropriate mathematical models for accurate analysis
and simulation.

In this chapter, the studied GCPV-SAPF system is modeled. The system adopts a two-stage
power conversion architecture consisting of a DC—DC boost converter, which regulates the PV
output voltage and performs MPPT, and a three-phase voltage source inverter (VSI). The VSI
is responsible for injecting the extracted PV power into the grid while simultaneously operating
as a SAPF to mitigate current harmonics and compensate reactive power generated by nonlinear
loads.

The chapter begins with the analytical modeling of the PV array using the single-diode
equivalent circuit. The influence of irradiance, temperature, and series/parallel connections on
PV performance is discussed, along with the effects of partial shading. An implicit PV model,
in which the terminal voltage is numerically determined from the imposed current, is then
developed to ensure compatibility with the emulator. In addition, a Lookup Table (LUT)-based
approach is employed, where the P-V and I-V characteristics under different operating
conditions are tabulated and used for fast and accurate system-level simulations in MATLAB-
Simulink. This hybrid modeling strategy, combining analytical and LUT-based models, ensures
both high accuracy and computational efficiency.

Subsequently, the models of the boost converter, inverter, and SAPF are presented, together

with the sizing of their key electrical components. Finally, it should be noted that while this
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chapter focuses on system modeling, the design and operation of the MPPT controller for the
boost converter and the SAPF controller for the inverter will be presented in detail in the

following chapters.
2.2 Studied grid-tied PV system with SAPF

The studied GCPV-SAPF system is designed to ensure effective renewable energy
integration while simultaneously improving power quality through the use of a SAPF. Figure
2.1 shows the general configuration of the proposed system, highlighting the interaction
between its main components and their combined role in power injection, mitigation of

harmonic distortion and compensation of reactive power.
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Figure 2.1: Schematic representation of the investigated GCPV-SAPF system

The studied system operates in parallel with a three-phase utility grid, which provides both
synchronization and backup power when solar generation is insufficient. To emulate realistic
operating conditions, a nonlinear load is connected; such loads (three-phase rectifiers) introduce
current harmonics and reactive power demand, which result in voltage distortion and reduced

efficiency.
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The PV generator, represented either by a real PV array or a PV emulator, produces DC
power. This power is conditioned by a DC—DC boost converter, which is equipped with a MPPT
algorithm. The converter regulates the DC voltage and ensures maximum energy extraction
under varying irradiance conditions.

At the core of the system lies the three-phase VSI. This inverter performs a dual function:

1. Grid integration — converting the regulated DC power into synchronized three-phase AC
and injecting it into the utility grid.
2. Power quality enhancement — operating as a SAPF to generate compensating currents

that cancel harmonic and reactive components drawn by the nonlinear load.

By combining renewable energy generation with active power conditioning in a single
structure, the proposed configuration not only increases the system’s efficiency but also ensures
adherence to international power quality standards (such as IEEE 519). To achieve these

objectives, the system incorporates two main controllers:

e an MPPT controller, which guarantees maximum power extraction from the PV
generator, and
e an SAPF controller, which drives the VSI to mitigate harmonics and compensate

reactive power.
The detailed operation of these controllers will be discussed in the next chapters.
2.3 Analytical modeling of PV arrays

To understand how electricity is made in a PV-based power production system, you need to
know the basic principles behind photovoltaic (PV) energy. The PV cell is the fundamental
component of a PV array. It is made of semiconductor materials that can absorb sunlight. These
materials release photons that excite electrons, resulting in an electric current [8,31]. Figure 2.2
shows how individual PV cells are joined to make PV modules and how numerous modules are
integrated to make a PV array. The system achieves the correct voltage and current levels

through the series—parallel interconnection of PV modules.
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Figure 2.2: Schematic representation of a photovoltaic (PV) array system showing the

interconnection of PV cells, modules, and arrays
2.3.1 Equivalent circuit modeling of a PV array

When modeling a photovoltaic (PV) power generator, it is crucial to employ a circuit that
accurately represents how a PV cell behaves. Several mathematical models have been proposed
in the literature to describe the I-V relationship of PV cells, which exhibit nonlinear electrical
features [9]. The primary differences between these models lie in their mathematical

formulation and the number of parameters used to describe the PV module.
Among the most commonly used models are:

e Ideal model (IM): This is the simplest way to depict a PV cell. Figure 2.3 in the square
red illustrates that it features a photocurrent source (/1) and a diode (D), both of which
are connected in parallel [32]. It assumes that there are no resistive losses and is

generally used for basic theoretical research.

¢ Double-diode model (DDM): The DDM provides a more reliable representation of PV
cell behavior, especially in low irradiance conditions [32]. As depicted in Figure 2.3, it
consists of a photocurrent source (1,1), two diodes, a shunt resistance (R;:), and a series
resistance (R;). While this model enhances accuracy, it requires solving more complex

equations and involves additional parameters.
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e Single-diode model (SDM): This is the most popular model used in PV system
simulations because it is both simple and accurate [32]. Figure 2.3 depicts its equivalent

circuit, which is made up of:

¢ A photocurrent source (/,) that depicts the current that irradiation from the sun
makes.

*»+ A diode (D) models the charge recombination phenomena.

% A shunt resistance (Ry) represents leakage currents within the cell.

% A series resistance (Ry) accounts for resistive losses in the semiconductor

material and electrical contacts.

Ideal model (IM) Ry I, Ry 1,
= —
Ip Yl Ipp YIp2 Y
Ip h@ D sh Vl’" lph@ D; D, sh VP"
Single-diode model (SDM) Double-diode model (DDM)

Figure 2.3: Equivalent circuit of a photovoltaic (PV) cell illustrating the IM, SDM, and DDM
2.3.2 Mathematical modeling of a single-diode PV cell

A PV module contains numerous PV cells, which are connected in series or parallel. A PV
array is composed of several modules that are arranged together [32,9]. The voltage and current
measured at the terminals of a PV cell are denoted as V), and I, respectively.

As illustrated in Figure 2.3, the [-V equation of a photovoltaic cell is obtained from the

corresponding equivalent circuit, where:

Vo + R, i Vo + R,

I =1,—1,[ex M
o —Lo-Lexp( iU, X, @.1)

pv

In which U, corresponds to the thermal voltage potential given by:

_ kT
0

While, k represents the Boltzmann constant (kK =1.38%10J.K™), T is the temperature,

U, (2.2)

and 0 the electron charge(Q =1.910"°C).
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A solar cell’s photocurrent (7, ) is influenced by numerous material properties.

Nevertheless, it can be reasonably approximated with sufficient accuracy as being linearly

dependent on irradiance and temperature, as indicated in Equation (2.3).

sc,r

L=l KT =T)] (23)

r

Whereas , /

sc,r

is the cell's short-circuit current under reference conditions (Standard Test

Conditions (STC)), G denotes the solar irradiation (W/m?), indicates the reference irradiation (

G, =1000 W/m?), K, is the current's coefficient of variation as a function of temperature, T, is
the reference temperature( 298" K(25°C) ), and T represents the cell temperature.

In contrast, the cell's saturation current fluctuates with temperature, as seen below:

Q.Eg i_l
T 2.4)

T3
1, =Io,r(7)A exp(

Where, [, refers to the cell’s reverse saturation current measured at reference conditions,
and E, indicates the energy of the semiconductor’s band gap, expressed in eV:

1
I, = ser (2.5)

" QV()L r
exp———1
AKT

Where, V. denotes the cell's open-circuit voltage under reference conditions, and 4 is the

oc,r

ideality factor.
2.3.2.1 Performance characteristics of a PV module

A single photovoltaic (PV) cell does not produce enough power for most energy uses. To
overcome this limitation, several PV cells are connected in series or in parallel to form a PV
module that can provide the required power. STC are usually used to test PV modules. In STC,
the temperature of the cells is kept at 25 °C and the solar irradiation is set to 1000 W/m?.

A PV module can be modeled as an equivalent current source whose output is directly
influenced by G and 7. The I-V and P-V characteristics reveal that the MPP varies over time,
depending on the weather conditions, particularly the amount of sunlight and temperature. As
a result, PV power systems utilize MPPT algorithms to adjust the duty cycle (D.) of the DC-
DC converter in real-time, ensuring that the maximum energy is extracted and the PV system

operates more efficiently overall [27,32].
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Assuming that all cells in a PV module are the same and work under the same temperature

and irradiance, the module output current (/,,) can be stated like this:

ool N lrs ool N g
pv N s pv pv N s pv
I =N I,-N,.I,.|exp b ~1|- P
o e N, AU, {NJ (2.6)
Rsh
NP

Where, N, , N, indicates series and parallel number of cells, respectively.

In solar photovoltaic (PV) systems, different types of PV modules are designed to meet the
requirements of various applications. The electrical performance parameters of a PV module
are typically defined under STC. In this study, the detailed electrical specifications of the

selected PV module are presented in Table 2.1.

Table 2.1: Electrical parameters of the PV array under STC

PV array parameters Values
Maximum Power P,,(W) 58.494
Voltage at MPP V,,,n(V) 9.066
Current at MPP 7,pp(A4) 6.5
Open-circuit voltage Voe(V) 11.89
Short-circuit current /s(4) 7.2
Temperature coefficient of V,.(%/deg.C) -0.35602
Temperature coefficient of . (%o/deg.C) 0.07

Figure 2.4 illustrates the I-V and P—V curves of the studied PV module under STC. The P—
V curve clearly shows a single power peak, which corresponds to the MPP. Three key operating

points can be identified from these curves:

e [sc: corresponds to the point where the output voltage is zero and represents the
maximum current the cell can deliver.

e V,: occurs when the output current is zero and represents the maximum voltage the
cell can produce.

e MPP: represents the optimal operating point at which the PV module delivers the

maximum extractable power.
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These operating points are fundamental for assessing the performance of PV modules and
play a crucial role in the design and implementation of MPPT algorithms to ensure efficient
solar energy utilization. Furthermore, the voltage and current at the MPP, denoted as V,, and
Lnpp, define the optimal operating conditions under which the PV module operates at peak
efficiency. These parameters are particularly important in MPPT algorithm development, as
they serve as reference values for the control system to regulate the operating point of the PV

generator under varying environmental and operating conditions.
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Figure 2.4: PV module characteristic curves under STCs: a) P—V curves and b) [-V curves
2.3.2.2 Influence of solar irradiance and temperature on PV module behavior

To analyze the influence of G and T on the performance of the PV module, the I-V and P—
V characteristics are examined, as they reflect the electrical behavior of the PV module under
varying operating conditions. When 7 is kept constant and G increases, I rises almost linearly,
resulting in a higher output current of the module and, consequently, an increase in the
maximum power (Pumpp). Conversely, when the 7 increases while maintaining constant
irradiance, V,. decreases noticeably, whereas the /. remains nearly unchanged. As a result, the
maximum output power of the PV module declines [22]. Figure 2.5 illustrates the strong
correlation between the module current and G, indicating that the MPP shifts upward as
irradiance increases. On the other hand, Figure 2.6 shows that variations in T have a relatively
less pronounced effect on the MPP, especially considering that 7 fluctuations throughout the

day are generally modest.
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Figure 2.5: Influence of solar irradiance on the P—V and I-V characteristics of the PV

module: a) P-V curves and b) I-V curves
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Figure 2.6: Influence of temperature on the P—V and I-V characteristics of the PV module: a)

P-V curves and b) I-V curves
2.3.2.3 Influence of series and parallel connections on PV module behavior

PV modules can be interconnected in series, parallel, or a combined series-parallel
arrangement to achieve the desired voltage and current levels. The complete set of connected
modules is referred to as a PV array [32]. In a series connection (Vy), the total voltage of the
array is equal to the sum of the voltages of the individual modules. At the same time, the current
remains constant and equal to that of a single module, as illustrated in Figure 2.7. In a parallel
connection (Np), the configuration aims to increase the total current of the array, making it equal
to the sum of the currents of all modules. At the same time, the voltage remains unchanged and
equal to that of a single module, as shown in Figure 2.8. For applications requiring both high

voltage and high current, a mixed (series-parallel) configuration is adopted. This setup
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combines the benefits of both series and parallel connections to meet the high-power demands

of the system, as depicted in Figure 2.9.
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Figure 2.8: Influence of parallel connection: a) P-V curves and b) I-V curves
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Figure 2.9: Influence of mixed connection: a) P-V curves and b) I-V curves
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2.3.2.4 Effect of partial shading on PV array performance

Due to the inherently low efficiency of photovoltaic (PV) systems, it is crucial to operate
them consistently at their MPP to maximize energy extraction. To achieve this, PV modules are
typically interconnected in series and parallel configurations [33]. However, environmental
factors such as clouds, dust, or foliage can cause partial shading, as illustrated in Figure 2.10,
leading to non-uniform solar irradiance across the PV array.

Under PSCs, the current generated by shaded cells drops significantly, while unshaded cells
continue producing higher currents. This mismatch forces shaded cells to dissipate excess
power as heat, which can lead to the hot spot effect [34]. To mitigate this issue, bypass diodes
are integrated into PV modules to protect them and maintain efficient energy harvesting. When
one or more modules become shaded, their current output decreases, creating an imbalance with
the unshaded modules. As shown in Figure 2.11, bypass diodes connected in anti-parallel with
each module provide an alternative path for current flow. During shading, the affected module’s
diode becomes forward-biased, allowing the current to bypass module [35]. This prevents
overheating and cell degradation while ensuring that the remaining modules continue to operate
efficiently, thereby improving system reliability and overall performance.

However, incorporating bypass diodes introduces nonlinearities into the P—V characteristics
of the PV system, resulting in multiple peaks on the power curve. As shown in Figure 2.12, the
curve displays several local maximum power points (LMPPs) in addition to a single global
maximum power point (GMPP). This creates a significant challenge for conventional MPPT
algorithms like P&O and INC, which often become trapped at LMPPs and fail to locate the true
GMPP [9]. To address this limitation, advanced MPPT techniques based on intelligent
metaheuristic algorithms are employed. These methods are capable of efficiently exploring the
complex search space, accurately identifying the GMPP, and thereby maximizing overall

energy extraction [36].
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Figure 2.10: Common causes of partial shading in photovoltaic systems: a) Clouds, b) Tree

shade, ¢) Dust accumulation
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Figure 2.11: Protecting solar panels with bypass diodes in photovoltaic junction boxes
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2.4 Implicit PV system modeling for emulator applications

A real photovoltaic (PV) generator is inherently modeled as a current-source device, where
the output current is mainly governed by solar irradiance, while the terminal voltage remains
constrained by the nonlinear I-V characteristics of the PV module. However, the laboratory
emulator employed in this work operates as a voltage-source system (as will be discussed in the
final chapter). Therefore, to ensure compatibility between the PV model and the emulator, the
conventional formulation of the PV model must be reformulated.

Instead of directly computing the PV current as a function of voltage, the proposed approach
determines the terminal voltage for an imposed current value using a nonlinear numerical
formulation. This approach enables direct interfacing with the voltage-source emulator while
preserving the nonlinear electrical behavior of the real PV generator.

The proposed formulation is based on the classical single-diode model (SDM) previously
introduced. The SDM leads to a nonlinear implicit equation in which the terminal voltage
appears both linearly and within an exponential term. Owing to this nonlinear structure,
obtaining a fully explicit analytical expression of the voltage is difficult without introducing
significant approximations.

To address this limitation, the PV model is formulated as a nonlinear algebraic equation

derived from Kirchhoft’s current law:
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N, N,
va-i- — |R,.1,, V,, +| — |R1,,
Np P P Np P
N, —N,.I.| exp N AU, -1|- - -1,,=0 (2.7)
' [ SJRsh
NP

In this formulation, the PV voltage (V}y) is treated as an unknown variable, whereas the
current (/,,) is imposed as an input. The nonlinear equation is solved numerically using an
algebraic solver block in Simulink, which computes the voltage corresponding to each current
value under varying irradiance conditions.

Figure 2.13 illustrates the Simulink-based implementation of the proposed PV model. The
model represents the five PV modules used in this study, where irradiance and current are
applied as external inputs, while the corresponding terminal voltage is obtained numerically
from the implicit nonlinear formulation. The resulting I-V characteristic shown on the right
reflects the nonlinear behavior of the PV generator under STC.

This numerical modeling approach ensures full compatibility with the voltage-source
emulator used in the experimental setup while accurately preserving the physical characteristics
of the PV system. Furthermore, it provides a reliable framework for validating power electronic

converters and advanced control algorithms.
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Figure 2.13: Simulink implementation of the implicit PV model
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2.5 Modeling of a PV system using the lookup table method

In conventional photovoltaic (PV) system modeling, the algebraic loop problem often arises
due to the strong interdependence between voltage, current, and power, which leads to iterative
cycles and complicates the determination of the MPP. This issue stems from the intensive
mathematical modeling of conventional PV arrays, which requires numerous interdependent
calculations. Specifically, the loop occurs when there is mutual dependence between variables:
the value of one variable depends on another, which in turn is influenced by the first. This
circular dependency leads to repetitive computational cycles that can hinder both convergence
and accuracy of the model.

To overcome this limitation, the Lookup Table (LUT) method has been introduced as an
efficient alternative. This approach relies on pre-stored datasets of voltage, current, and power
obtained either experimentally or through detailed simulations under different irradiance and
temperature conditions. These datasets are imported into MATLAB/Simulink, where cubic
interpolation is applied to generate smooth three-dimensional (3D) surfaces of the -V
characteristics.

Mathematically, the LUT model can be expressed as:

LUT{,,,G) -V, 2.8)

pv?

Where I,y 1s the PV current, V), is the PV voltage, and G is the solar irradiance. The function
f () 1s not derived analytically but is instead obtained from experimental or simulated datasets
stored in the LUT.

The LUT-based block then maps irradiance and current inputs to voltage outputs, enabling
accurate reproduction of PV array behavior without solving complex nonlinear equations.
Figure 2.14 illustrates the cubic interpolation plot: Figure 2.14(a) shows the [-V characteristics
under various irradiance levels (600, 800, and 1000 W/m?), while Figure 2.14(b) presents the
response under different PSCs (PSC-1, PSC-2, PSC-3). The deformation of the -V surfaces
clearly demonstrate the LUT method’s ability to capture nonlinear variations in operating
scenarios. By avoiding algebraic loops and reducing computational burden, the LUT method
ensures faster and more reliable PV system simulations, Rendering it especially suitable for

real-time MPPT applications.

51



Chapter 2. Modeling of the Grid-Connected Photovoltaic System with SAPF

60 ~ 50
— 40
= 40 4 _

> :
S0 = 30
= 600W/m> - 20

0> ' 800W/m?

3 10

0 2 0
Solar radiation (W/m% Current(A)
(a)
60 ~ 50
2 40 S ‘ \ 40
L
& 30
= 204
-
20
0>
3
10
6
1 o z 0
PSC scenario Current (A)
(b)

Figure 2.14: Three-dimensional representation of LUT breakpoints data — a) I-V

characteristics under different irradiance levels, and b) I-V characteristics under various PSCs

Compared to the conventional five-parameter diode-based PV model, which requires
solving nonlinear exponential equations and is computationally intensive, the LUT method
provides a data-driven and faster alternative. While the five-parameter model offers deeper
physical insight into the PV cell behavior, the LUT method prioritizes computational efficiency
and robustness under dynamic conditions, making it more practical for real-time control and
MPPT strategies.

To further illustrate the process, Figure 2.15 presents a flowchart of the LUT method for PV

system modeling in Simulink. It outlines the main steps, starting from the environmental and
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electrical inputs (irradiance and current), to the pre-stored datasets imported from measurement
or simulation, followed by the interpolation block that generates 3D surfaces, and finally the
lookup block in Simulink that maps the inputs to voltage and power outputs. This visual
representation highlights the efficiency of the LUT method in avoiding algebraic loops and
reducing computational complexity, making it particularly well-suited for real-time MPPT

applications.

Inputs:
-Solar Irradiance (G W/m?)
~Temperature (T °C)
-Currents (A)

v

Pre-stored dataset (Lookup table (LUT) from
.mat file

03

Interpolation block
(Cubic interpolation— 3D I-V surfaces)

Lookup table (LUT) block in Simulink
(Inputs( l,,,,,G) — Outputs( V,,,.))

v

Ouputs:
-Voltage(V)

-Calculate Pl".(Ppp= '/pv*lpv)

-I-V and P-V curves

Figure 2.15: Flowchart of the lookup table method for PV system modeling in Simulink
2.6 Modeling of the DC-DC boost converter

The DC-DC boost converter, also known as a step-up chopper, is widely used in
photovoltaic (PV) systems to increase the output voltage of the PV array and ensure optimal
operation at the MPP [1,32]. It is highly preferred due to its simplicity, robustness, and ensuring
a continuous input current, thereby making it appropriate for efficient power conversion in
renewable energy applications [22,27]. The boost converter consists mainly of an electronic

switch T (typically a MOSFET), a diode (D), an inductor (L), and a capacitor (C). Its operation
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is controlled through a PWM signal with a fixed switching period (75) and a variable duty cycle

(D¢). The basic schematic of the boost converter is illustrated in Figure 2.16.
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Figure 2.16: Basic diagram of a DC-DC boost converter

In continuous conduction mode (CCM), which is the most relevant operating mode for PV

applications, the converter works in two states:

e ON-State (0 — D.Ty) (Figure 2.17(a)): When the switch (7) is closed, the inductor (L)
stores energy from the input source. During the reverse-biased phase of the diode (D),
the current in the inductor increases linearly., isolating the load from the source.
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Figure 2.17: Equivalent circuits of the boost converter
During this operating interval, the inductor current (/;) and the output voltage (Vac) can be

formulated using the following equation:

a, _1
_—
dr L (2.9)
A, Ve
it RC
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e OFF-State (D.Ts — T;) (Figure 2.17(b)): When the switch (7) opens, the inductor (L)
opposes the sudden decrease in current and releases its stored energy through the diode
(D) into the load. The combination of the source voltage and the induced inductor

voltage results in an V. greater than the V).

In this operating mode, /; and V. are expressed by the following equations:

1y
dt L pv dc

(2.10)
Ve 1y Ve
d C " R

The waveform diagram in Figure 2.18 illustrates the variation of 7, switch current (/7),
diode current (/p), and corresponding voltages during the switching cycle. /; rises during the
ON-state and decreases during the OFF-state, while the voltages across the switch and diode

exhibit complementary behaviors.

+ Felc

DeTs s

/] Do Ts Tx

Figure 2.18: Waveforms of boost converter currents and voltages

At the end of the first period, /; increases by:

v
Al :IODCR]Ldt:IOD“E%dt (2.11)

Lon

Al denotes the /; ripple corresponding to the interval during which the switch (7) remains

in the ON state.

Al =—2res (2.12)
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Therefore, the change in the /; during the second interval can be expressed as:

Al

VV_VC
oy =15 e =Ly ===t (2.13)

Al denotes the variation (ripple) of the /1 during the interval when the switch (7) is open.

_ (va - Vdc)(l _DC)T.;
Loff — L

Al (2.14)

Assuming that the converter operates in steady-state conditions, the energy stored in each
component remains the same at the beginning and at the end of each switching cycle [32].
Consequently, the /; will also be identical at the start and end of every switching cycle. This

can therefore be expressed as follows:

Al +AIL0ﬁ. =0 (2.15)
So:
VDT V. —-V.)1-D)T
( pv) c s+ ( pv d‘)( c) s =0 (216)
L L
It follows that:
v o va (2.17)
dC - I_DL '
Where:

e V), Photovoltaic (PV) voltage or boost converter input voltage (V).
e Ve Boost converter output voltage (V).

e D.: Duty cycle of the boost converter, considered as an input control variable.
2.7 DC-AC inverter model

A DC-AC inverter is a crucial component in GCPV power systems. Its primary function is
to convert the harvested PV power from DC into AC synchronized with the grid frequency,
while also controlling the power flow between the DC-DC boost converter and the utility grid
by regulating the current injected into the grid [1].

In this thesis, a two-level VSI topology is employed due to its simplicity, robustness, and
efficiency. The inverter primary circuit consists of six power switches, each composed of an
insulated gate bipolar transistor (IGBT) connected in parallel with a free-wheeling diode, which

ensures bidirectional current flow while providing unidirectional voltage blocking capability,
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as illustrated in Figure 2.19. The switches are controlled using PWM techniques to synthesize
three-phase quasi-sinusoidal output voltages suitable for grid integration [22,27].

To prevent short-circuiting of the DC-link, the two switches in each leg of the inverter are
operated in a complementary manner, meaning that when the upper switch is ON, the

corresponding lower switch must be OFF, and vice versa [10,13].

W% R Y

Cie == Ve

Z

Figure 2.19: Configuration of a three-phase two-level inverter

The output voltage of the inverter, shown in Figure 2.19, can assume two distinct levels
depending on the DC source voltage and the switching states of the inverter transistors. As
presented in Table 2.2, the inverter has eight possible switching states, two of which produce
zero AC line voltage at the output. The control of the two switches on the same leg is
complementary: when one switch is turned ON, the other is turned OFF [27]. The control

defines the state of each switch signal, S4, Sp, and S, as follows:

1 T, closed and T, open

Sa = (2.18)
0 T, open and T, closed
1 T, closed and T, open

Sb = (2.19)
0 T, open and T closed
1 T, closed and T, open

Sc = (2.20)
0 T open and T, closed
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Table 2.2: Switching states of a three-phase inverter

State Sa A\Y/ Sc Vab Ve Vea
0 0 0 0 0 0 0
1 0 0 1 0 — Ve + Ve
2 0 1 0 —Vae +Vae 0
3 0 1 1 —Vie 0 Ve
4 1 0 0 + Ve 0 —Vae
5 1 0 1 +Vae —Vac 0
6 1 1 0 0 +Vic —Vac
7 1 1 1 0 0 0

The phase-to-neutral voltages of the inverter (v_,,v,,,v,, ) are related to the DC-link voltage

(Vac) and the switching states (Su, Sp, and Sc¢) of the inverter as follows:

KIZ = Vcha’
V., =V,.5S,, (2.21)
KZ = Vchc'

In the case of a balanced three-phase system, the sum of the inverter phase voltages and
currents is zero:

v, v, +v, =0 (2.22)

ian +ibn + icn = 0 (223)

Where (v,,,v,,,and v, ) and (i

cn a

.»i,,» andi, ) are the output phase voltages and current of
the inverter.

Considering the switches and diodes to be ideal, the three composite voltages (v,,,v,.,V,, )
of the inverter can be defined by:

vab = vaZ - VbZ
Vbc = VbZ - VCZ (224)
vca = VcZ - vaZ

By replacing Equation (2.21) with Equation (2.24), the following expression is derived:
Vab = vaZ _va = Vdc(Sa _Sb)’

I/bc :VbZ _ch = Vdc(Sb _Sc)’ (225)
I/ca :ch _vZ :Vdc(Sc _Sa)'
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Here, v_,,v,,,v,, represent the phase-to-neutral voltages of the inverter, where point "Z" is

considered as the reference.

The phase voltages of the inverter are related to the neutral voltage (v,, ) of the load through

the following relations:

VaZ = van - VnZ

Viz = Vn = Vaz (2.26)

n

ch = vcn - an
Where, v,, represents the neutral point voltage of the load, measured with respect to point

“Z”. By substituting Equation (2.22) into Equation (2.26), the neutral voltage can be derived

as:
1
v, = E(Vaz +v,, +v.,) (2.27)

By inserting Equation (2.27) into Equation (2.26), the following expression is derived:

1
van - g (2vaZ va - VcZ)

1
Vbn = g (2va - VaZ - VcZ) (228)
vcn =73 (2VCZ vaZ - va )

By substituting Equation (2.21) into Equation (2.28), the inverter phase voltages can be

expressed in matrix form:

w) o, [z s,
Y |= ST 2 1S, (2.29)
v, -1 -1 2||s

Where:
o Su Sp, and S.€ {0,1}: inverter switching signals,

e V. DC-link voltage at the input of the inverter.
2.8  Modeling of the SAPF

The inverter is connected to the PCC through a Class R-L filter, which is specifically
designed to suppress switching transients and reduce PWM harmonics before they propagate
into the grid. By effectively attenuating the high-frequency components generated by the
inverter, the filter prevents their interference with the grid’s fundamental frequency [22,24].

Consequently, it enhances the current quality at the PCC. It ensures that the entire system
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complies with photovoltaic (PV) grid interconnection standards and relevant regulatory

requirements, as illustrated in Figure 2.20.

nl Vb : . REb ﬂ’ﬁ‘ ife , Coc== |,
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Figure 2.20: Structure of the two-level voltage inverter operating in SAPF mode

In power systems, loads represent the components that consume and transform electrical
energy. The amount of power drawn from the network is determined by the nature and
characteristics of these loads. Hence, an accurate load representation is essential to describe
precisely the interaction between the load and the inverter [22].

In this work, the electrical grid is modeled as an ideal, balanced three-phase voltage source.

Its instantaneous phase voltages can be written in matrix form as:

v () sin(wt)
v, @) |=V_.. | sin(wt — 2%) (2.30)
vsc (t)

sin(wt + 2%)

Where:
o v (t),v,(t),and v_(¢): are the instantaneous three-phase grid voltages (V),
e Vuax 1s the max amplitude of the phase voltage (V),

e  :is the angular frequency of the grid supply (rad/s).

For each phase of the SAPF, applying Kirchhoff’s Voltage Law (KVL) yields the following
equation describing the relationship between the converter output voltage, filter components,

and the grid voltage:

60



Chapter 2. Modeling of the Grid-Connected Photovoltaic System with SAPF

Voo =V =V = Vi =V — Ly %—Rfl_m , n=a,b,c (2.31)
Where:
e n=a, b, c: denotes the three-phase indices,
e V! inverter output voltage of phase n,
e [y filter inductance,
e Ry filter resistance,
e [j: filter current of phase n.
Thus, the equations are formulated as follows:
diy, .
Vo =V Vi Ve =V~ Ly a Ryiy, ‘ _
di dlﬁ Ya | | Vi | | Vs
%:%‘n‘%f%f@;$4wwb@ajm:%f%+Vm‘Wh (2.32)
i i el Ve | [V
%:%‘m‘@;%‘@jL&%

The state equation of the V4 can be expressed in terms of the switching functions as follows:

dv,. . . .
e d:k =80, +S,i,+S.i, (2.33)

The system of equations that governs the operation of the SAPF in the three-phase reference

frame can be represented as follows:

dig,
L, P Rii, +v,—v,
di
o
L, rn —Ri,+v,—v,
. (2.34)
diy .
L_f' E = _Rflfc + Vfc Ve
dv.
C, Ttdc =8,i, +S)i, +S,0,

By applying the Park transformation to the system described by Equation (2.34), the model

of the SAPF can be expressed in the rotating dq reference frame as follows:
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difd . .
I =—R;i,—-Loi, +v,—v,

di, ) . 23

L i Ryl —Lioiy +v, v, (2.35)
AV _ ¢ :

C,. 7 =Sy +S,i,

Where:
® i,,i,: filter current components in the dq frame,

* v,,V,: inverter output voltages in the dq frame,
e v,v,: grid voltage components in the dq frame,
* R,L: resistance and inductance of the filter,

e ®: angular frequency of the synchronous frame (grid frequency),
e Cyc: DC-link capacitor,

e Su, Sy equivalent switching functions in the dq frame.

The modeling of the SAPF in the stationary reference frame aff can be obtained by applying

the Concordia transformation to the system given by Equation (2.36):

di
L, —%“=_Ri. +v, —v

f dt [ fa fa a

di

/B _ .
Lf_dt ——szfﬁ+vfﬁ—vﬂ (2.36)

av . .
C, dtd Solig TS,

Where:

* il filter current components in the stationary of frame,
* Vv,.,V,,: inverter output voltages in the off frame,
* v,,v,: grid voltages in the af} frame,

e Sy, Sp: equivalent switching functions in the aff frame.
2.9 Sizing of a grid-tied PV system with SAPF

To ensure the reliable and efficient operation of the GCPV-SAPF system, the appropriate

sizing of both passive and active components is crucial. The correct selection of elements, such
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as the boost inductor (L), DC-link capacitor (Ca), and inverter-side filter inductors (L),
directly affects the system’s dynamic response, voltage stability, harmonic suppression, and
overall efficiency. Oversizing may lead to unnecessary cost, volume, and power losses, while
under-sizing can cause excessive ripple, instability, and poor power quality. Therefore, before
proceeding with the detailed component design, the general methodology for system sizing is
presented. In the following subsections, the design of the L, Cy., and Lz will be discussed step

by step, based on analytical formulations and design constraints.
2.9.1 Determination of the boost inductor value

The boost inductor (L (mH)) is a key element in the DC-DC converter, as it determines the
current ripple and directly influences system efficiency and stability. In most practical cases,
the inductor value is specified by the manufacturer in the datasheet for the targeted application.
However, it can also be estimated analytically without relying on datasheet values, using the

following expression [1]:

V V.-V
= (2.37)
AL fo U Ve
Where the inductor ripple current Al, is defined as:
v
Al =¢-1, | & (2.38)
<7,

With:

e ¢ ripple factor, typically 20-40% of the /i,
e [y : maximum current generated by the PV array (A),

e fi: switching frequency of the boost converter (KHz).

These equations provide a practical way to size the boost inductor, ensuring that the

converter operates efficiently while maintaining acceptable ripple levels in the inductor current.
2.9.2 Determination of the DC-link capacitor size

A key role of the Cqc is to stabilizing the V4 and ensuring smooth power transfer between
the PV generator and the grid. To enable effective grid integration, the DC-link reference (Vacrer)
voltage must be regulated to a value greater than the grid peak voltage. This Vacreris estimated

as [24.,27]:
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Vi = 1NV » Where z1> 1 (2.39)

Where, u is a safety factor greater than unity to guarantee continuous power injection into
the grid. Once the Vg is defined, the Cy. can be sized using [27]:
P

C - "»m 2.40
“CAREV. AV (2:40)

deref

With parameters defined as:

e AV:is amplitude of the DC-link voltage ripple, typically set to 10% of Vi,
e F: Grid frequency (typically 50),
o Ve 1s reference DC-link voltage (V).

This equation ensures that the capacitor is properly sized to limit the DC voltage ripple
within acceptable levels, thus maintaining stable operation of the inverter and improving overall

power quality.

> Design Guidelines:
e The factor u is generally chosen between 1.1 and 1.2, ensuring that Ve.ralways remains
above the grid peak voltage while avoiding excessive stress on the inverter switches.
e The voltage ripple 4V should remain below 10% of Vmax to maintain stable inverter
operation and limit harmonics injected into the grid.
e A higher capacitance reduces voltage ripple but increases cost, volume, and inrush
current at startup. Therefore, a trade-off must be considered between performance and

practicality.

This design approach guarantees that the capacitor maintains a stable DC bus, minimizes

voltage fluctuations, and supports reliable operation of the inverter and SAPF.
2.9.3 Sizing of the inverter-side inductor

The inverter-side inductor Ly is a key element of the L-filter, ensuring that the switching
harmonics produced by the inverter are sufficiently attenuated before injecting current into the
grid. The inductor value can be estimated as [1]:

3em¥,

= 2.41
7 12-h- f.-AL, (241

Where:
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e Ly: is the inverter-side inductor (mH),
e | is the overloading factor, typically set to 1.2,
e m: is the modulation index, selected within the range 0.5-1,

e Al is the current ripple, usually fixed at 5% of the rated current.
> Design considerations:

e The choice of modulation index m influences both the inductor size and the harmonic
spectrum; values close to 1 maximize DC-link utilization but increase harmonic
distortion.

e The ripple current Al;r should be limited to 3-5% of the rated current to balance
harmonic reduction and inductor size.

e A larger inductance improves filtering but results in higher cost, size, and losses.
Conversely, too small an inductance may cause excessive current ripple and THD.

e The resistance Ry of the inductor must be considered in practice, as it introduces power

losses and reduces efficiency.

This sizing method ensures that the inverter output current remains within grid standards

for harmonic distortion, while maintaining acceptable inductor dimensions and efficiency.

2.10 Conclusion

In this chapter, a comprehensive modeling framework of the studied GCPV system with a
SAPF has been developed. The modeling process began with the analytical representation of
the PV array using the SDM, where the influence of irradiance, temperature, series/parallel
configurations, and partial shading on the PV characteristics was examined.

To ensure compatibility with the voltage-source emulator used in the experimental
implementation, an implicit PV model was adopted, where the terminal voltage is obtained
numerically from the imposed current. In addition, a Lookup Table (LUT)-based modeling
method was introduced, allowing accurate reproduction of PV characteristics while avoiding
algebraic loops and reducing computational complexity in MATLAB/Simulink simulations.

The subsequent sections presented the modeling of the DC-DC boost converter, the DC—
AC VSI, and the SAPF, along with the sizing of their associated passive components. Together,
these models form the foundation of the two-stage GCPV system considered in this work,

ensuring both efficient energy conversion and power quality enhancement.

e
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The detailed controllers governing the boost converter (MPPT controller) and the inverter
(SAPF controller) are not addressed in this chapter, since the focus here was on system
modeling. Their design, control strategies, and performance evaluation will be thoroughly

discussed in the next chapter.
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Chapter 3:

Development of Metaheuristic and Hybrid Optimization

Algorithms for Photovoltaic MPPT Enhancement

3.1 Introduction

The efficiency and reliability of photovoltaic (PV) systems are fundamentally determined
by their ability to continuously operate at the MPP under diverse and dynamically changing
environmental conditions. Variations in solar irradiance and temperature introduce strong
nonlinearities into [-V and P—V characteristics of PV modules, resulting in a continuously
shifting MPP. Consequently, effective MPPT algorithms are crucial to ensure optimal energy
harvesting and system stability, particularly in real-time applications and under PSCs.

Over the past decades, a wide range of MPPT techniques have been proposed, evolving
from conventional methods—such as P&O and INC—to intelligent and optimization-based
algorithms inspired by nature and swarm behavior. While classical approaches are appreciated
for their simplicity and ease of implementation, they often exhibit slow dynamic response,
steady-state oscillations around the MPP, and degraded tracking performance when subjected
to rapidly fluctuating irradiance or PSCs. These limitations have motivated the exploration of
more adaptive and computationally efficient algorithms capable of achieving global
optimization in complex and nonlinear search spaces.

In this context, soft computing and metaheuristic optimization techniques have emerged as
powerful alternatives, offering robustness, flexibility, and improved convergence toward the
GMPP. These algorithms—modeled after natural phenomena such as animal behavior, social
intelligence, and physical processes—are inherently capable of balancing exploration and
exploitation during the search for optimal operating conditions. Their stochastic nature allows
them to escape local optima and adapt to the nonlinear power characteristics of PV systems.

This chapter presents a comprehensive investigation of advanced and hybrid optimization-

based MPPT techniques aimed at enhancing the performance of PV systems. Several newly
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developed and improved algorithms are proposed, including the ZOA based on P-V
characteristics, the GWEQO algorithm, a hybrid and GWO-PSO approach. Each of these
methods is specifically designed to improve the tracking accuracy, minimize steady-state
oscillations, and accelerate convergence toward the GMPP, particularly under challenging
environmental scenarios such as partial shading or abrupt irradiance variations.

To validate their effectiveness, the proposed algorithms are compared against several well-
established MPPT techniques, including Equilibrium Optimization (EO), Particle Swarm
Optimization (PSO), Flower Pollinate Algorithm (FPA), Whale Optimization Algorithm
(WOA), and Grey Wolef Optimization (GWO). The comparative analysis focuses on key
performance metrics such as tracking efficiency, response speed, convergence stability, and
robustness under dynamic conditions.

The theoretical formulations, algorithmic mechanisms, and integration frameworks
discussed in this chapter form the foundation for the practical implementation and performance
evaluation of these methods. By combining adaptive exploration—exploitation strategies and
intelligent control, the proposed optimization-based MPPT algorithms aim to advance the

efficiency and stability of PV systems.
3.2 MPPT Methods

To ensure the efficient utilization of photovoltaic (PV) energy, a wide range of MPPT
methods have been proposed and extensively investigated in the scientific literature. These
techniques are designed to continuously adjust the operating point of a PV system so that it
delivers the maximum available power under varying environmental conditions. Depending on
their level of complexity, sensor requirements, convergence speed, and implementation cost,
MPPT methods can generally be grouped into three main categories: traditional methods, soft

computing and intelligent techniques, and metaheuristic algorithms.
3.2.1 Conventional MPPT Methods

Conventional MPPT methods represent the oldest and most widely applied approaches in
photovoltaic (PV) systems. Their simplicity, low cost, and suitability for real-time applications
make them highly attractive for practical use. These methods typically rely on straightforward
electrical measurements, such as current, voltage, or conductance, to determine the operating

point of the PV array and adjust it toward the MPP. While they perform effectively under steady
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environmental conditions, their efficiency often decreases in the presence of rapid variations in
solar irradiance or temperature, where tracking speed and accuracy become critical. Despite
these limitations, their ease of implementation and minimal hardware requirements have
ensured their continued adoption in both stand-alone and GCPV systems.

Among the most common techniques, the P&O method relies on introducing small voltage
perturbations and evaluating the resulting power changes based on past and present operating
conditions. Its popularity is attributed to its simplicity, reduced measurement requirements, and
straightforward feedback structure; however, its efficiency is limited by the trade-off between
oscillations around the MPP and the tracking speed [39]. Conversely, the Incremental
Conductance (INC) method determines the MPP by analyzing the derivative of power with
respect to voltage, combining both conductance and incremental conductance [40]. While INC
avoids the tracking direction ambiguity often found in the conventional Perturb and Observe
(P&O) algorithm, it still faces similar limitations under rapidly changing environmental
conditions. Both techniques are fundamentally classified as Hill Climbing (HC) methods [41].
Specifically, the HC approach updates the operating point of the P—V curve by directly adjusting
the duty cycle of the DC-DC converter, whereas P&O typically perturbs the reference voltage
or current. Despite these operational differences, these conventional methods generally perform
well under Uniform Irradiation Conditions (UIC), where the PV power curve exhibits a single,

unique MPP [8].
3.2.2 Soft computing and intelligent MPPT methods

Soft computing and intelligent MPPT methods have been increasingly adopted in recent
years to overcome the limitations of conventional techniques, especially under fast-changing
environmental conditions and partial shading scenarios. These approaches rely on advanced
computational intelligence to handle nonlinearities, uncertainties, and stochastic variations in
PV systems more effectively. Unlike traditional methods, which depend mainly on direct
electrical measurements, intelligent techniques use adaptive models and learning capabilities to
enhance tracking accuracy, reduce steady-state oscillations, and improve overall system
efficiency. Academics have therefore turned to soft computing approaches such as fuzzy logic
controllers (FLC) and artificial neural networks (ANN), which have demonstrated significant
improvements in MPPT performance and reliability. However, these methods restrict their
usage in real-time PSC applications, even if they have advantages, since they rely on past

information of the PV model and require significant processing resources [42,43].
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3.2.3 Metaheuristic MPPT methods

Metaheuristic MPPT methods have emerged as a promising alternative to overcome the
limitations of both conventional and intelligent techniques, particularly under dynamic
conditions and partial shading. Unlike traditional approaches, metaheuristics do not require
prior system knowledge, detailed PV models, or extensive parameter tuning; instead, they treat
the MPPT task as a black-box optimization problem where the PV power is the objective
function and the duty cycle is the decision variable [44]. The search process is typically divided
into two main stages: exploration, where the algorithm broadly investigates the search space to
identify multiple potential optimal regions, and exploitation, where the focus shifts to refining
the most promising regions until convergence toward the MPP is achieved [9]. In practice, these
methods begin with an initial population of candidate solutions, which are iteratively improved
by updating their search trajectories based on past results and shared information among
candidates. The optimization continues until a maximum number of iterations is reached or a
convergence condition is satisfied [45].

Due to their adaptability and robustness, MOAs have gained increasing popularity in
engineering applications, as they demonstrate a strong capability to avoid local optima while
efficiently converging toward global solutions in complex and nonlinear optimization problems
such as MPPT. As illustrated in Figure 3.1, metaheuristic algorithms can be classified into
several categories: evolutionary algorithms inspired by natural selection, swarm-based
algorithms modeled on collective animal behavior, physics-inspired algorithms derived from
physical laws, human-inspired algorithms reflecting social and cognitive behaviors, bio-
inspired algorithms replicating animal survival strategies, and other algorithms that combine
mathematical or hybrid approaches [46]. Each category offers specific strengths and trade-offs
in terms of convergence speed, robustness, and implementation complexity, making

metaheuristics a versatile and powerful tool for MPPT [47].
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Algorithms (MAs)
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Figure 3.1: Comprehensive categorization of MOAs
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In this thesis, several recently developed metaheuristic algorithms, as well as hybrid

variants, have been implemented and analyzed for MPPT applications under dynamic and
partial shading conditions. These algorithms were chosen for their strong optimization
potential, their ability to escape local maxima, and their relatively simple implementation
compared to traditional methods. Among them are the ZOA, GWEO, and the hybrid GWO-
PSO. We specifically focused on their application in solar energy systems connected to the
electrical grid and conducted a detailed comparison with several well-established metaheuristic
methods. In the following sections, we will discuss each algorithm in detail and demonstrate

how they can be effectively applied to achieve reliable and efficient MPPT performance.
3.3.1 Proposed ZOA for MPPT

MOAss are widely applied to search for optimal solutions within a given space, making them

particularly suitable for determining the MPP on a PV power curve. In this thesis, the ZOA is
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applied to a GCPV system integrated with a SAPF to improve power extraction while
maintaining high power quality. ZOA, inspired by the cooperative foraging and defense
behavior of zebras, provides strong global search capability, high efficiency, and ease of
implementation [48]. In this algorithm, each zebra represents a candidate solution defined by
the duty cycle of the DC—DC boost converter, and its position in the search space corresponds
to a potential operating point of the PV system. The zebra population is iteratively updated to
converge toward the global MPP. Mathematically, the entire population is expressed as a matrix
of candidate solutions, which evolve through exploration and exploitation until the optimal duty

cycle (D,) is reached [9]. By integrating the ZOA-based MPPT with the SAPF control

structure, the proposed system ensures maximum utilization of PV energy while simultaneously
maintaining high power quality in the grid. The zebra population can be represented

mathematically by the following matrix [48].

Dcl Dcl,l o Dcl,j Dcl,m
D.=| D, = Dci,l o Dci,_j o Dci,m 3.1
_DCN_Nxm _DcN,l DcN,j DcN,n1_N><m

In this formulation, D, denotes the overall population matrix of zebras (duty cycle), where
each row corresponds to a candidate solution. D, represents i, zebra within the population,
while D, ; refers to the value of j, decision variable proposed by i, zebra. N defines the total

number of zebras, i.e., the population size, and m specifies the number of decision variables
that characterize the optimization problem.

In the context of MPPT for a GCPV-SAPF system, the decision variable is the duty cycle
of the DC-DC boost converter, which directly governs the PV system’s operating point. This
mathematical representation therefore enables the ZOA to search systematically for the optimal

D

', ensuring convergence toward the global MPP even under partial shading or rapidly
changing conditions.

The value of the objective function is determined by evaluating the proposed decision
variable values associated with each zebra in the population. In the MPPT framework, this
corresponds to computing both the PV power for the duty cycle values suggested by each zebra
and the quality of power injected into the grid.

The obtained objective function values are expressed in vector form as follows:

e
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_va(Dcl)_

P=| P,(D,) (32)

_va (DCN)_

Nx1
Where, P denotes the vector of objective-function values to be maximized, and

D.,.,D,,..D, are the candidate duty cycles generated by the population of N zebras. Each

cl> ¢
element P, (D,) is the PV power corresponding to the duty cycle D, proposed by the i,

zebra. Since both zebra positions (candidate duty cycles) and their objective values are updated
at every iteration, identifying the best solution in each cycle is essential. ZOA exploits the
natural behaviors of zebras, primarily foraging and defense, to guide this search.

During the foraging stage (first phase), population members are updated according to
simulated zebra movement rules, allowing candidates to move toward promising regions of the
search space progressively. The zebra with the best performance at a given iteration is
designated the “zebra pioneer (PZ )”, and its position attracts and steers the rest of the
population toward improved solutions. The mathematical update rules that describe the zebras’
location changes during the foraging stage are given in Equations (3.3) and (3.4).

D" =D, +r-(PZ,—-1-D, ) (3.3)
Where:

e  €[0,1]is a uniform random number,
e [ =round(1+rand)€ {1,2}, where rand is a random number in the interval [0,1].

The candidate duty cycle is accepted only if it improves the fitness:

D

ci

an)W,Plj P Dn‘ew7P1 <P D ’
_{ ci pv( ci ) pv( cz) (34)

D, else,

cl

In the first foraging phase of the ZOA-based MPPT process, the operating states of the

zebras are updated according to their foraging strategy. Here, D" denotes the updated duty

cycle proposed by the i, zebra, while D" represents its value in the j, decision dimension
within the search space. The corresponding PV power obtained at this state is expressed as the

objective function value va(foW’P 1). Among all candidates, the zebra with the best
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performance, referred to as PZ, is identified, and its position in each dimension, PZ,, serves

as a reference to guide the rest of the population. This mechanism enables the algorithm to

progressively direct the duty cycle updates of the boost converter toward the MPP.

In the second phase, known as the defense stage, the ZOA updates zebra positions by
simulating natural defense strategies against predators. Two behaviors are modeled: escape (S1)
(exploitation phase) in Equation (3.5) represents where zebras flee from threats such as lions,
and group defense (S2) (exploration phase) in Equation (3.5), where they coordinate to disorient
predators like cheetahs or wild dogs. These strategies enhance population diversity, preventing
premature convergence and improving the algorithm’s ability to locate the global MPP under
varying conditions.

During this stage, a newly generated zebra position (candidate duty cycle) is accepted only
if it provides a higher PV power compared to its previous state. This acceptance criterion
ensures that the MPPT process steadily progresses toward better operating points on the PV

curve. The condition governing this update is mathematically formulated in Equation (3.6).

t
S:D.. +R-2r-1)-(1-—=)-D_,., Ps<0.5
D:iew,PZ — 1 ci,j ( ) ( T) ci,j (35)
S,:D, ,+r-(4Z,-1-D, ), else,
D)??W,PZ’ P D)'z'ew,PZ <P D ,
Da- _{ ci pv( ci ) pv( u) (36)

D, else,

cl

In this stage, D" represents the updated position of the i, zebra, while D’*"* denotes

th
its value in the j, dimension. The corresponding objective function value (PV power) is
expressed as P, (D:fw’P 2). The parameter ¢ is the current iteration, and 7 is the maximum

number of iterations. A small constant R = 0.01 is introduced, while Psdefines the probability
of selecting between the two defense strategies within the range [0,1]. Here, PZ refers to the

attacked zebra, and PZ; indicates its value in the j, dimension.

The overall procedure of the ZOA applied as an MPPT method is summarized in Figure 3.2.
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Figure 3.2: Flowchart of ZOA

3.3.2 Proposed GWEO for MPPT

As highlighted earlier, MOAs are designed to perform an extensive search for optimal
solutions within a defined search space, much like identifying the MPP on the nonlinear PV

power curve. GWEO is a recently developed hybrid algorithm that combines the updating
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mechanisms of GWO and EO. By leveraging the strengths of both approaches, GWEO
enhances convergence speed, reduces computational complexity, and improves tracking
performance under dynamic conditions. This makes it highly effective in addressing the MPP
search challenge. By integrating the GWEQO-based MPPT algorithm with the SAPF control
structure, the proposed system achieves optimal utilization of PV energy while maintaining
superior power quality at the grid interface. In the following, we will examine each method,
GWO and EO, to identify their individual advantages and strengths before analyzing the hybrid
GWEQO approach [14].

3.3.2.1 GWO for MPPT

GWO 1is a nature-inspired metaheuristic that models the leadership hierarchy and
cooperative hunting strategy of grey wolves. For the MPPT problem, GWO naturally maps to
duty cycle search: each wolf represents a candidate duty cycle for the DC—DC converter, and
the fitness of each candidate is evaluated by the PV power (P,,) (the objective to maximize).
The population is ranked at every iteration, and the three best solutions are labelled « (best),
S (second best), and ¢ (third best). The remaining wolves wrepresent the rest of the possible
solutions [8,49].

GWO balances exploration and exploitation via coefficient vectors that regulate the wolves’
movement toward the prey (here, the global MPP). The hunting process is modelled in three
steps: (1) encircling the prey, (2) hunting (guided by «, £, J), and (3) attacking
(convergence). When applied to MPPT, the algorithm iteratively updates duty-cycle candidates,
evaluates P, for each candidate, and replaces candidates when improvements are found. The
algorithm terminates when the maximum number of iterations is reached or a convergence
criterion is satisfied, and the best duty cycle found corresponds to the estimated MPP [50].

Equations (3.7)—(3.9) define how GWO updates candidate duty cycles for MPPT by

following the best three solutions («, £, 0 ). The coefficients 4 and C control exploration

and exploitation, ensuring balance in the search. This mechanism allows GWO to track the

global MPP efficiently, even under PSC.

D, =D,-4,C.D,-D,

D,,=D,—4,|C,.D,~D, (3.7)

D,y =D, 4,|C,.D; =D,
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Dctl+1 — Dcl +D:;2 +Dc3 (38)

You can get the vectors 4 and C by:

{A =2ar1 —a
(3.9)

C=2r
In the GWO-based MPPT process, the updated duty cycle Dé” is constrained within the

allowable range [L, U] to ensure feasible converter operation. The corresponding PV power is

then evaluated, and the new duty cycle is accepted if P, (Dji“)> P, (DC’ ); Otherwise, the

previous duty cycle is maintained. At the end of each iteration, the o, £ and 6 wolves are
reassigned as the top three solutions based on their power values, guiding the search toward the
global MPP [51].

Here, D

cl»

D, , and D,,denote the distance vectors between the candidate duty cycle D!

c

and the best search agents, i.c., D,,D, ,and Dy , corresponding to the «,f, and 6 wolves.

These distances are scaled by the random coefficients 4,, 4,,4,and C,,C,,C;, which control

the trade-off between exploration and exploitation. This mechanism directs the population
toward the optimal duty cycle, thereby ensuring reliable convergence to the global MPP.

The convergence factors are calculated as described in Equation (3.10), and their values
decrease linearly from 2 to 0 over the course of iterations, thereby ensuring a smooth transition

from exploration to exploitation in the search for the global MPP.
a=2[1-L (3.10)
T :

Where, ¢ denotes the current iteration number, and 7 represents the maximum number of
iterations.

The overall procedure of the GWO applied as an MPPT method is summarized in Figure
3.3.
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Figure 3.3. Flowchart of GWO method.
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3.3.2.2 EO for MPPT

EO proposed by Faramarzi et al. [52], is a metaheuristic inspired by the concept of
volumetric mass balance, where the rate of mass variation is expressed as the difference
between inflow and outflow, resulting in the final mass [53,14]. For MPPT applications, each
particle in EO corresponds to a possible duty cycle, and its concentration determines the search
position within the PV operating range. The particles attempt to move toward equilibrium states,
which represent the optimal power points, by following randomly selected equilibrium
positions within the search domain. In this context, concentration reflects the PV operating
condition, and the algorithm gradually drives particles toward the MPP [14].

The algorithm’s main objective is to achieve equilibrium, which represents the global MPP.
To strengthen both exploration and exploitation, EO selects four of the best-performing duty
cycles along with one additional candidate. These five, known as equilibrium candidates,
improve the balance between global search and local refinement. Their average is also
considered in the exploitation phase to enhance convergence toward the global MPP [14]. The
candidates are finally combined to form the equilibrium set, given by:

D!, €{D,1sD,oys Dyoyss D

ceql? " ceq2? " ceq3 > ceq4> Dceq,ave}

D=D,-D., (3.11)

D =D —D.F+ﬂ.(l—F )
c ceq }. a

a

Where, D,,.1sD..p25D.oy3s D.oys TEPTEsent the control variables corresponding to the four

best-fit individuals in the current generation, while D,

ceq,ave

denotes their average value. D, is

randomly selected from these candidates. In the context of MPPT, these variables correspond

to duty cycle candidates that guide the search toward the MPP.

In the EO-based MPPT, the duty cycle update relies on the equilibrium candidates defined
in Equation (3.11). At each iteration, the new position of a particle (duty cycle) is determined
by randomly selecting one of the best four equilibrium points or their average, ensuring equal
probability across the options. The difference vector D expresses the deviation between the

current solution and the chosen equilibrium state.

The update process is further influenced by two control terms:
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e F defined in Equation (3.12), which introduces an exponential component with random

variation to balance exploration and exploitation.

e G expressed in Equation (3.13), which adds an adaptive correction term guided by the

global control parameter GCP.

The parameter A is a uniformly distributed random vector in [0,1], and / (Equation (3.14))
ensures gradual convergence by decreasing with iterations. Together, these factors enable EO

to effectively guide particles (duty cycles) toward the MPP.

F = ZSign(r—O.S).(el’1 —1) (3.12)
G=G,.F
G, =GCP.[D,,, — A.D] (3.13)
0.5, r,=2GP
GCP =
0 »<GP

r is a random vector with a uniform distribution over the unit interval. 7 and 7, are random

values with a uniform distribution within the unit interval.

£\
l_(l_?] (3.14)

The overall procedure of the EO applied as an MPPT method is summarized in Figure 3.4.
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Figure 3.4: Flowchart of EO method
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3.3.2.3 Hybrid GWEOQO approach

Building on the comparison between the updating mechanism of GWO and EO, a hybrid
GWEDO algorithm is developed for MPPT in grid-connected photovoltaic (PV) systems. This
method is designed to effectively address the challenge of optimizing power extraction under
UICs, and PSCs [14].

The improved updating mechanism of GWEO overcomes the inherent shortcomings of both
GWO and EO. Specifically, in GWO, the random vector components are generated within the
range [—2,2], whereas in EO, this range is reduced to [-1.2642,1.2642] [54]. The narrower
search domain of EO may restrict exploration and thus reduce tracking efficiency. Moreover,
GWO does not incorporate a random perturbation factor, which increases the likelihood of
premature convergence to a local optimum, preventing accurate identification of the global
MPP.

To mitigate these issues, the proposed GWEO algorithm integrates the updating operators
of GWO and EO, as expressed in Equations (3.7)— (3.8) and (3.11). The corresponding update
rules (Equations (3.15)— (3.17)) define how the positions of the wolves, representing candidate
operating points of the PV system, are adapted in each iteration. The update is guided by the

three best wolves («, s, ands ), while additional stochastic perturbations are introduced to

enhance the balance between exploration and exploitation.

This hybrid updating strategy strengthens the ability of the algorithm to avoid local traps,
ensuring more reliable convergence toward the true MPP. Consequently, the GWEO-based
MPPT achieves superior performance in tracking maximum power output under diverse
irradiance and temperature conditions. The overall algorithmic structure of GWEO is illustrated
in Figure 3.5, which presents the pseudo-code of the proposed method.

The formula for the population updating approach is as follows:

D,=|C.D,-D,
D, =|C.D,-D, (3.15)
D, :‘Cl D; _Dcti
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D,=D,—4.D, +%.(1—Fa)
Gﬂ

DczzDﬁ_Az'Dﬂ +7'(1_Fﬂ) (316)
G§

D, =D;—A,.D; +—2 (1-F)
2’(5

D.+D.,+D
Dct:rl — el c2 3 (317)
3
Input:
> Population size ( ¥ ), Maximum number of iterations (7', Control parameters of

GWO and EO (a,A,C,A,F,G, ... etc.), Search space boundaries (Ub, Lb)

Initialization:
> Initialize the population of wolves D.(i), wherei=1,2, ..., Ni=12,...,N
> Set iteration counter ¢ = 0
Begin:
while (7<7):

> Evaluate the fitness of each wolf
> Identify the positions of «, 8, and s (best, second-best, and third-best wolves)

> Generate random vectors A,F,G
Foreachr=1to T:

> Update the control parameter 'a' (decreases linearly from 2 to 0)

End for
For each wolf D.(i):
> Update coefficients 4,C using Equation (3.9)
End for

> Calculate the distances to the best wolves using Equation (3.16)

> Calculate disturbance based on EO using Equation (3.17)

> Update the position of the wolf using Equation (3.18)
> Evaluate the fitness of the updated population
> Update the positions of «, 8, and s wolves

End while
Output:
> Best solution found (D, )

end

Figure 3.5: Pseudo-code of GWEO

e
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3.3.3 Proposed GWO-PSO for MPPT

The recently developed hybrid approach, GWO-PSO, integrates the strengths of the GWO
and PSO to improve both exploration and exploitation in the search for optimal solutions. The
primary objective of this hybrid strategy is to prevent premature convergence and enhance
accuracy in identifying the global optimum, particularly in complex and multimodal search
spaces. By combining the complementary characteristics of GWO and PSO, the method
achieves a balance between local optimization and global exploration, thereby improving
overall performance across various optimization problems. In this section, each method is
examined separately, with GWO discussed in the previous part (proposed GWEO approach),
followed by PSO.

3.3.3.1 PSO for MPPT

PSO is a MOAs technique inspired by the social behavior of birds. It employs a population-
based search strategy in which potential solutions are modeled as particles moving through the
search space. Each particle has a position (x) and a velocity (v), which define its movement in
terms of direction, distance, and step size [55].

In the context of MPPT, the particle position corresponds to the duty cycle of the DC-DC
converter, while the fitness function is the PV power of the PV system. Each particle retains
memory of its best-obtained position (Ppes;) and shares information with the swarm about the
global best (Gpes:), which represents the global MPP identified so far [56].

PSO is particularly attractive for MPPT because of its simplicity, fast convergence, and
minimal parameter tuning. The algorithm balances exploration (searching a wide range of duty
cycles to avoid local maxima) with exploitation (refining the search around promising global
MPP candidates).

The velocity and position updates are governed by:

t+1

vi" = v, +re(B,,, —d)+1¢(Gy,, —Dy) (3.17)

est i ci
t+1 t t+1
Dci _Dci+vi (318)

In PSO-based MPPT, the position of each particle corresponds to the duty cycle of the DC—
DC converter, while its velocity governs the step size and direction of adjustment. The velocity

update equation incorporates several key parameters: the inertia weight (@ ) that controls the
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influence of the previous velocity, the cognitive coefficient ( C;) that emphasizes the particle’s
own best position (Pbes, ), and the social coefficient ( C, ) that directs the search toward the global

best solution (Gbm). Random factors (77, 7; € [0,1]) are included to introduce stochasticity and

enhance exploration. Specifically, for particle iat iteration {, D!, denotes its duty cycle, v/ its

velocity, Pbm,i its personal best duty cycle, and Gbm the best duty cycle identified by the entire

swarm, corresponding to the GMPP. Through this iterative mechanism, PSO continuously
updates duty cycles and successfully tracks the GMPP, even under UICs and PSCs. The
operational structure of the proposed PSO algorithm is depicted in Figure 3.6.
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Figure 3.6: PSO MPPT flowchart
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3.3.3.2 GWO-PSO approach

The hybrid GWO-PSO approach is designed to leverage the complementary advantages of
the GWO and PSO in MPPT applications. While GWO provides an effective mechanism for
exploitation by mimicking the leadership hierarchy and hunting strategy of grey wolves, PSO
introduces a velocity-based update rule that enhances exploration and prevents premature
convergence [57].

In the hybrid model, the GWO component relies on three key agents: («, £, 0 ), which

represent the best solutions identified so far. These wolves guide the rest of the population (@
wolves), coordinating their movements and steering the search process. The GWO
mathematical model updates the positions of all search agents according to their relative

attractionto «, f, J , thereby achieving a balance between exploration and exploitation [55].

The PSO component complements this by adjusting each agent’s velocity based on its
previous velocity and its attraction toward both its personal best position and the global best

position D

1. D_,and D_; . The velocity and position updates are given by Equations (3.19) and
(3.20), respectively. The velocity equation governs the step size and direction of the particle’s
movement, while the position equation updates the particle’s location according to its newly

calculated velocity [56].

e Velocity update:
Vit=wo-vi+e n(Dy=D,)+c, 1 (Dy=Dy)+¢; -1y (Dy—D,) (3.19)
e Position update:

D' =Dl +v" (3.20)

This equation adjusts each agent's position based on the newly estimated velocity. The
hybrid method achieves the best balance of exploration and exploitation by combining GWQ's
exploitation-driven technique with PSO's velocity-based exploration. The algorithmic

framework of the proposed GWO-PSO method is summarized in Figure 3.7.
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Input:
> Set the initial parameters of the GWO—-PSO algorithm;
Initialize:
t=1

Generate an initial population of search agents D.; i=1, 2, ..., N);
Initialize parameters a, A, and C;
Initialize velocity Vi for each search agent;

Calculate the fitness value of each search grey wolf;

V V V V V

Identify D, Dp, and Ds as the best, second-best, and third-best solutions;
While t < Tdo
Fori=1toNdo

> Update the velocity of the current search grey wolf using Equation (3.19);
» Update the position of the current search grey wolf using Equation (3.20);

End for

» Update parameters a, A, and C
> Calculate the fitness values of all search grey wolves;

» Update D,, Dg, and Ds;
t=t+1
End while
» Return D, (best solution);
Output:

> Display the optimum solution corresponding to D;

34

Figure 3.7: Pseudo-code of GWO-PSO

Comparative Study Between Various MPPT Techniques

MOAs play a vital role in global MPP tracking under PSCs. To validate the effectiveness

Development of Metaheuristic and Hybrid Optimization Algorithms for

of the proposed hybrid approaches, a comparative study was conducted with several well-

established MPPT methods. Specifically, the WOA and FPA were implemented under the same
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test conditions, alongside the previously discussed GWO and PSO techniques. Now, we will
study the methods that were compared with it, which are WOA, FPA, and the others mentioned
previously. These comparisons allow for a fair evaluation of performance in terms of tracking
accuracy, speed of convergence, and robustness against environmental fluctuations. By
benchmarking the proposed method against WOA and FPA, as well as GWO and PSO, the
study highlights the improvements achieved in terms of efficiency and reliability in global MPP

tracking.
3.4.1 FPA for MPPT

The FPA, first introduced by Xin-She Yang in 2012, is inspired by the natural pollination
process of flowering plants. In the context of MPPT, the algorithm mimics this biological
mechanism to efficiently search for the GMPP under PSCs [58,59].

FPA begins with a set of candidate duty cycles, called pollen grains, which represent
possible operating points of the PV system. Each grain is evaluated through the DC-DC
converter, where the corresponding PV power is calculated. The pollen grain with the highest
extracted power is considered the best solution (Ppes:).

At each iteration, a switching probability parameter (p, typically set to 0.8) determines
whether the pollination is local (exploitation) or global (exploration):

e Local pollination is modeled by Equation (3.21), where pollen grains interact within a

neighborhood to refine the search around promising solutions.

e Global pollination is represented by Equation (3.22), where Lévy flights introduce
randomness and allow the algorithm to escape local optima, improving the chance of
locating the true GMPP.

New pollen grains (duty cycles) are generated and evaluated in every cycle. The global best
solution (Gpest), corresponding to the duty cycle yielding the maximum PV power, is updated
iteratively. This process ensures that the PV system consistently converges to the optimal duty
cycle, maximizing power extraction.

The general FPA update equations are expressed as:
Dy'=D. +&(D, — D) (3.21)
Dy =D+ yL(A)G,., — D) (3.22)
Where:

o D, : represents the duty cycle of pollen grain i at iteration £.

e
89




Chapter 3. Development of Metaheuristic and Hybrid Optimization Algorithms for
Photovoltaic MPPT Enhancement

G, : represents the current global best duty cycle, corresponding to the GMPP.
e y:represents the step size scaling factor.

e L(A4): represents the Lévy flight distribution used for global pollination.

e g€ [0,1]: represents a random number controlling the local pollination process.

o D, : represents randomly selected duty cycles from the population.

Through this mechanism, FPA balances exploration and exploitation, ensuring reliable and
efficient MPPT performance, even under partial shading and dynamic weather conditions.
Figure 3.8 shows a flowchart of the FPA's step-by-step approach. This image depicts how the

FPA goes through its iterative processes, from pollen production to selecting the best solution.
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Figure 3.8: Flowchart of FPA method
3.4.2 WOA for MPPT

The WOA, introduced by Mirjalili in 2016, is inspired by the unique bubble-net hunting

strategy of humpback whales. This intelligent behavior involves surrounding prey and attacking

B ———————————————
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it through spiral and shrinking encircling movements. When adapted for MPPT in photovoltaic
(PV) systems, WOA simulates this cooperative hunting process to dynamically locate GMPP

under fluctuating environmental conditions [62]. At each iteration, the algorithm updates the
position of each whale (candidate duty cycle) relative to the best-known position D, (¢),
representing the highest power point obtained so far. The encircling mechanism is modeled as:
D=C.D.(t)-D,(¢) (3.23)
D.(t+1)=D.(t)- A.D (3.24)

The coefficient vectors A and C are defined as:

A=2a-r—a,
t
a=2|1-—1, 3.25
[1-%] (.25)
C=2r.

with a linearly decreasing from 2 to 0 and » a random vector in [0, 1]. These adaptive
coefficients allow WOA to control the balance between exploration and exploitation during the
search process. When |A|<1, the search agents move closer to the current best solution
(exploitation), while |A|>1 promotes exploration by directing the agents away from the best

position to investigate new regions of the search space [60].

To simulate the bubble-net attacking phase, the whales simultaneously perform both spiral

and shrinking encircling motions with equal probability. This stage can be expressed as:

D (t)— A.D ifp<0.5} (3:26)

D.(t+D)=y ., . .
D e”.cos(2rl)+ D, (t) if p>0.5

where b is a constant defining the spiral shape, and / is a random number in [-1, 1], and p is
a random number in [0,1]. The algorithm randomly switches between the encircling and spiral
equations with a 50% probability, ensuring both convergence and diversity of the search [61].
Furthermore, the exploration phase of WOA, analogous to whales searching for new prey, is
achieved by updating positions with respect to randomly selected individuals rather than the
current best, following:

D=CD,, ()-D,(1) (3.27)

D.(t+1)=D, (t)—AD (3.28)
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This mechanism allows WOA to maintain global search ability and avoid premature

convergence to local maxima. Figure 3.9 outlines the algorithmic structure of the proposed

WOA method.
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Figure 3.9: Flowchart of WOA
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3.5 Conclusion

This chapter presented an in-depth analysis of MPPT techniques, encompassing both
conventional algorithms and advanced intelligent optimization methods. The discussion began
with an overview of traditional MPPT techniques, outlining their operational principles,
advantages, and limitations. To overcome these constraints, soft computing and metaheuristic
optimization methods were introduced as more adaptive and efficient alternatives, capable of
ensuring faster dynamic response and improved tracking precision.

Within this thesis, several optimization-based MPPT techniques were investigated for their
effectiveness in controlling the D. of DC-DC converters and enhancing the overall power
extraction efficiency of PV systems. Building upon this foundation, a series of novel and hybrid
optimization algorithms were proposed, including ZOA for MPPT, GWEO, and hybrid GWO-
PSO. Each of these proposed methods was developed to improve the balance between
exploration and exploitation, reduce steady-state oscillations, and accelerate convergence
toward the global MPP, particularly under PSCs and rapidly changing environmental
conditions.

To evaluate the effectiveness of the proposed strategies, they were compared with several
well-established algorithms, including WOA, FPA, PSO, and GWO. This comparative
framework allows for a comprehensive assessment of performance improvements achieved
through the newly developed techniques.

The theoretical and algorithmic developments presented in this chapter form the conceptual
and mathematical foundation for the implementation and validation of the proposed MPPT
methods. The five chapter will present the experimental verification and comparative
performance analysis to assess their accuracy, robustness, and computational efficiency in real-

time in GCPV systems.
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Chapter 4:

Advanced Control and Regulation Techniques for Shunt Active

Power Filters

4.1 Introduction

In this chapter, the main objective is to enhance the internal structures of current control
techniques in order to improve filter performance in terms of harmonic mitigation, reactive
power compensation, and power factor correction. To achieve these objectives, SAPF topology
is selected, as it offers several advantages over other configurations reported in the literature.

This chapter focuses on the improvement and development of control strategies applied to
SAPF systems. Various control techniques are investigated, starting with the conventional direct
power control (DPC) method, followed by the predictive direct power control (P-DPC)
approach, which represents an advanced evolution based on predictive modeling.

In addition, several controller structures are examined, including the conventional
proportional-integral (PI) controller, the PI controller with anti-windup (PI-AW) compensation,
and their fractional-order extensions, namely the fractional-order PI (FOPI) and fractional-order
PI anti-windup (FOPI-AW) controllers. Their performances are evaluated under dynamic and
nonlinear operating conditions.

Although conventional controllers can provide satisfactory performance under steady-state
operating conditions (PI) and improved performance under dynamic operating conditions
(FOPI), their effectiveness remains limited when dealing with parameter variations,
nonlinearities, and grid disturbances. To overcome these limitations, this chapter proposes an
advanced optimization-based control approach employing the ZOA to optimally tune the
parameters of fractional-order (FO) controllers.

The proposed optimization framework aims to enhance system stability, dynamic response,
and overall power quality by minimizing a multi-objective cost function. This cost function

incorporates key performance indicators such as DC-link voltage (Va.) overshoot, steady-state
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error, and THD of the supply current (/). Using this framework, the ZOA algorithm efficiently
determines the optimal controller parameters, including proportional gain(k,), and integral gain
(ki), anti-windup coefficients (G,), and fractional integration order (a), thereby ensuring

superior control performance under various grid and load conditions.

The remainder of this chapter is organized as follows:

e Section 1 reviews the control techniques applied to SAPF systems.

e Section 2 presents the control principles and mathematical formulations of the
conventional PI and FOPI controllers.

e Section 3 introduces the ZOA-based optimization procedure and its application in
controller tuning.

e Section 4 describes the Oustaloup Continuous Approximation (OCA) method used to
implement the fractional-order operators.

e Section 5 discusses the phase-locked loop (PLL), which is essential for grid
synchronization.

e Finally, this chapter presents simulation results and performance analyses
demonstrating the significant improvements achieved in Vg regulation, harmonic
mitigation, and overall SAPF stability using the proposed ZOA-optimized control
strategy.

4.2 SAPFs control strategies

SAPFs are widely acknowledged as one of the most effective technologies for compensating
current harmonics and enhancing power quality in electrical networks containing nonlinear
loads. Over time, numerous control strategies have been proposed to achieve precise harmonic

mitigation, rapid transient response, and stable performance under different grid conditions.
These strategies can generally be grouped into several categories:

e Current control-based methods, such as hysteresis control (HC) and direct current
control (DCC), which are simple and easy to implement but often exhibit drawbacks
like variable switching frequency or slower transient performance [27].

e Voltage-oriented control (VOC) techniques, which operate in the synchronous reference

frame and enable accurate control but require multiple coordinate transformations [1].
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objectives [22].

the need for separate current controllers or modulation stages [24,27].

DPC techniques, which act directly on instantaneous power components, thus removing

P-DPC approaches anticipate the future behavior of the system using a mathematical

model to determine the optimal switching state for achieving the desired power control

Among these, P-DPC has gained significant attention as a highly efficient approach. By

integrating the predictive modeling framework with the principles of DPC, P-DPC minimizes

a predefined cost function based on instantaneous active and reactive power errors. Compared

with conventional DPC, this method achieves higher control precision, faster dynamic

performance, and superior harmonic suppression, while preserving a relatively simple

implementation structure.

Table 4.1: Comparison of SAPFs control strategies

Control Main principle Advantages Limitations Typical applications
Strategy
HC Maintains the actual Simple structure, Variable switching  Low- and medium-
current within a fast dynamic frequency, increased power SAPFs where
hysteresis band response, high switching losses, simplicity is
around the reference. robustness. EMI issues. prioritized.

DCC Directly controls the Fixed switching Slower transient Industrial SAPFs
inverter current using frequency, better response, requires  requiring moderate
a reference-tracking harmonic accurate current precision.
approach with PWM compensation Sensors.

modulation. compared to
hysteresis control.

VOC Uses Park High accuracy, Complex Grid-connected
transformation (d—q decoupled control transformations, systems and high-
frame) synchronized of power sensitive to performance
with the grid voltage = components, steady parameter SAPFs.
to control active and performance. variations.

reactive power
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through current

regulation
DPC Directly regulates Fast dynamic High power ripple, Real-time control
instantaneous active response, no variable switching applications with
and reactive power modulation stage, frequency. fast dynamics, such
without current loops. simple as grid-connected
implementation. converters and
SAPFs.
P-DPC Combines predictive  High precision, fast Moderate Modern SAPFs
modeling with DPC to convergence, computational requiring superior
minimize power errors reduced ripple, complexity, power quality and
using a cost function. robust under sensitive to fast response.
dynamic modeling errors.
conditions.

Based on this comparison, P-DPC method demonstrates the most balanced compromise
between implementation simplicity, robustness, and enhanced power quality. Consequently, this
thesis adopts P-DPC as the main control strategy for the proposed SAPF system. In the
following sections, the classical DPC method is first analyzed to establish its operating
principles and limitations, after which the predictive DPC (P-DPC) approach is introduced and

developed in detail.
4.2.1 DPC technique

DPC approach emphasizes managing active and reactive powers (P andQ) differently

than the DTC (Direct Torque Control) method, which uses electromagnetic torque and stator
flux capacitance. They should be used for DPC, according to Noguchi [62]. Choosing the right
switch state from a predetermined switch table is the key to DPC [63]. More efficient power
control can be attained by managing the DC bus voltage by setting the Q to zero. The first entry

in the switch table comprises power states produced by individual hysteresis controllers, and

e
98




Chapter 4. Advanced Control and Regulation Techniques for Shunt Active Power Filters

the second entry comprises 30 segment details that are calculated using the grid voltage angle.

In advance of comparing the P and Q of the network with their corresponding reference powers
(P, and O, ), network currents ! ph-apc ) and voltages (Vph_a,b,c) must be measured [22]. To

establish an appropriate power reference ( £, ) and control the Ve to align it around the desired

reference ( Vdcref ), the suggested controller integrates into the external voltage regulation loop.

Figure 4.1 shows how the DPC-based control platform is configured.

———

Sector selection

—

. ﬁu.h.r Viabe
',,,W Z <
.“ ‘“J ' i
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: P=i¢,,.va-4~t,,.v,,r f 2 T . Switching LS,
| O=igvpigvy | 40 CfH -2 mable |
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V — Qre[ -0
o456 PI controller ] ; ;

Figure 4.1: DPC configuration for SAPF

PandQ are calculated using the following expressions:

{P:ia.va +igvy

4.1
O=i,v;—izv, 1)
P andQ errors (AP ,AQ) are given by the following expression:
AP=PF, —P
(4.2)
AQ = Qr@f - Q

The phase angle of the grid voltage vector is converted into a digital signal, as expressed in
Equation (4.3). To accurately determine this phase position, the voltage components V', and Vj
are computed by transforming the three-phase supply voltages from the (a, b, c) reference frame

into the stationary (a, f) reference frame, as illustrated in Figure 4.2.
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Figure 4.2: Representation of the six sectors with fixed coordinates in the a-f plane

6, = arctan(

QJ
Vﬂ

(4.3)

Depending on the position of the grid voltage phase angle 8, and the instantaneous errors

AP and AQ , the converter determines the appropriate switching states to regulate the system’s

power flow. As illustrated in Table 4.2 [24,22], the twelve-sector switching table serves as the

core decision-making mechanism or “brain” of the DPC strategy. This table maps the sector

position of the voltage vector in the a—f plane and the polarity of the power errors to the optimal

switching states, Sa, Sh, and Sc. By continuously updating these states based on the

instantaneous operating conditions, the DPC ensures fast dynamic response, accurate power

regulation, and adequate harmonic compensation in the SAPFs system.

Table 4.2: Switching table of DPC

dP dQ 91 92 93 04 05 06 07 98 09 91 0 91 1 91 2
1 0 V6 % Y Vo V2 V7 V3 Vo V4 V7 Vs Vo
0 0 V7 V7 Vo Vo V7 V7 Vo Vo V7 V7 Vo Vo
0 0 V6 Vi Y V2 V2 V3 V3 \ V4 Vs Vs V6
0 1 7 V2 V2 V3 V3 \ \ Vs Vs V6 V6 Vi

vi(100), v2(110), v3(010), v4011), v5(001), vs(101), vo(000), vA(111).
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4.2.2 P-DPC method

In recent years, P-DPC has emerged as an advanced and efficient control strategy in the
field of power electronics, particularly for SAPF applications [22]. This approach is founded
on the principle of model-based predictive control, where a mathematical model of the electrical

system is used to predict the future values of P and Q corresponding to all possible voltage

vectors generated by the VSI [1,64].

At each sampling instant, the predicted power values are compared with their respective
reference values through a cost function, which quantifies the error between the desired and
predicted outputs. The control algorithm then selects the optimal voltage vector that minimizes
this cost function, thereby ensuring that the inverter generates the most appropriate
compensation current to correct THD and Q.

The P-DPC technique offers several advantages over classical DPC, including a faster
dynamic response, reduced steady-state error, and enhanced power quality. It can also be
implemented using either fixed or variable switching frequency, providing flexibility to adapt
to various system requirements and design constraints. Furthermore, to ensure V. stability, the
predictive control loop is often complemented by a PI regulator, which maintains a balanced
power exchange between the DC and AC sides of the converter [22,64].

Figure 4.3 presents the general structure of the predictive power control strategy, where the
controller continuously evaluates switching states to generate compensating currents that
effectively eliminate current harmonics and maintain a stable grid voltage.

Since the three-phase source voltages are assumed to remain constant during a single
sampling interval 75, their discrete evolution between two successive sampling instants can be

expressed as follows:

{va(kﬂ):va(k) “4)

vk +1)=v, (k)

By combining Equations (4.1 and 4.4), the P and Q at the next sampling instant can be

Pk+1)] [va(k) vy (k) [, (k+1) is
Ok +1) | [ vy(k) —v, (k) ||iy(k+1) (4.5)

Accordingly, the variation of active and reactive powers between two successive sampling

expressed as:

instants can be written as:
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(4.6)

{P(kJrl)—P(k)} v, (k) v, (k) i, (k+1)—i, (k)
Ok +1)—-0k) | [ vp(k) —v, (k) || ig(k+1)—is(k)
Referring to Equation (4.1), the differential equations of the SAPF in the (a, f) stationary

reference frame are expressed as:

d ia va_vfa ia
L= = =R, | 4.7)
Ldt| i, Ve~ Vip “ s

Neglecting the series resistance Ry, this relationship can be simplified to:

I V. =V,
i{a}:i{ a fa:| (4.8)
dt|is | L[ Vs=Vp

By discretizing (Equation (4.7)) over one sampling period T, the current vector variation

between two sampling instants k£ and k+/ is given by:

ia(k+1) _ ia(k) A Va(k) ~ Vfa(k)
Lﬁ’(k +1)} - Lﬂ (k)} ’ L ﬂvﬂ(k)} L,. ﬁ(k)D (4.9)

Substituting (Equation (4.9)) into (Equation (4.6)) yields the predictive model of the SAPF

based on instantaneous active and reactive powers:
{P(kﬂ)—P(k)} T [ (k) v, (k) M (k)} _{vﬂ, <k>D @.10)
Ok+D)-0(k) | L, |V (k) v, () |\| vs(k) | |v,p(k)

From (Equation (4.10)), it is evident that the coupling inductance Ly and T are the only
parameters directly involved in the predictive model of the SAPF.

The reference prediction stage plays a vital role in any predictive control strategy, as it
directly influences the computation of the control variables at each sampling instant.
In the case of P-DPC method, the predictive controller requires the reference values of the
instantaneous active and reactive powers, denoted as Prer(k+1) and Qrer(k+1), respectively.

P 1s obtained from the output of the Vi regulator, ensuring that the Vi remains at its
desired level. In contrast, the reactive power reference Q. is generally set to zero in order to
maintain a unity PF.

Therefore, the predicted reference powers can be expressed as:

P, (k+1)=2-P, (k) =P, (k1)
0., (k+1)=0,,(k)

Finally, the optimal switching state of the inverter is selected by minimizing the cost

4.11)

function G, which represents the quadratic error between the predicted and reference powers:
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G= (Pref(k+1)—Pi(k+1))2 +(Qr€,.(k+1)—Qi(k+l))2 i=0,...6 (4.12)
With:

(Apref(k):Pref.(k+1)—P(k) (4.13)

AQ, (k) =0, (k+1)-0(k)

This minimization process ensures that the inverter produces the appropriate voltage vector
that drives the instantaneous powers toward their reference values, thereby enhancing the

dynamic response and power quality of the system [22].
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Figure 4.3: P-DPC control strategy structure
4.3 DC bus controller design

Effective regulation of the V4 in a SAPF system is crucial for ensuring stable, efficient, and
reliable operation. The Ca serves as the primary energy storage element, supplying the
instantaneous active power required to compensate for load current harmonics and reactive
components [65]. Any fluctuation in the Vg directly impacts the inverter’s ability to generate
accurate compensating currents, thereby deteriorating overall system performance and power
quality [66].

To overcome this issue, the V4 voltage-control loop generates the required reference signal

for the P-DPC strategy, while maintaining Vg at its predefined reference level under varying
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load and operating conditions.

This thesis evaluates multiple conventional integer-order controllers, including PI and PI-
AW. Likewise, fractional-order (FO) PI regulators are investigated, including FOPI and FOPI-
AW, together with the proposed FOPI-AW controller optimally tuned using the ZOA (FOPI-
AW-ZOA).

Although MOAs have been applied in SAPF control design to improve transient
performance, only a limited number of studies have addressed the optimal tuning of FOPI
controllers for V. regulation, especially using advanced MOAs such as the ZOA optimizer in
GCPV with SAPF system operating environments. This research gap highlights the need for a
robust hybrid tuning framework capable of achieving fast transient response, minimal
overshoot, and high steady-state regulation accuracy simultaneously.

Accordingly, this section first analyzes the behavior of the conventional integer-order
controllers. The assessment is then extended to the fractional-order controllers, which are
comparatively evaluated against the proposed ZOA-tuned FOPI-AW-ZOA controller to validate

performance improvements across both dynamic and steady-state operating modes.
4.3.1 Conventional PI controller design

The closed-loop configuration of the Vi regulation in SAPF is depicted in Figure 4.4. In
this control structure, the actual V. is continuously monitored and compared with its reference
value (Vacrer). The resulting error signal is processed by a PI controller, which generates the
control output (Jsmax). This output is multiplied by the instantaneous Vi to determine the
reference active power (Pry) required for maintaining voltage stability [27]. Through this
closed-loop regulation, the V. is effectively maintained around its desired reference, ensuring
a stable power balance between the inverter and the grid. Consequently, the SAPF achieves
improved dynamic performance and steady-state stability. The overall system transfer function
is expressed in Equation (4.14), while Equation (4.15) defines the transfer function of the PI

controller used in the DC bus regulation loop.

P(s)= (4.14)

C.(s)=k, +5e (4.15)

Where:
kpc: proportional gain,

kic: integral gain.
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Figure 4.5 illustrates the detailed structure of Vi regulation loop, whose mathematical

representation is expressed in Equation (4.16).

kpc + kic
G(s)=Tae — Ca Cu (4.16)
de Ca’c

By simplifying Equation (4.16), the system’s transfer function can be reduced to a second-

order expression, as presented in Equation (4.17).

2
G (5) =t = 2SSO, (4.17)
Vdcref s*+28w,s + w,
PI Controller
k- 2 l V(Ic
e e > <
pe oy Cl)('-s

Figure 4.4: PI controller-based DC bus architecture
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Figure 4.5: Structure of the PI controller integrated to the P-DPC algorithm

The Gains k,, and &, are given by the identification of Equation (4.18) and (4.19). They are

given by the following expression:

k, =2£0,C, (4.18)

e
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kic = Cdc 'a)n2 (4 19)

Here, w, denotes the natural angular frequency and ¢ the damping factor of the system.

The parameters were selected as w,=2nx10 and ¢=0.7 to ensure a fast and well-damped

dynamic response.
4.3.2 Conventional PI-AW controller

The conventional PI controller regulates the V. by integrating the error between the actual
capacitor voltage and its reference value. However, under large transient conditions, the integral
term may accumulate excessively, causing the controller output to saturate and leading to
instability or sluggish recovery, a phenomenon known as integrator windup [27].

To mitigate this problem, an anti-windup structure is introduced, as shown in Figure 4.6.
This configuration prevents the integrator from accumulating large errors when the actuator
(inverter) output saturates, thereby enhancing the system’s dynamic performance and
maintaining the Vg within acceptable limits during transients. The anti-windup mechanism

effectively limits the control signal and ensures a smoother and faster restoration of Veerer [ 14].

-»lr Ismax
-
>

/ 'dcrcr: ;% =71
+\ L— i J
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Y

\]
Figure 4.6: PI-AW controller implemented in both simulation and practical experiments

4.3.3 Conventional FOPI controller analysis

Designing an effective controller for industrial processes and power systems is essential to
ensure stability, robustness, and high dynamic performance [67]. However, conventional
integer-order controllers, including the widely used PI regulator, often exhibit limitations in
transient response, overshoot suppression, and steady-state accuracy, especially under nonlinear

behavior, parameter uncertainties, and time-varying operating conditions.
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To mitigate these shortcomings, the FOPI controller has emerged as an advanced control
solution, as depicts in Figure 4.7. By extending the integral operator from an integer order to a
fractional order, the controller gains an additional tuning degree of freedom, enabling more
precise shaping of both proportional and integral actions. This added flexibility improves the
compromise between dynamic response speed and steady-state precision, enhances system

damping, and reinforces robustness against disturbances and parametric variations [68,69].

The mathematical formulation of the FOPI controller can be expressed as:

k,
C.(s)=h,++ (4.20)

Where, k, and k; are the proportional and integral gains, respectively.

When:

a=1 Conventional PI
(4.21)

o €]0,1] FOPI

Both FOPI controller is incorporated into the P-DPC framework to enhance V. regulation
in the SAPF system. By shifting from integer-order to fractional-order control, the system

achieves a faster transient response, and lower voltage overshoot [14].

' FOPI Controller

l--}[‘ﬂ"@ k; o 1 - = ,.\lna.;
+ ' 5N
I [y —
P — Prej
>

Figure 4.7: Structure of the FOPI controller integrated to the P-DPC algorithm

Y

To further improve controller robustness under nonlinear transients and V. saturation, the
controller is extended by incorporating an anti-windup (AW) configuration. The FOPI-AW
regulator structures are illustrated in Figure 4.8. The controller is integrated into the P-DPC
control framework for three-phase SAPF applications, where the AW mechanism prevents

integral windup and preserves effective control action even under significant disturbances.
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Overall, the introduction of FO control into the SAPF voltage regulation loop significantly
enhances system stability, robustness, and dynamic adaptability, making the FOPI controller

superior alternatives to conventional integer-order designs [69]. The following section presents

the conventional procedure for calculating the FOPI controller parameters, including &,, &,

and « , providing a systematic foundation for the subsequent design and analysis.

J dcre;

T e TN = B

-

Figure 4.8: FOPI-AW controller implemented in both simulation and practical experiments
4.3.3.1 Parameters calculation

Tuning controller parameters is essential to achieving robustness, stability, and optimal
performance in control systems. The parameters of the FOPI controller, kp, k., and « are
determined based on frequency domain specifications using the analytical design method
[14,27].

The specifications for design include phase margin (¢, ), gain Margin, and robustness to

gain variations. The closed-loop configuration of the FOPI controller used for V- regulation is

presented in Figure 4.9.

FOPI Controller
k; | Vie
k I
p T Sa > C,,(..S >

Figure 4.9: Closed-loop control of the DC voltage using an FOPI controller
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The FOPI controller's transfer function C (s) assumes a certain crossover frequency @, and

desired ¢,. Using the basic concepts of crossover frequency and ¢, , the following

mathematical requirements are derived:

A. Phase margin (¢,)

¢,,1s a crucial indicator of system resilience since it directly influences the system's damping

properties [27]. It also determines a control system's stability margin and influences its transient
responsiveness.

The open-loop phase margin G(jw)may be expressed mathematically using the following
equation:
arg[ plant + controller], =¢, —n (4.22)
Where, o, represents the crossover frequency, the frequency at which the magnitude of
G(jo)equals unity (0 dB).
By introducing the expressions for the transfer functions, we can formulate the following

equations:
arg[C().P(s)],, = 4, (4.23)

When replacing P(s) and C(s), we obtain the following equation:

arg{(kp+£}[ ! ﬂ:qﬁm—ﬂ (4.24)
s )\ C.0

At o, , replacing Laplace operator s with j@, to describe the transfer function of the FOPI

controller as:

k. 1
rgl| k : . =¢ — 4.25
“g["*mrﬂcdc-(m)} o -

Using the definition of the complex number argument and applying the ¢, constraint, the

following equation is obtained:

k. 1
arg| k,+ — |targ| —— [=¢, -7 (4.26)
[ (jﬁ)() J (Cdc(‘]a)c)}

Taking:
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(jo.)" = (a)cej;zr )_ =w [cos(—a Zj+jsin(—oz zﬂ
2 2 4.27)
(o5 el f ol ool 3)
cos| —a = |=cos| a = |,sin| —a = |=—sin| a =
2 2 2 2

By substituting Equation (4.26) into Equation (4.27), we derive the following equation:

a T, z 1 _
arg(kp +ko, {cos(a 2]+js1n[a 2)D+arg(—cdc.(jwc)J ¢, -7 (4.28)

So:
k.. sin (a ”j
2 T
arctan -—=¢ -7 (4.29)

k,+kao, cos((x ﬂ) 2
2

From Equation (4.29), the relationship between &, k,,and o can be formulated as follows:
L —k, tan (g, —7)

@, “ sin (a Zj +m, % cos (a 7;) tan (¢, —7)

(4.30)

B. Robustness to gain variation

The gain variation robustness specification ensures that the phase remains nearly constant

around @,, enhancing system stability and robustness against internal disturbances like

parameter variations [14]. This specification is mathematically defined as:

d(arg[C(s).P (S)])l _
dow “

By applying the G(jw), we can derive the following equation:

kw, “ sin (0{ ﬂj
2 T

k,+ ko cos(a ﬂj 2
2

|
do “

0 (4.31)

d| —arctan

=0 (4.32)

By differentiating Equation (4.32), we obtain:
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a1 . OTC _ ar g1 . QT
ako™ 1s1n7(kp +ko™” cos7)+kfaa) 2 ISIDTCOST

(k, + k0" cos %)2

_ (4.33)
2
—k,w.” sin (a ﬂ')
2
1+
k, + ko, cos (a ﬂj
2
By simplifying Equation (4.33), we obtain the following result.
aka " sin( )k, + 2k, cos(2T))

— 2 2 =0. (4.34)

(k, + ko™ cos(%))z +(—ka™® sin(a—zﬂ))z

Since the denominator is always positive, the Equation (4.34) is satisfied when the

numerator is set to zero:
akm, " sin(a—;)(kp +2ka, cos(%)) -0 (4.35)
By solving Equation (4.35), we establish the relationship between &, k,, and a :

a ar
k,=-2kao, COS(T) (4.36)

C. Gain Margin

This specification defines the stability margin of the controlled system and plays a crucial

role in designing FO controllers [14]. By enforcing the ®, constraint (6) and applying the

modulus definition of a complex number, the following equation is derived:

| C(jo).P(jo)l, =1 (4.37)

When replacing P(s) and C(s), we obtain the following equation:

L e [

2 2
1 (kp +ko.” cos %j + (kl.a)c“ sin %) =1 (4.39)
C,o. 2 2

From Equation (4.39), the relationship between &, &, , and « can be formulated as follows:

=1 (4.38)

Which gives:

111



Chapter 4. Advanced Control and Regulation Techniques for Shunt Active Power Filters

k, = \/cocz.Cdcz —k’w, " sin % —kw " cosa—zﬂ (4.40)

4.4 Proposed ZOA for tuning FOPI-AW controller

The FOPI-AW controller is adopted in this study to ensure accurate and robust regulation
of the V4 in the SAPF system. However, the performance of FO controllers strongly depends
on proper parameter tuning. When conventional tuning methods are used, the controller
becomes sensitive to nonlinearities, parameter uncertainties, and rapid variations in grid and
load conditions, which may degrade both dynamic and steady-state performance.

To address these challenges, MOAs are employed to optimally tune the controller
parameters, namely the k,, ki, G4, and a. These parameters have a direct impact on system
stability, transient response, and steady-state accuracy.

Although FO controllers are well recognized for their superior dynamic performance and
robustness, they may suffer from steady-state inaccuracies if their parameters are not carefully
selected. In some reported studies, this issue has been addressed by introducing switching
strategies between different controllers, where one controller operates in the dynamic regime
and another is activated in the steady-state regime [10].

A multi-objective cost function is formulated to simultaneously account for both dynamic
and steady-state performance indices. This formulation enables the FO controller to maintain
its dynamic advantages while significantly improving steady-state performance.

Based on the comparative studies conducted in the previous chapter, the ZOA is selected for
this tuning task due to its strong global search capability and fast convergence. ZOA is applied
to optimally tune the FOPI-AW controller integrated within the P-DPC control structure.

The proposed ZOA, inspired by the cooperative foraging and defense behavior of zebras,
provides strong global search capability, high efficiency, and ease of implementation [70]. It
employs a population of candidate solutions, combined with social behavior—inspired operators,
to efficiently explore and exploit the solution space [70]. The fundamental principles and
mathematical formulation of ZOA were presented in detail in the previous chapter. In this
section, only the implementation procedure for the optimal tuning of the FOPI-AW controller

is described, without repeating the complete set of equations.

4.4.1 [Initialization
The ZOA efficiently identifies a suitable search space using a population of candidate

solutions. Its nature-inspired mechanisms, characterized by features such as global optimization
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capability, high efficiency, ease of implementation, good scalability, and broad applicability,
enable an effective balance between exploration and exploitation of the solution space [70].
MOAs of this type are generally considered efficient and reliable in practical applications. The
primary objective of the optimization is to minimize a multi-objective cost function
representing the overall control performance of the SAPF system. This cost function integrates
several key performance indices, including:

e Reduction of Vg overshoot,

¢ Elimination of instantaneous THD of the supply current (THD1),

e Improvement of the V4. control loop using the lowest steady-state error (e(t)) [65].

The objectives of this work make the ZOA particularly suitable for multi-objective
optimization in efficient energy filtering applications. Here, it is employed to optimally tune
the parameters of the FOPI-AW controller, aiming to improve both dynamic and steady-state
performance. As reported in previous studies, FO controllers provide excellent performance in
dynamic regimes, offering fast response and enhanced robustness, but they may show
limitations in steady-state accuracy. By optimizing the controller parameters using ZOA, the
approach effectively combines the advantages of fractional-order dynamics with improved

steady-state behavior.
4.4.2 Optimization objectives

ZOA seeks the optimal parameters by minimizing a suitable objective function for the FOPI-
AW controller, defined as follows:
Minimize:
J=f(k,k,a,G,) (4.41)
This formulation ensures that ZOA algorithm independently determines the optimal
parameters for the proposed controller, thereby minimizing the overall system cost function
while focusing on V. regulation, THD reduction, and transient performance enhancement. The
tuning process is carried out offline, where the FOPI-AW controller parameters are optimized
prior to real-time implementation.
Within the ZOA framework, each zebra represents a candidate solution in the optimization
population. Inspired by the social behavior of zebras in nature, particularly their collective
movement and defensive strategies, the algorithm models an effective balance between

exploration and exploitation of the search space. Mathematically, each zebra is represented by
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a position vector whose elements correspond to the decision variables of the FOPI-AW
controller, including &, ki, G4, and a.

During the iterative optimization process, the fitness of each zebra is evaluated based on the
defined multi-objective cost function. Through successive updates of the population, ZOA
progressively converges toward the optimal solution. Upon completion of the optimization
process, the algorithm identifies the optimal set of FOPI-AW controller parameters that ensures
improved dynamic response, minimized Vg deviation, reduced harmonic distortion, and

enhanced overall power quality.
4.4.3 Performance indices

To minimize the Vg error during both transient and steady-state conditions, the Integral of

Time Squared Error (ITSE) index is adopted [65]:
ITSE = [ te* (t)dt (4.42)
Where: e(?) =V, (£) =V, (¢) the instantaneous voltage error.

The ITSE criterion is selected because it penalizes errors that persist over time, thereby
improving the dynamic response, reducing oscillations, and accelerating the settling process.

This performance criterion penalizes larger errors occurring at later stages, thereby
promoting faster convergence and smoother dynamic performance.

The Vae overshoot (D) is calculated as:

v, V.
D = demax ~definal 10\ (4.43)

Vie. fiat
Where, Vie, max 1s the maximum transient voltage, and Vi, sinal 15 the steady-state voltage.
To evaluate the power quality, the THD of the source current (/) is also included in the objective
function:

12

THD, =122 %100 (4.44)

sl

M8

Where, I;» and I;; are the RMS values of the n harmonic and the fundamental components
of the source current, respectively.
These indices (/TSE, D, and THDi) together form the primary evaluation criteria used to

quantify controller performance.
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4.4.4 Multi-objective cost function

Each performance index is associated with a weighting factor (¢;) to determine its

contribution to the total cost function [7]:
2a, =1 (4.45)
The overall multi-objective cost function is then expressed as:
J =a,(ITSE)+ a,(D) +a,(THD,) (4.46)
Based on sensitivity analysis, the weighting coefficients are selected as:
a,=06, a,=03, a,;=0.1
Here, J represents the fitness function to be minimized.
Ib<x, <ub, /j=1,2,...,dim (4.47)
In this context, J is the fitness (objective) function to be minimized, x; represents the

decision vector, and dim signifies the problem dimensions. The parameters /b and ub define
the lower and upper limits, respectively [70], Table 4.3 summarizes and provides examples of
the ZOA algorithm’s configuration parameters for the proposed controller considered in this

study.

Table 4.3: Parameter settings of the ZOA algorithm for proposed controller

Parameters values
Dim 4
Number of iterations () 100
Number of search agents (N,) 20
Upper bounds (ub ) [100 100 1 10000]
Lower bounds (/b) [0.001 0.001 0.1 100]

4.4.5 Population initialization

Similar to other MOAs, the ZOA starts by generating an initial population of candidate
solutions, referred to as zebras, which act as search agents within the solution space. These
zebras are randomly initialized within the predefined lower and upper bounds (ub , [b) of the
decision variables to ensure sufficient diversity at the beginning of the optimization process.

For a population size of N, zebras, each defined by dim decision parameters, Equation (4.48) is
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used to construct the population matrix containing the decision-variable vectors of all zebras.
This matrix represents the initial search space of the optimization process and provides a diverse
set of feasible candidate solutions [70].

Accordingly, the complete initial population matrix can be expressed as follows:

1

X Xyt Xigim
x2 xZ . x2

1 2 dim

X = . ! (4.48)

N N N

4 P cee P

X Xy dim N, xdim

4.4.6 Algorithm setup

The ZOA employed in this section follows the same structural framework and operational
principles introduced in Chapter 3 for MPPT in PV system. Since the fundamental concepts
and mathematical formulation of the algorithm have already been detailed, they are not
reiterated here for brevity. In this study, ZOA is adapted to a different optimization task, namely
the tuning of the FOPI-AW controller used for V- regulation in the SAPF control system. While
the computational workflow of the algorithm remains unchanged, the decision variables and
objective function are redefined to meet the dynamic and steady-state requirements of the
voltage control loop. Each zebra represents a candidate solution composed of a specific set of
FOPI-AW controller parameters, including 4y, ki, a, and G,. The optimization process seeks the
parameter set that ensures improved Vg regulation, fast transient response, minimal overshoot,
reduced steady-state error, and lower current harmonic distortion under varying operating
conditions. The ZOA operates iteratively through two complementary behavior-inspired

phases:

> Phase 1: Foraging behavior
e Promotes exploration of the solution space.
e Zebras investigate different regions to maintain population diversity, prevent premature

convergence, and escape local minima.

> Phase 2: Defense strategies against predators
e Focuses on refining and improving candidate solutions through social behavior-inspired
mechanisms.

e The applied strategy is determined by a random threshold Ps€ [0,1]:
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v’ Strategy 1: Against lion (Exploitation phase)

¢ Intensifies the search around the most promising solutions to improve accuracy

and convergence.

v’ Strategy 2: Against other predators (Exploration phase)
e Encourages exploration of less-visited regions of the search space, helping the

algorithm escape local optima and avoid stagnation.

Overall, although ZOA retains the same computational backbone used in the MPPT
application, its optimization targets are redefined to independently tune the FOPI-AW
controller parameters, leading to enhanced V- regulation and improved power quality in the
GCPV with SAPF system. The complete optimization procedure and corresponding pseudo-

code is presented in Figure 4.10.

Start ZOA

Input:

* GCPV system integrated with SAPF parameters

* Controller type: P-DPC-based FOPI-AW

* ZOA parameters: N, T, [Ib, ub] for (kp, ki, a, Ga)

Initialization:

* Generate initial zebra population (i = 1...N,) [kp, ki, a, G4] within bounds [/b, ub]
* Evaluate objective function J for each zebra

* Identify the pioneer zebra PZ (best solution)

Main Optimization Loop:

Fort=1: T do

e Update pioneer zebra (PZ)
Fori=1: N, do

% Phase 1: Foraging behavior (Exploration)
. Compute new position of zebra 1 using Equation (3.3)
. Update zebra position using Equation (3.4)

% Phase 2: Defense Strategies Against Predators
e (Generate random number Ps € [0, 1]

If Ps < 0.5, Ps=rand

% Strategy S1: Defense against lion (Exploitation)
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e Update zebra position using Equation (3.5) — S1
Else
% Strategy S2: Defense against other predators (Exploration)
e Update zebra position using Equation (3.5) — S2
End if
e Update zebra position using Equation (3.6)
e Apply boundary constraints [/b, ub]
e Evaluate objective function J
End for
e Update pioneer zebra (best solution)

End for

Output:

* Optimal FOPI-AW parameters: (k,*, &*, a*, G.*)

* Apply optimized gains to the GCPV-SAPF system

* Analyze V- regulation, transient response (77), Overshoot (D), and THD
End ZOA

Figure 4.10: ZOA-Based tuning of FOPI-AW controller

4.5 Oustaloup continuous approximation (OCA)

Various techniques have been employed to approximate the terms “, encompassing
methods such as the predictor-corrector approach [71], analytical and numerical calculation of
the inverse Laplace transformation [72], representation through state-space representation [73],
and OCA [74]. OCA method, in particular, is widely utilized to approximate the FOPI controller

with Laplace transfer functions [14]. Oustaloup has outlined an approximation algorithm

suitable when a frequency band of interest is defined by [a)b,a)h] . In this case, the term s“ can

be substituted using Equation (4.49).

N

. s+,
s = 4.49
H, (4:49)

The model proposed by Oustaloup for approximating the term s“is expounded in [27],

where s denotes a Laplace transform variable, and « is a real number confined within the

range of [-1, 1]. When «resides between 0 and 1, s”is referred to as an FO differentiator;
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conversely, when a lies between [-1, 0], it takes on the role of an FO integrator. The TF for the

term s“is formulated as presented in Equation (4.50):

s
« 1+—
N
H(s)zK[&J ] —=% (4.50)
@, k——Nl_,_i
2

The filter's poles, zeros, and gain can be calculated as,

k+N+l(I—a) k+N+l(l+a)

} ) 2N+1 ) 2N+1

— h _ h . a

a)k—a)b(;j ,0, =@, | — and K = o,
b

Where, a)k are the zeros, @, : the poles of order k, and 2N + 1 the actual order of the

approximation function [ 14].

Equation (4.50) can be equivalently expressed as Equation (4.51).

s=Z)(s=Z)(s=Z,)(s=Z,)(s = Z,) (s = Z; ) (s~ Z, ) 4.51)

-a __ (
S R R -R)-R)-R)5-P)-B)(s-7)

The parameters required for optimizing the term s™“ using OCA method are provided in

Table 4.4.

Table 4.4: OCA parameters

Notation Parameter Basic Value
, Upper cutoff frequency 107%rad / s
o, Lower cutoff frequency 10*rad / s
N Filter order 3

4.6 Phase-Locked Loop (PLL)

The PLL is a closed-loop control system designed to synchronize the phase and frequency
of an internal signal with that of an external reference, such as the grid voltage in power systems.
It continuously monitors the phase difference between the grid voltage and the output of its
internal Voltage-Controlled Oscillator (VCO). This phase error is processed by a PI controller
(loop filter), which generates a control signal that adjusts the frequency of the VCO. As the loop

operates, the PLL dynamically minimizes the phase error, ensuring that the internal signal
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becomes locked in both phase and frequency with the grid voltage. In three-phase systems, the
grid voltages are typically transformed into the dq reference frame using the Park
transformation, as illustrated in Figure 4.11, which simplifies phase detection by isolating the
quadrature component Vg. When Vg = 0, perfect synchronization is achieved. This enables the
accurate detection of the grid angle and frequency, which are crucial for grid-connected

systems, such as PV inverters and SAPFs [1,22,27].

Vi—) ph-abe / [ Ysa
Vsa —>{ ph-abc Vo, aff j} > Vsb
b — dg | v,
[
Vs¢ —p aff .

Figure 4.11: Block diagram of the three-phase PLL system
4.7 Simulation results for controllers

This section presents a simulation-based comparative assessment of DC-link voltage (Vac)
controllers in a GCPV system with a SAPF. The SAPF operates using the P-DPC strategy to
improve power quality, while the ZOA is employed exclusively in the MPPT loop to track the
GMPP under a single shading scenario. Controller performance is evaluated based on Vg
stability during SAPF injection, PV injection with MPPT search, and load variations occurring
during both SAPF and PV injection. All system and PV parameters are kept consistent with the
experimental conditions and are summarized in Table 4.5, while the PV electrical characteristics
and specifications were previously defined in Chapter 2. The test sequence includes SAPF
activation with nonlinear load variations, PV injection, MPPT operation under shading
conditions, and additional nonlinear load changes. The obtained results enable the selection of
the most suitable controller for real-time implementation based on voltage regulation, ripple

minimization, dynamic response, disturbance rejection, and efficient PV power transfer.
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Table 4.5: Electrical parameters of simulation setup.

Parameters Values
Grid RMS voltage (Vi) 13V
Cac 2200 pF
Rr 5Q
L, Ly 8.5 mH
Ry 0.1 Q
Ts 47 us
Vicrer 922V

The simulation results, indexed from Figure 4.12 to Figure 4.22, represent the dynamic and
steady-state responses of all evaluated Vg regulators, including the proposed optimized
controller. The regulation performance was assessed over multiple operating intervals to
monitor controller behavior under varying conditions and system disturbances. Initially, the
time span from 0 to 0.5 s corresponds to system operation before activating the SAPF, reflecting
the uncompensated V. condition. The interval from 0.5 to 5 s incorporates a load step change
at 3 s, introduced to assess the transient response time (7}), Vi overshoot (D), and each
controller’s capability to reject load-induced disturbances.

At 5 s, the PV inverter starts injecting the MPPT-tracked current into the grid, marking the
activation of the optimization-assisted MPPT tracking stage. Finally, at 8 s, an additional load
variation is applied to evaluate controller robustness and stability under abrupt changes in the
PV injection profile. These segmented operating regions enable a clear and comprehensive
comparative interpretation of controller performance across SAPF compensation, MPPT power
injection, and disturbance-driven mode transitions, validating the effectiveness of the proposed
control approach.

Figures 4.12 and 4.13 present the simulated performance of the V- PI regulator in a GCPV
system with a SAPF. Figure 4.12 shows that V. stabilizes with a noticeable overshoot and
persistent ripple, indicating relatively slow transient regulation and sensitivity to changes in
operating mode. The THD spectrum in Figure 4.13 confirms that harmonic distortion is
substantially reduced after SAPF activation, with THD = 2.58% during SAPF injection,
demonstrating effective filtering. The THD peak of 17.52% observed during PV injection
corresponds to a /s value close to zero and inverted, meaning that the actual distortion amplitude

is almost negligible despite the high calculated value.
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During the SAPF injection stage, the PI regulator reaches regulation in 7r; = 0.58 s with D;
= 21.30%, followed by stabilization at 7> = 0.49 s with D: = 1.37% after a load change. In the

PV injection stage, Vac settles at 7rs = 1.711 s with Ds = 7.43%. During load variation under

active PV-MPPT injection, the controller responds with 7r« = 0.20 s and D+ = 0.26%.
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Figure 4.12: Simulation results of V- response in a GCPV system with SAPF using a

conventional PI regulator across test scenarios
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Figures 4.14 and 4.15 illustrate the simulated performance of the conventional PI-AW
regulator in the GCPV system with SAPF integration. Figure 4.14 shows improved Ve
regulation compared to the classical PI controller, with reduced overshoot and better voltage
stability during transient transitions, although a slight ripple persists. Figure 4.15 demonstrates
effective harmonic compensation, achieving a THD = 2.56% during SAPF operation, while the
THD reaches about 17% during PV injection mode.

During SAPF injection, the PI-AW regulator reaches regulation faster than the conventional
PI, stabilizing at 7r; = 0.28 s with D: = 9.67%, and subsequently converging at 7r> = 0.203 s
with D> =0.70% after a load change. This reflects enhanced robustness and improved rejection
of dynamic disturbances. In the PV injection stage, V4 maintains stable regulation, settling at
Trs = 1.153 s with D3 = 3.43%. During load variation under active PV injection, the PI-AW
controller preserves tight dynamic voltage containment, responding at 7, = 0.172 s with D, =

0.18%.
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Figure 4.14: Simulation results of V- response in a GCPV system with SAPF using a

conventional PI-AW regulator across test scenarios
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Figures 4.16 and 4.17 present the simulation results of the Vs regulator based on FOPI
controller in the GCPV system integrated with a SAPF. As illustrated in Figure 4.16, the FOPI
controller demonstrates smoother transient responses compared to the conventional PI
controller, exhibiting reduced overshoot, enhanced damping, and significantly lower voltage
ripple during operational mode transitions. The THD spectrum in Figure 4.17 confirms effective
harmonic mitigation when the SAPF compensation, achieving THD = 3.45% during SAPF
current injection. A THD = 27.48% is observed during PV injection.

During SAPF injection, the FOPI controller stabilizes with a 7,;=0.15 s and a D;=3.73%,
then converges to steady-state regulation at 7,,=0.125 s with D>=0.54 following a load change,
highlighting improved disturbance rejection and damping capability. During PV injection, the
V4 maintains tight dynamic containment, settling at 7,3=0.956 s with D3=2.2. Under varying
load conditions during PV injection, the FOPI controller preserves stable voltage performance,

responding a 7,4=0.179 s with D.,=0.14%.
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Figure 4.16: Simulation results of V- response in a GCPV system with SAPF using a

conventional FOPI regulator across test scenarios
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Figure 4.17: Assessment of grid current THD under the conventional FOPI controller: a) with

SAPF, and b) with PV injection
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Figures 4.18 and 4.19 show that the FOPI-AW controller improves V. regulation in the
GCPV-SAPF system by reducing overshoot, speeding up settling time, and enhancing damping
during mode transitions. It also provides effective harmonic compensation, achieving a THD
=3.34% during SAPF injection, while a higher THD =24.92% occurs during PV injection.

During SAPF injection, the FOPI-AW controller stabilizes rapidly, exhibiting a transient
response of 7r; = 0.14 s with a D: = 2.5%, and subsequently reaching steady-state regulation at
Tr: = 0.122 s with D, = 0.42% following load changes. These results indicate superior
disturbance rejection and enhanced damping capability. In the PV injection stage, V4 remains
well-contained, settling at 7,3 = 0.909 s with a Ds = 2.17%. Furthermore, under load variation
during active PV injection, the FOPI-AW controller preserves strong dynamic voltage

containment, maintaining a 7,4 = 0.097 with a D+ = 0.14%, which confirms robust stability

across both transient and steady-state conditions.
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Figure 4.18: Simulation results of V- response in a GCPV system with SAPF using a

conventional FOPI-AW regulator across test scenarios
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Figure 4.19: Assessment of grid current THD under the conventional FOPI-AW controller: a)

with SAPF, and b) with PV injection

e
125




Chapter 4. Advanced Control and Regulation Techniques for Shunt Active Power Filters

Figures 4.20 and 4.21 further present the simulated performance of the proposed FOPI-AW
controller for V4. regulation in the GCPV system operating in parallel with a SAPF. As depicted
in Figure 4.20, the proposed FOPI-AW achieves the most refined transient behavior among all
tested regulators, combining minimal overshoot, superior damping, and very low V. ripple
during transitions between SAPF compensation and PV injection modes. The THD spectrum in
Figure 4.21 confirms the improved harmonic behavior of the system, where the proposed FOPI-
AW-ZOA reaches THD = 2.01% under SAPF injection and THD = 16.98% during PV injection
instants. Although the THD ratio rises in the latter case due to the nearly zero amplitude of the
PV-MPPT current aligned in phase with the grid voltage, the actual harmonic magnitude
remains practically insignificant.

During SAPF injection, the proposed FOPI-AW exhibits fast stabilization of Vg with T,
=0.035s and a nearly null deviation D;=0%. After load variation, steady-state regulation is
achieved at 7,,=0.038s with a limited deviation of D,=0.19%, indicating strong disturbance
rejection and enhanced damping.

Under PV injection mode, V4. converges to its reference within 7;3=0.82s while maintaining
acceptable dynamic behavior with D;=1.14%. When PV injection remains active during
additional load variations, voltage regulation is preserved with a rapid response of 7,4=0.016s
and a negligible deviation of Ds=0.1%. These results confirm the robustness of the proposed

FOPI-AW under both dynamic and steady-state operating conditions.
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Figure 4.20: Simulation results of V- response in a GCPV system with SAPF using a

Proposed FOPI regulator across test scenarios
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Figure 4.22 provides a global comparative view of the V. regulation performance using all
tested controllers operating within the GCPV system with SAPF compensation. The figure
clearly highlights the behavioral differences between regulators during both operating modes.
As previously established, conventional Pl-based controllers present acceptable static
regulation under steady-state conditions; however, their dynamic responses remain limited,
exhibiting noticeable overshoot, slower settling, and higher voltage ripple. In contrast, FOPI,
FOPI-AW show improved dynamic damping but still lack optimal steady-state containment.

The proposed FOPI-AW-ZOA controller achieves strong voltage containment in steady-
state operation while delivering a highly damped and well-shaped dynamic response under
transient conditions. The controller was developed using an optimized objective function
specifically formulated to minimize THD, overshoot, and response time, resulting in a smoother
Vae profile, near-zero overshoots, and the lowest harmonic distortion level among all evaluated
controllers, as confirmed in Table 4.6.

The validation outcomes presented substantiate the effectiveness of this design strategy,
demonstrating that the proposed FOPI-AW-ZOA regulator provides the most balanced trade-
off between static stability and dynamic damping. This confirms its robustness during SAPF
injection, PV injection, and abrupt nonlinear load variations, making it the most suitable

candidate for practical implementation in SAPF-assisted GCPV systems
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Figure 4.22: Comparative analysis of simulation results for the V4 response in a GCPV

system with SAPF using different regulators across the test scenarios

Table 4.6: Simulation comparison of proposed FOPI-AW and other techniques in steady state

and dynamic State

Steady State Dynamic State
THD (%) Time response (77 (s)) D (%)
Techniques Inject SAPF Inject PV Inject SAPF Inject PV
Inject Inject T T Tr T3 D D> D3 Dy
SAPF PV
PI 2.58 17.52  0.58 0.49 1.711 0.2 21.30 1.37  7.43  0.26
PI-AW 2.56 17 0.28 0.203 1.153  0.172 9.67 0.7 343 0.18
FOPI 345 2748 0.15 0.125 0956  0.179 3.73 054 22 0.14
FOPI-AW 334 2492 0.14 0.1222 0909  0.097 2.5 042 217 014
FOPI-AW- 2,01 1698 0.035 0.038 0.82 0.016 0 0.19 1.14 0.1
ZOA

4.8 Conclusion

This chapter investigated advanced control strategies for SAPF systems aimed at improving
power quality through harmonic mitigation, reactive power compensation, and power factor
correction. Conventional DPC and P-DPC methods were analyzed, followed by the evaluation
of PI classical and FOPI controllers. While FOPI controllers enhanced dynamic performance,

an optimization-based approach using the ZOA was proposed to achieve optimal parameter
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tuning. By minimizing a multi-objective cost function that accounts for Vg regulation and
current harmonic distortion, the proposed ZOA-optimized FOPI-AW controller demonstrated
superior stability, robustness, and overall SAPF performance. These results establish a strong

basis for the experimental validation presented in the next chapter.
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Chapter 5:

Experimental Implementation and Performance Evaluation of the

Grid-Tied PV system with SAPF

5.1 Introduction

The previous chapters presented the theoretical development and design of the proposed
GCPV-SAPF system. Advanced control and optimization techniques were investigated to
enhance both the energy extraction from the PV subsystem and the power quality of the grid-
connected system. This chapter focuses on the experimental validation of these proposed
control strategies through a real-time implementation on a laboratory prototype.

The main objective of this chapter is to verify the performance and feasibility of the
integrated GCPV-SAPF system under realistic operating conditions. The experimental setup
was designed to reproduce practical scenarios, allowing for the assessment of the system’s
capability to maintain stable V., mitigate current harmonics, compensate reactive power, and
efficiently extract maximum power from the PV array under varying environmental conditions.
The results presented here serve as the foundation for confirming the accuracy and robustness
of the developed control architecture introduced in previous chapters.

The control and optimization algorithms were implemented using the dSPACE DS1104
real-time control platform, which provides an efficient interface between MATLAB/Simulink
models and the physical system. This configuration enables precise signal acquisition, PWM
generation, and real-time control of the power converter units. The experimental validation
process is structured to evaluate the effectiveness of the proposed algorithms, namely ZOA,
and GWEO, and to compare their performance with established metaheuristics such as PSO,
GWO, WOA, and FPA.

To ensure comprehensive evaluation, a systematic testing protocol was adopted, considering
both steady-state and dynamic responses under multiple irradiance scenarios: STC, PSCs, and

DSC. Each test aims to analyze how effectively the proposed system responds to changes in
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solar radiation, load variations, and grid disturbances. Performance indicators such as THD,
Power Factor (PF), MPPT efficiency, tracking time (77), and V. stability are measured and

compared across the different control strategies.

This chapter is organized as follows:

e Section 1 introduces the architecture and setup of the experimental bench used for the
validation.

e Section 2 describes the control system implementation on the dSPACE DS1104
platform.

e Section 3 presents the testing protocol adopted to assess the system’s performance under
various operating scenarios.

e Section 4 provides detailed experimental results and analysis under STC, PSC, and
DSC, highlighting the system’s dynamic response and the efficiency of the proposed
algorithms.

e Finally, Section 5 summarizes the key findings and discusses the experimental

validation of the proposed methods in comparison to conventional techniques.
5.2 Description of the laboratory test bench

In the previous chapters, a comprehensive overview of the GCPV-SAPF system was
presented. This system ensures efficient integration of renewable energy while simultaneously
enhancing power quality through the implementation of a SAPF, as illustrated in Figure 2.1 of
Chapter 2. Chapter 2 detailed the overall system configuration, emphasizing the interaction
between its main components and their roles in energy injection, harmonic mitigation, and
reactive power compensation. Chapter 3 focused on the development of metaheuristic and
hybrid optimization algorithms to improve MPPT in PV systems, while Chapter 4 introduced
advanced control and regulation strategies for the SAPF to further improve dynamic and steady-
state performance.

To validate the proposed control and optimization strategies, an experimental test bench was
developed and implemented using a dSPACE 1104 real-time control platform at the LEPCI
Laboratory, University of Setif-1, Algeria. This setup allows real-time testing and verification
of both the photovoltaic (PV) subsystem and the SAPF under various operating conditions,
including STCs, PSCs, and load variations. The experimental configuration, illustrated in

Figure 5.1, mainly consists of a low-voltage three-phase grid, a nonlinear (polluting) load, a
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three-phase VSI, a DC-DC converter for PV power control, and a PV emulator that reproduces
the electrical behavior of solar panels.

The complete test bench integrates two control subsystems, each managed by a dASPACE
1104 board, one dedicated to the PV generation unit and the other to the SAPF. Although these
subsystems operate under separate control architectures, they are electrically coupled through
the common DC-link capacitor (Cqa), which enables energy exchange and maintains voltage
stability across the entire setup. PV emulator reproduces the electrical characteristics of PV
arrays under different irradiance and temperature conditions, ensuring repeatable and
controllable experimental scenarios. The DC-DC converter regulates the PV output voltage and
transfers energy to the DC link, while the MPPT algorithm implemented on the dSPACE board
ensures maximum energy extraction. The three-phase voltage inverter, acting as the SAPF,
injects compensating currents into the grid to suppress harmonics and improve the PF. The filter
inductances provide current smoothing and grid coupling, whereas voltage and current sensors
deliver real-time feedback for closed-loop control.

The control algorithms were developed in MATLAB/Simulink and executed in real time
through the dSPACE 1104 interface. For observation and validation purposes, a digital
oscilloscope was employed to visualize current and voltage waveforms, while a power analyzer
was utilized to measure key power quality indicators, including active power (P), reactive
power (Q), THD, PF, displacement power factor (cos (®)), and the reactive power ratio (fan

(®)). Table 5.1 summarizes the main components of the experimental setup and their respective

functions.

Figure 5.1: Experimental setting up
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Table 5.1: List of devices and their functions
No Component Function

1 PV emulator To emulate the electrical characteristics of a photovoltaic array under
STCs and PSCs, allowing reproducible PV behavior in laboratory tests.

2 dSPACE 1104 (for PV To execute the PV system's MPPT algorithms in real-time, converting

system) analog-to-digital (ADC) and digital-to-analog (DAC) signals for control
and measurement purposes.

3 Oscilloscope To measures and displays instantaneous power, voltage, current, and
duty cycle waveforms for real-time observation and validation of system
behavior.

4 Three-phase voltage  To provides a stable, low-voltage AC supply that emulates the electrical

source grid, enabling realistic testing of grid-connected operation.

5 Power analyzer To measures electrical parameters such as P, O, PF, and THD, cos (®),
tan (D).

6 DC-DC converter To converts DC power from the PV emulator to the DC link while
implementing MPPT control to ensure maximum power extraction.

7 Three-phase voltage  To converts DC power into AC and injects compensating currents into

inverter the grid to mitigate harmonics and improve power factor.

8 Filter inductances (L) Smooth the inverter output current and provide coupling between the
SAPF and the grid. They also help reduce harmonics and improve
overall power quality.

9 Current sensors To use to measure currents at key points (DC link, inverter, grid, load,
and PV source) and send feedback to the dSPACE 1104 controller for
real-time monitoring, precise power flow control, MPPT, and harmonic
compensation.

10 Voltage sensors To use to measure voltages at key points (PV terminals, DC link, inverter
output, and grid) and provide feedback to the dSPACE 1104 controller
for real-time voltage regulation, synchronization, and power quality
analysis.

11 dSPACE 1104 (for  To implements and executes the control algorithms of the SAPF in real

SAPF)

time, ensuring precise current regulation and harmonic compensation.
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5.3 Experimental setup and measurement instrumentation

This section presents the main components of the experimental setup used to validate the
proposed system. Since the detailed modeling and theoretical explanations were provided in the
previous chapters, the focus here is on a concise description of the essential hardware elements
and their practical implementation in the laboratory. Each component of the setup is represented
in two ways: its theoretical model (schematic diagram) and its practical realization
(photograph). This dual representation highlights how the theoretical models developed in the
earlier chapters are translated into real devices and integrated into the laboratory test bench.
The overall configuration was carefully designed to reproduce realistic operating conditions of

a GCPV-SAPF system.
5.3.1 PV emulator

PV generator is implemented using a programmable power supply (GWINSTEK-
APS1102A), capable of accurately reproducing the nonlinear electrical characteristics of a PV
array. This emulator can replicate both standard and dynamic irradiance profiles, allowing
controlled and repeatable testing of various MPPT algorithms under STC and PSCs. The power
supply’s digital interface provides precise and stable PV current, PV voltage, and PV power
readings, ensuring reliable assessment of system performance under diverse operating
scenarios.

In this thesis, the conventional PV model was reformulated to express voltage as a function
of current (Vv = f(Ipv)), aligning with the operating principle of voltage-source emulators such
as the GWINSTEK-APS1102A, as detailed in Chapter 2. In traditional PV system modeling,
an algebraic loop problem often arises due to the strong interdependence among voltage,
current, and power, leading to iterative computation cycles that complicate the determination
of the MPP. This challenge originates from the tightly coupled mathematical formulation of
classical PV models. To overcome this limitation, a Lookup Table (LUT) method was adopted
as an efficient and numerically stable alternative, enabling faster computation and improved
convergence. The detailed modeling procedure and LUT-based implementation are presented
in Chapter 2. These design strategies enable the PV emulator to accurately reproduce the
dynamic behavior of real solar modules under varying operating conditions. Figure 5.2
illustrates both the schematic representation of the PV generator and the corresponding

laboratory photograph of the emulator used during the experiments.
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Figure 5.2: Schematic representation of the PV generator and the corresponding laboratory

photograph of PV emulator used during the experiments

5.3.2 Three-phase voltage source

The three-phase voltage source provides a stable and balanced AC power supply that
accurately emulates the behavior of the electrical grid [27]. It is utilized to evaluate the grid-
connected operation of the system and to analyze the interaction between the SAPF and the
electrical network under various load and compensation conditions. Figure 5.3 illustrates both
the schematic diagram of the three-phase voltage source and its corresponding experimental

setup in the laboratory.
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Figure 5.3: Schematic representation of the three-phase electrical network and the

corresponding laboratory photograph
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5.3.3 DC-DC Boost converter

A unidirectional DC-DC boost converter is employed to regulate the PV output voltage and
ensure optimal power transfer to the Cqc, as described in Chapter 2. The converter parameters
were carefully designed to satisfy the dynamic response requirements defined by the MPPT
controller. It provides a stable DC output voltage and effectively decouples the PV source from
the inverter stage, thereby enhancing system stability [1].

In the experimental implementation, the converter utilizes a single IGBT switch and a diode,
both integrated within a universal SEMIKRON power module, in combination with an inductor
and a capacitor [27]. Figure 5.4 presents both the schematic diagram and the photograph of the
laboratory prototype of the DC-DC boost converter used in this study.

L Diode (D)

Ve @>)‘IOSFET M ¢y =

Schematic of the DC-DC Converter Corresponding Laboratory Photograph

Figure 5.4: Schematic representation of the DC-DC converter and the corresponding

laboratory photograph
5.3.4 Three-phase voltage source inverter (VSI)

The three-phase VSI operates as a SAPF, acting as a bidirectional current converter
composed of six IGBT switches along with the associated filtering components. The inverter
output stage incorporates three interface inductors designed to mitigate current harmonics and
provide reactive power compensation during the injection of photovoltaic (PV) energy into the
grid, as discussed in Chapter 2. The VSI is controlled using the advanced control and

optimization strategies developed in this research and presented in Chapter 4. Figure 5.5
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presents both the schematic diagram and the laboratory prototype of the three-phase VSI

configuration implemented in this work.

Schematic of Two-level voltage source inverter Corresponding Laberatory Photograph
(VSI)

Figure 5.5: Schematic representation of the three-phase VSI and the corresponding laboratory

photograph
5.3.5 dSPACE DS1104 control board

The dSPACE DS1104 control board serves as the central processing unit for real-time
control and communication between the MATLAB/Simulink control models and the
experimental hardware. It performs high-precision analog-to-digital (ADC) conversions to
acquire external signals, such as voltage and current measurements, from system sensors. Based
on these measurements, the board generates the required control and gating signals for DC-DC
converter and VSI.

The control algorithms are implemented, compiled, and executed in real time via the
MATLAB/Simulink interface, ensuring accurate PWM generation and precise synchronization
with the power electronic stages. This configuration enables continuous monitoring, data
acquisition, and online adjustment of control parameters during experimental validation. Figure
5.6 shows the laboratory photograph of the dSPACE DS1104 board integrated into the overall

control and measurement setup.
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|

Figure 5.6: Laboratory image of the dSPACE DS1104 board integrated into the control and

data acquisition system.

5.3.6 Nonlinear load configuration

To emulate distorted grid conditions, a nonlinear load is implemented using a diode bridge
rectifier combined with resistive—inductive (R—-L) components, which generate current
harmonics representative of real industrial and commercial load behaviors. This configuration
is essential for evaluating the performance of the SAPF in mitigating current harmonics and
compensating for reactive power under realistic operating conditions [27].

In the experimental setup, a SEMIKRON universal converter is employed to realize the
nonlinear load, ensuring flexibility and reproducibility of test scenarios.

Figure 5.7 illustrates both the schematic diagram and the laboratory photograph of the

implemented nonlinear load configuration.

Non Linear load !

Three-Phase
Rectifier

Corresponding
Laboratory Photograph

Corresponding
Laboratory Photograph

Schematic of Non Linear
load

Figure 5.7: Schematic representation and laboratory photograph of the nonlinear load

configuration.

B ———————————————
138




Chapter 5. Experimental Implementation and Performance Evaluation of the

Grid-Tied PV system with SAPF

5.3.7 Measurement and data acquisition system

Experimental measurements include the PV current (/,,), PV voltage (V),v), DC-link voltage
(Vae), inverter output current ([ph-a, b, ¢), grid currents (Lpp-q, 5, ¢), load current (Irph-q, b, ¢) and grid
voltages (Vpi-a, b, ¢). These electrical quantities are measured using high-precision voltage and
current sensors, as illustrated in Figures 5.8(a) and 5.8(b).

The system’s transient and steady-state behaviors are recorded using a digital oscilloscope,
shown in Figure 5.8(c), while a power analyzer is utilized to evaluate key power quality

parameters such as THD, P, O, PF, THD, cos (®), tan (®), and overall system efficiency, as

shown in Figure 5.8(d).

(©) (d)

Figure 5.8: Photographs of the experimental measurement setup: a) current sensors, b)

voltage sensors, c) digital oscilloscope, and d) Power analyzer
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5.4 Advanced strategies for control and power maximization

Building upon the theoretical developments presented in Chapters 3 and 4, this section
outlines the control and optimization strategies selected for the experimental implementation of
the proposed GCPV-SAPF system. The objective is to experimentally validate, under real
operating conditions, the effectiveness of the proposed algorithms. The focus of this thesis is
placed exclusively on experimental results, as they provide a more practical assessment of
system performance and implementation feasibility.

For SAPF subsystem, the P-DPC technique combined with a proposed FOPI-AW tuned
using the ZOA algorithm, ensures robust DC-link voltage (Vi) regulation, minimizes
overshoot, and maintains dynamic stability under grid disturbances.

For PV subsystem, MOAs are employed in the MPPT process to extract the maximum
available power from the PV array under varying environmental conditions. In this study, novel
approaches such as the ZOA, and GWEO are proposed and comparatively evaluated against
well-established techniques, including the WOA, PSO, GWO, and FPA.

Both subsystems are managed and synchronized through the dSPACE DS1104 control
platform, which provides real-time data acquisition, signal processing, and coordinated control
between the PV source and the SAPF. This architecture establishes a reliable foundation for
validating the proposed control and optimization strategies within a unified experimental
framework. Figure 5.9 illustrates the overall control algorithm of the integrated GCPV-SAPF

system.
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Figure 5.9: Overall control algorithm of the integrated GCPV-SAPF system
5.5 Implementation of the control system on dSPACE

The experimental implementation of the proposed control strategies was carried out using
the dSPACE DS1104 real-time control platform. This system serves as the interface between
the MATLAB/Simulink control models and the physical components of the GCPV-SAPF
system test bench, enabling direct real-time execution of the control algorithms on the actual
hardware.

The control tasks are divided between two dSPACE units: one dedicated to the Photovoltaic
(PV) subsystem and the other to the SAPF. These two control units are electrically linked via

the Cyc, ensuring coordinated energy exchange between PV source and grid. The DS1104
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boards provide high-speed ADC and DAC channels for acquiring real-time voltage and current
signals from the sensors, as well as generating PWM control signals for the IGBT converters.

All control algorithms, including the PDPC-FOPI-AW (ZOA-tuned) controller for SAPF
and the metaheuristic MPPT algorithms (ZOA, GWEO, ...etc.) for PV emulator, are
implemented in MATLAB/Simulink and automatically compiled into the dSPACE
environment using Real-Time Interface (RTI) blocks.

The Control Desk interface is used for online monitoring, parameter adjustment, and real-
time visualization of system behavior, ensuring flexibility and reliability during experimental
tests.

This architecture guarantees deterministic execution of the control loops with precise
timing, thus ensuring the stability and accuracy of the entire GCPV-SAPF system during real

operation.
5.6 Testing protocol

To validate the performance of the proposed control and optimization strategies, a
systematic testing protocol was designed to evaluate both steady-state and dynamic responses

of the integrated GCPV-SAPF under different operating conditions.
1. System initialization:

During the system initialization phase, the dSSPACE DS1104 platform is powered on, and
all communication interfaces, including ADC, DAC, PWM channels, and sensor
connections, are thoroughly checked. This ensures full synchronization, signal integrity,
and accurate data transmission between the control hardware and the MATLAB/Simulink

environment.
2. Operating conditions:

Experimental tests are conducted under four main operating scenarios:
o STC: Nominal solar irradiance of 1000 W/m? and ambient temperature of 25 °C.
o PSC: Non-uniform irradiance patterns applied to evaluate the robustness and tracking

capability of the MPPT algorithms.
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o DSC: Time-varying irradiance profiles introduced to assess the transient response,
adaptability, and dynamic performance of the proposed control and optimization
strategies under rapidly changing environmental conditions.

o PSC-STC Transition: A transition test from PSC to STC, conducted to evaluate the
dynamic response, convergence speed, and stability of the control and optimization

strategies during sudden irradiance recovery.
3. Performance evaluation:

The following metrics are measured:
o DC-link voltage regulation (V. stability and overshoot percentage)
o THD of grid current
o PF and reactive power compensation
o MPPT tracking efficiency and tracking time

o Dynamic response to load and irradiance variations
4. Data acquisition and analysis:

Real-time electrical waveforms are acquired using a digital oscilloscope, whereas the power
analyzer is employed to measure electrical quantities and power quality parameters. The
acquired data are subsequently post-processed in MATLAB to compute key performance
indicators, including THD, PF, V. regulation accuracy, tracking time, and MPPT efficiency.
This analysis ensures a precise evaluation of the control system’s accuracy, dynamic behavior,
and robustness under diverse operating conditions.

This testing procedure provides a comprehensive validation of the proposed control
architecture and confirms its suitability for GCPV-SAPF operation under realistic
environmental variations.

Following the description of the experimental setup, measurement instrumentation, and
testing methodology, the next section presents and discusses the experimental results obtained
from the conducted tests. The experiments were carried out according to the established testing
protocol and cover several scenarios, including STC, five distinct PSC patterns, DSC
conditions, and PSC-STC transition tests. These scenarios were selected to rigorously evaluate
the dynamic response, stability, and overall performance of the proposed control and

optimization strategies under practical operating conditions.
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5.7 Experimental results and discussions

This section presents and analyzes the experimental results obtained from the real-time
implementation of the proposed GCPV-SAPF system. The objective is to validate the
effectiveness of the developed control and optimization strategies under realistic operating
conditions. The experiments were performed using the dSPACE DS1104 real-time control
platform, which provided precise control, signal acquisition, and real-time monitoring of both
the PV and SAPF subsystems.

Key performance indicators were analyzed, including V. regulation, current harmonic
mitigation, reactive power compensation, and MPPT efficiency. Comparative analyses were
carried out among the implemented control and optimization algorithms to highlight their
advantages, dynamic behavior, and overall contribution to power quality improvement.

An analytical comparison was performed among the GWEO, ZOA, PSO, GWO, WOA, and

FPA algorithms in terms of several performance indices:

e Tracking Time (77): to identify the algorithm with the fastest MPPT response;
e Generated PV Power: to evaluate the accuracy of MPP identification;

o Efficiency Ratio;

e Measured PV Current (/,,); and

e Measured PV Voltage (V).

These parameters were evaluated under STC, PSCs, and DSCs, while maintaining a constant
temperature of 25°C. The comparison included five distinct PSC patterns, designated as PSC-
1, PSC-2, PSC-3, PSC-4, and PSC-5, along with one STC case. Each condition corresponds to
a unique GMPP distribution within the search space, providing a comprehensive and rigorous
assessment of the proposed algorithm’s tracking performance and adaptability under diverse
irradiance profiles.

This detailed setup provides a robust framework for analyzing the PV array behavior and
validating the MPPT algorithm under various PSC scenarios. It ensures the existence of both
local and global maxima in the P-V curve, which is essential for evaluating the tracking
capability, convergence speed, and robustness of the proposed optimization-based MPPT

strategy [9,12].
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Table 5.2 summarizes the electrical parameters of each curve. These values were

experimentally determined by measuring the MPP coordinates (Znpp, Vimpp, and Puypp) during

preliminary testing to ensure precision and reproducibility in subsequent comparative analyses.

To further validate the reliability and significance of the experimental findings, the reactive

power compensation capability of the SAPF was also examined. The system’s ability to inject

active power into the grid while maintaining high power quality, characterized by a low THD

and near-unity PF, was verified through detailed measurements. A comprehensive overview of

the global system parameters implemented in the experimental prototype is provided in Table

5.3.
Table 5.2: Details of STC and PSCs Pattern

PSCs Pattern (W /m*) T(°C)  NumofPeaks &, V,, ) 1,,(~(A)
STCs  1000,1000,1000,1000, and 1000 1 29247 4533 6.5
PSC-1 800, 1000, 200, 400 and 700 5 133.2 28.52 4.67
PSC-2 100, 900, 800, 1000 and 400 5 151.1  28.033 5.39
PSC-3 1000, 950,850,900 and 800 25 5 254.2 48.34 5.259
PSC-4 400, 600, 800, 1000 and 900 5 120 30 4
PSC-5 800, 300, 200, 100, and 1000 5 100 19.3207 52

Table 5.3: Electrical parameters of experimental setup

Parameters Values

PV array electrical parameters under STC

L 72A

Voe 53V

Lnpp 6.5A
Vonpp 4533V
Py 292.47
L-BOOST 30 mH

Grid electrical parameters

Grid RMS voltage (Vph-n) 13V
Grid frequency (F) 50 Hz
Cac 2200 uF
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Rr 5Q
L 8.5 mH
Ry 0.1Q
Ly 8.5 mH
Ts 47 us
Switching frequency (f) 20 kHz
Vacrer 92V

5.7.1 SAPF performance verification

The initial experimental investigation aimed to assess the performance of the SAPF in
mitigating harmonic distortions within the grid current. The VSI was controlled using P-DPC
strategy combined with a FOPI-AW controller tuned by the ZOA, operating with a switching
frequency (f) of 20 kHz and a sampling time of 75=47ps.

The SAPF prototype employed a SEMIKRON universal inverter rated at 20 kVA, with a
voltage capacity of 1200 V and a current limit of 50 A. This bidirectional inverter facilitated
both current compensation and Q support in real time.

Figures 5.10 to 5.17 summarize the main experimental observations, including the source
current (Is), source voltage (Vs), DC-link voltage (Vac), filter current (), load current (1), as
well as the active power (P) and reactive (Q) power components recorded before and after
SAPF activation.

Figure 5.10 displays the experimental current and voltage waveforms of the SAPF under
several operating conditions, including (a) steady-state operation and (b) a zoomed view of the
steady-state behavior. The steady-state response demonstrates stable and well-regulated system
performance, where the Is exhibits a nearly sinusoidal waveform and remains properly
synchronized with the Vs. The enlarged view further emphasizes the high quality of the
waveforms and confirms the effectiveness of the SAPF in mitigating current harmonics under

steady-state conditions.
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Figure 5.10: Experimental waveforms of the SAPF before current compensation under

steady-state conditions

Figure 5.11(a) presents the experimental voltage and current waveforms of the SAPF during
load variation, including Vs, Is, I, and Ir. The results show that the SAPF rapidly adapts to
changes in load conditions, maintaining good current quality and overall system stability. Figure
5.11(b) provides a zoomed-in view of the waveforms, highlighting the smooth dynamic
response and confirming the effectiveness of the SAPF in regulating the source current during

the transient interval.
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Figure 5.11: Experimental waveforms of the SAPF before current compensation during load

variation

Figure 5.12(a) presents the experimental P and Q as well as the V¢ profiles, illustrating the
system behavior before and after SAPF activation. Prior to SAPF activation, the /; exhibits
significant distortion, reflected in higher Q and fluctuations in Vac. Upon SAPF activation, the

filter rapidly mitigates the harmonics, reduces the O, and stabilizes the V., confirming its
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effectiveness in improving power quality and ensuring reliable operation. Figure 5.12(b)
provides a zoomed-in view of the same waveforms, highlighting the steady-state response of
the SAPF and demonstrating smooth performance and precise regulation of power flow during

the activation process.
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Figure 5.12: Experimental waveforms of the SAPF before current compensation during filter

current injection

Figures 5.13 and 5.14 examine the system behavior before SAPF operation. Figure 5.13(a—
b) presents the RMS measurements of three-phase currents and voltages without compensation,
showing distorted waveforms and slight current imbalance across the phases. Figure 5.14(a—)
shows the harmonic spectra of phases a, b, and ¢ without SAPF, where each phase exhibits
noticeable harmonic distortion. Figure 5.14(d) presents the combined three-phase /; waveform,
confirming overall non-sinusoidal and harmonically distorted current behavior due to the

absence of filtering and compensation.
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Figure 5.13: RMS measurements of the three-phase system without SAPF operation
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Figure 5.14: Harmonic distortion of the three-phase system without SAPF operation

Figure 5.15(a—d) presents the harmonic spectrum of phase a under load prior to SAPF
activation at four zoom levels: full scale, 20%, 10%, and 5%. The full-scale view shows the
dominant low-order harmonics, while the successive zooms reveal smaller medium- and high-
order components. This detailed analysis highlights the overall harmonic distortion introduced
by the nonlinear load, providing a clear baseline for assessing the SAPF’s compensation

performance.
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Figure 5.15: Harmonic spectrum of the phase a system under different zoom levels before

SAPF operation: a) full-scale view, b) zoomed to 20%, ¢) zoomed to 10%, and d) zoomed to

5%.

Figure 5.16(a-b) presents the three-phase power quality measurements before SAPF

implementation. The waveforms indicate that the system supplies the load with P and Q

components affected by harmonic distortion, resulting in non-ideal /,. The power analyzer

confirms that the PF is below unity and that deformation power is present, showing a clear need

for SAPF to enhance power quality by reducing

power deformation (D).

150

harmonics, compensating O, and minimizing




Chapter 5. Experimental Implementation and Performance Evaluation of the

Grid-Tied PV system with SAPF

| (2 3
P (W) +4072 43848 43998

Pdc (W) ~-0.01 -0.05 +0.01
Qi vary  B+1967 #6+17.54 H6E+17.56
D (var) 885 9.21 8.77
S (VA) 46,08 4328 44,54

w. PR S S S .
(2)

HERE=>

PF +0.884
cos P +0.905
tan® +0.470
P +025°

@
+0.890

+0.911
+0.451

+024°

3
+0.897

+0916

+0.435

+024°

HERE=>

WA PF. SD) IS D

(b)

Figure 5.16: Power analyzer measurement results of three-phase power quality parameters

before SAPF implementation

Figure 5.17 illustrates the phase shift behavior of the three-phase system before SAPF

activation. In Figure 5.17(a), the current waveforms exhibit phase displacement and distortion

due to the presence of harmonic and reactive components. Figure 5.17(b) shows the

corresponding three-phase voltages, which remain balanced but are not aligned in phase with

the distorted /s. The figure confirms a non-ideal phase relationship between current and voltage,

indicating the necessity of SAPF to correct phase alignment and improve overall power quality.
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Figure 5.17: Phase shift angle before activating the SAPF. a) current, b) voltage

Figures 5.18 to 5.21 present the present the system behavior after activating the SAPF,

demonstrating its effectiveness in enhancing the power quality of the three-phase system. After

the SAPF was engaged, the harmonic and phase characteristics of the system improved

significantly.
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Figure 5.18(a-d) illustrates the system performance after SAPF activation, where harmonic
and phase characteristics show clear improvement. Figures 5.18(a-c) presents the THD of the
compensated three-phase currents for phases a, b, and c, confirming a low distortion level and
effective harmonic suppression. Figure 5.18(d) shows the combined compensated three-phase
current waveform, where the currents appear balanced and nearly sinusoidal, demonstrating

stable three-phase compensation and the SAPF’s strong capability in harmonic mitigation.
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Figure 5.18: Harmonic distortion of the three-phase system after SAPF operation: a) phase a,

b) phase b, ¢) phase c, and d) combined three-phase currents

Figure 5.19(a-c) presents the harmonic spectrum of the three-phase currents after SAPF
operation. The harmonic components across phases a, b, and ¢ were significantly reduced,

confirming effective filtering performance.
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Figure 5.19: Harmonic spectrum of the three-phase system after SAPF operation: a) phase a,

b) phase b, ¢) and phase ¢

Figure 5.20(a-b) shows the phase shift angle after SAPF activation. The current and voltage

waveforms are nearly in phase, indicating a significant reduction in Q flow and a notable

improvement in the overall PF.
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Figure 5.20: Phase shift angle after activating the SAPF

153




Chapter 5. Experimental Implementation and Performance Evaluation of the

Grid-Tied PV system with SAPF

Figure 5.21(a) presents the corresponding P, O, D, and S powers measurements. The Q
components are significantly reduced, and the power distribution among the three phases is
nearly balanced. The total load power is approximately 150.57 W, confirming eftective power
quality improvement after SAPF operation. Figure 5.21(b) illustrates the power analyzer
measurements of the PF—related parameters for the three phases after SAPF implementation.
The results show that the PF of all phases is very close to unity, with cos ¢ values close to 1,

indicating proper synchronization between voltage and current.
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Figure 5.21: Power analyzer measurement results of three-phase power quality parameters

after SAPF implementation
5.7.2 Experimental results under STC of proposed methods

To establish a performance baseline, the proposed GCPV-SAPF was first tested under STC.
In this scenario, all photovoltaic modules were uniformly illuminated with an irradiance of 1000
W/m? and maintained at a constant temperature of 25°C, as summarized in Table 5.2.

The objective of this test is to validate the effectiveness of the proposed MPPT and control
strategies under ideal and stable operating conditions. The evaluation focuses on both power
extraction efficiency and power quality enhancement provided by the SAPF through harmonic
mitigation and reactive power compensation.

The experimental PV characteristics obtained under STC are illustrated in Figure 5.22. The
red dot on PV curves denotes the MPP achieved by the proposed optimization algorithm,
confirming its ability to accurately track the global optimum and maintain steady-state

operation.
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Figure 5.22: Experimental P—V and I-V curves of the PV array system under STCs

A uniform irradiance scenario was considered, in which all PV modules were subjected to
a constant irradiance level of 1000 W/m?, while the Vy was set to its reference value. The
experimental results obtained using the proposed GWEO and ZOA methods are presented in
Figures 5.23 and 5.24. These figures illustrate the time-domain waveforms of the PV voltage
(Vpv), PV current (1,v), PV power (P,), and the duty cycle (D) of the DC-DC converter, as
shown in Figures 5.23(a) and 5.24(a). Additionally, the corresponding V., along with the active
power (P) and reactive power (Q) exchanged with the grid, are depicted in Figures 5.23(b) and
5.24(b).

Under STC, the GWEO method achieved the fastest tracking performance, reaching the
MPP within 0.9 s, with a MPP of 292.35 W, as shown in Figure 5.23(a). The tracking process
exhibits a fast dynamic response and stable steady-state behavior, resulting in a high tracking

efficiency (7 ) of 99.96%, calculated using Equation (5.1).

n= Dov-seatse 10 (5.1)
max Available

Regarding grid interaction, the PV system supplies a three-phase load with a P demand of
approximately 150.57 W. The surplus generated power, estimated at -97.38 W, is injected into
the utility grid. The remaining power difference of approximately 44.4 W corresponds to
inherent system losses, mainly attributed to inverter switching losses, resistive losses in the
filter inductors, power electronic components, and measurement and control-related losses.
Moreover, the grid-connected SAPF ensures effective O compensation, maintaining the Q close

to 0 VAR, as illustrated in Figure 5.23(b).
In comparison, the ZOA method exhibits a slower dynamic response, with a 77 =0.92 s, as

depicted in Figure 5.24(a). It achieves a MPP of 290.55 W, which is slightly lower than the
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MPP, and injects approximately P=-95.58 W into the grid, as shown in Figure 5.24(b). Despite
its slower response, the ZOA method demonstrates satisfactory performance, achieving a, =
99.34%. The obtained results are summarized in Table 5.4.

The Va4 accurately tracks its reference value (Viee=92 V) with fast settling time and
negligible deviation. The proposed FOPI-AW-ZOA controller ensures stable voltage regulation
during both SAPF operation and PV power injection, demonstrating effective disturbance

rejection and robust steady-state performance.
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Figure 5.23: Experimental results of the proposed ZOA method under STC
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Figure 5.24: Experimental results of the proposed GWEO method under STC
Table 5.4: Summarizing the experimental results of proposed methods ZOA and GWEO
under STCs
MPPT 7V, (") 1, (A B, (W) Py (W) P Pioad Power Tr(s) n (%)
loss

ZOA  46.735  6.217 290.55 292.47 -95.58 092 99.34
150.57 444

GWEO  46.85 6.24 29235 29247 -97.38 0.9 99.96
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The results illustrated in Figure 5.25 present a detailed comparison of the main performance
indicators, namely , and 77, for the evaluated MPPT algorithms. The comparison demonstrates
noticeable performance differences among the techniques and allows an objective assessment
of the proposed GWEO and ZOA methods, highlighting their respective advantages and

limitations in terms of convergence speed and energy extraction efficiency.
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Figure 5.25: Comparative performance analysis of the proposed GWEO and ZOA techniques
under STCs in terms of: a) 5, and b) 77

5.7.3 Experimental results under PSCs scenario of proposed methods

As mentioned earlier, an experimental setup was implemented to evaluate the effectiveness
of the proposed GWEO and ZOA techniques in rapidly and accurately tracking the GMPP,
thereby maximizing P injection into the grid. All key electrical parameters of the PV system
and the grid, including P, O, Vac, Ppv, Ipv, Vv, and D, were continuously monitored.

All experimental data, including numerical values of the key parameters, were obtained
from the PV emulator and the control desk. The control desk provided comprehensive
monitoring capabilities, enabling access to all relevant system measurements and reports. In
addition, a power analyzer was used to measure electrical quantities in the grid and filter
sections, such as P and Q, PF, and THD... etc.

The overall performance of the proposed methods was evaluated under various PSCs, each
characterized by five distinct power peaks representing different levels of complexity and

operational challenges, as illustrated in Figure 5.26. These complex PSCs present a significant

e
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challenge for MPPT algorithms, increasing the risk of convergence to suboptimal operating
points. Testing the GWEO and ZOA techniques under these scenarios demonstrates their
robustness, global tracking capability, and efficiency in handling highly nonlinear and

challenging operating conditions. Five representative PSC cases were selected for detailed

evaluation, as summarized in Table 5.2.

GMPP

Figure 5.26: Experimental P—V and I-V curves of the PV array under five PSC scenarios: a)

PSC-1, b) PSC-2, ¢) PSC-3, d) PSC-4, and ¢) PSC-5
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In the first scenario (PSC-1), corresponding to different irradiance levels summarized in
Table 5.2 and illustrated in Figure 5.26(a), the tracking performance of the proposed GWEO
and ZOA techniques was evaluated. As shown in Figure 5.27(a) and (b), the GWEO method
achieved the fastest 77 =1 s to reach the GMPP, delivering a GMPP of 133.17 W with an 5

=99.97%, as also shown in Figure 5.27(a). Under this operating condition, the PV system
partially supplied the load demand. Since the total load requirement exceeded the available PV
power, the remaining power deficit was supplied by the grid to ensure stable system operation,
providing P =33.79 W. The V4. was well regulated around its Vo= 92 V, demonstrating stable
operation of the power conversion stage without noticeable oscillations. Figures 5.27(b)
confirm the stability of the grid-connected system, where O remained close to 0 VAR, indicating
effective power decoupling and proper synchronization with the grid.

Similarly, the ZOA technique exhibited competitive performance, achieving a 77=1.05 s and

delivering a peak power of approximately 133 W with an ,=99.85%, as depicted in Figure

5.28(a). Under the same operating conditions, it injected P=33.96 W into the grid, as illustrated
in Figure 5.28(b). The V. accurately tracked its reference value (Viee=92 V) with fast settling
time and negligible deviation under both SAPF activation and PV injection modes,
demonstrating effective voltage regulation and robust dynamic behavior during GMPP tracking.

Overall, these results demonstrate the superior tracking speed, high efficiency, stable V.
regulation, and excellent grid compatibility of the proposed GWEO and ZOA techniques under

real-time PSC-1 scenarios.
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Figure 5.27: Experimental results of the proposed GWEO method under PSC-1
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Figure 5.28: Experimental results of the proposed ZOA method under PSC-1

In the second scenario (PSC-2), corresponding to the irradiance pattern summarized in
Table 5.2 and illustrated in Figure 5.26(b), the PV array exhibited four LMPPs with a GMPP of
151.1 W. Under these more complex shading conditions, the tracking performance of the
proposed GWEO and ZOA techniques was further evaluated. As shown in Figure 5.29(a), the
GWEO method successfully tracked the GMPP within a 7r=1 s, delivering a GMPP of 150.98
W with a = 99.92%.

Under this condition, the PV system was able to nearly satisfy the three-phase load demand.
Since the generated PV power (150.98 W) was approximately equal to the load requirement
(150.57 W), the load was almost entirely supplied by the PV system. As shown in Figure
5.29(b), the small power mismatch was mainly compensated by the grid, which supplied
approximately P=11.91 W. The power loss of about 6.31 W is attributed to inherent system
losses, including power conversion and filtering effects. Consequently, no significant surplus
power was available for injection into the grid.

Similarly, the ZOA technique demonstrated competitive performance, achieving a 7r=1.1 s

and delivering a peak power of approximately 151 W with a 7=99.93%, as shown in Figure

5.30(a). Under the same operating conditions, the small power mismatch was compensated by
the grid, which supplied approximately P=11.89 W, as illustrated in Figure 5.30(b).
Throughout this scenario, the Vs remained tightly regulated around its reference value of
92 V during both SAPF operation and PV injection, indicating stable operation of the power
conversion stage. Additionally, the QO exchanged with the grid remained close to zero,
confirming proper grid synchronization and effective power management under PSC

conditions.
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Figure 5.29: Experimental results of the proposed GWEO method under PSC-2
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Figure 5.30: Experimental results of the proposed ZOA method under PSC-2

In the third scenario (PSC 3), associated with the irradiance distribution presented in Table
5.2 and depicted in Figure 5.26(c), the PV array presents several local maxima, while the GMPP
is positioned on the left side of the P—V curve. Under these conditions, the performance of the
proposed GWEO and ZOA algorithms was examined in the presence of pronounced
nonlinearity caused by partial shading.

As shown in Figure 5.31(a), the GWEO method successfully tracked the GMPP within a 77
= 1.05 s, delivering a GMPP of 253.79 W with a 7=99.91%. In this scenario, the PV system

was able to fully satisfy the load demand, and the excess generated power was injected into the
grid. Specifically, injected approximately P=60.4 W into the grid, as illustrated in Figure
5.31(b). The difference between the generated PV power and the load demand is attributed to
inherent system losses, including inverter switching losses, power conversion, filtering effects

and measurement and control-related losses.
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Similarly, the ZOA technique demonstrated effective tracking performance, achieving a
faster 7r=0.7 s and delivering a peak power of 254 W with an 5 =100%, as depicted in Figure
5.32(a). Under the same operating conditions, injected approximately P=60.61 W into the grid,
as depicted in Figure 5.32(b), confirming effective management of surplus power.

The Vi remained stable around its reference value, while the O exchanged with the grid
stayed near was minimal, indicating stable converter operation and effective grid

synchronization under these PSC-2.
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Figure 5.31: Experimental results of the proposed GWEO method under PSC-3
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Figure 5.32: Experimental results of the proposed ZOA method under PSC-3

In the fourth scenario (PSC-4), corresponding to the irradiance pattern summarized in
Table 5.2 and illustrated in Figure 5.26(d), the tracking performance of the proposed GWEO
and ZOA techniques was evaluated. In this scenario, the GMPP is located approximately

midway along the PV curve, with a power level of 120 W.

162



Chapter 5. Experimental Implementation and Performance Evaluation of the

Grid-Tied PV system with SAPF

As shown in Figure 5.33 (a), the GWEO method successfully converged to the GMPP within
a 77=0.85 s, achieving a n=100%. Under this operating condition, the PV system partially

supplied the load demand, while the remaining P required by the load was supplied by the grid
to maintain power balance. The grid supplied approximately P=27.7 W, as depicted in Figure
5.33 (b).

Similarly, the ZOA technique demonstrated reliable tracking performance, reaching the

GMPP within 1 s and delivering a PV power of 119.92 W with an 7=99.93%, as shown in

Figure 5.34(a). Under the same operating conditions, the grid supplied approximately P=27.78
W to support the total load demand of 150.57 W, as shown in Figure 5.34(b).

The remaining small difference of about 2.79 W is attributed to inherent system losses,
including power conversion and filtering effects. This ensured stable system operation under
PSC-4.

During PSC-4, the V4 remained close to its reference value, while the Q exchanged with

the grid was minimal, indicating stable SAPF operation performance and efficient power

management.
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Figure 5.33: Experimental results of the proposed GWEO method under PSC-4

163



Chapter 5. Experimental Implementation and Performance Evaluation of the

Grid-Tied PV system with SAPF

ZOA [ ZOA

Te=ls GMPP Tracked | Va=92V 50 V/Div
el PEIOGEW  | va
50 VDiv | Puel1992W 100 W/Diy
fp— Vesousve | '
100 WiDiv S E————— -
| ==
AT P=2178W 100 W/Div
S AIDiy e .l )
| 055/ Div BOHTN - o 1R ) R e e s RN BRI T
1 D/Div || : SAPF on 100 W/Div
x- l = N P « I)‘} »‘E A . S - )
Iracking on @ s | Trackingon OSSIDIY @000 @ —umi
(a) (b)

Figure 5.34: Experimental results of the proposed ZOA method under PSC-4

In the fifth PSC scenario (PSC-5), corresponding to the irradiance profile shown in Table
5.2 and Figure 5.26(f), the performance of the proposed GWEO and ZOA algorithms was
assessed under severe shading conditions. Under these conditions, PV system deliver a
GMPP=100 W.

As shown in Figure 5.35(a), the GWEO algorithm successfully tracked the GMPP within a

Tr=1 s, achieving a =100%. Since the available PV power was lower than the load demand,

the PV system supplied only a portion of the load requirement, while the remaining P was
drawn from the grid to maintain power balance. In this case, the grid supplied approximately
P=63.62 W, as depicted in Figure 5.35(b). The observed power mismatch is mainly attributed
to inherent system losses.

Similarly, the ZOA algorithm exhibited comparable tracking performance, converging to

the GMPP within 77=0.65 s and delivering a similar power level with a 7 =100%, as depicted

in Figure 5.36(a). Under the same operating conditions, the grid supplied approximately P=
63.618 W, as shown in Figure 5.36(b). ensuring stable system operation under PSC-5.
Throughout PSC-5, the Va accurately tracked its reference, while the Q exchanged with the
grid remained minimal. This demonstrates stable SAPF operation and effective PV injection,
achieved by the proposed FOPI-AW-ZOA strategy even under severe partial shading

conditions.
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Figure 5.35: Experimental results of the proposed GWEO method under PSC-5
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Figure 5.36: Experimental results of the proposed ZOA method under PSC-5

All results obtained using the proposed GWEO and ZOA methods are summarized in the

Table 5.5. The values of the PV system components listed in the Table 5.5 were obtained using

PV emulator. The accompanying Figure 5.37 presents a representative example of the PV

voltage, PV current, and PV power values. The ZOA algorithm was selected solely for

illustrative purposes to demonstrate how the photovoltaic electrical quantities are evaluated and

displayed. This example clarifies the procedure adopted to extract and visualize the PV

parameters.

Furthermore, system variables can be monitored and recorded in real time via the Control

Desk interface during the experimental operation. In addition, electrical quantities related to the

SAPF, particularly power quality indicators, are measured using a power analyzer. The

corresponding measurements and analyses will be presented and discussed in a subsequent

section.
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Table 5.5: Summarizing the experimental results of proposed methods ZOA and GWEO
under PSCs

MPPT PSCs V,,, (") 1,,(4d B,,W) P, W) P Pioaa  Powerloss  T7(s)  5(%)

PSC-1 2827 4.637 133.17 1332 33.79 16.39 1 99.98
PSC-2 3153 4789 15098 151.1 1191 12.32 1 99.92
GWEO PSC-3 50 5076 25379 254  -60.4 42.82 1.05  99.84
PSC-4 30 4 120 120 277 2.87 0.85 100
PSC-5 20 5 100 100  63.62 150.  13.048 1 100
PSC-1 295 451 133 1332 3396 57 16.39 1.05  99.85
PSC-2 301  5.02 151 151.1  11.89 12.32 1.1 99.93
ZOA PSC-3 482 527 254 254 -60.61 42.82 0.7 100
PSC-4 29.98 4 11992 120  27.78 2.87 1 99.93
PSC-5 192 5.2 100 100 63.62 13.048 0.65 100
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The results presented in Figure 5.38 provide a comprehensive comparative analysis of the

key performance metrics, namely 7 and 77, for the evaluated MPPT algorithms under PSCs.
As illustrated in Figure 5.38(a), both GWEO and ZOA exhibit high 7 across all PSCs (PSC-

1 to PSC-5). However, the GWEO technique generally achieves slightly higher or comparable
efficiency levels, indicating its strong capability to accurately track the GMPP and maximize
energy extraction. Minor variations observed under certain PSCs reflect the sensitivity of the
algorithms to shading patterns.

In terms of 77, shown in Figure 5.38(b), noticeable differences can be observed between the
two methods. The ZOA algorithm demonstrates faster convergence in several scenarios,
highlighting its advantage in terms of rapid response and reduced tracking duration. On the
other hand, GWEO maintains stable tracking performance with competitive convergence times,
ensuring reliable operation without excessive delay.

Overall, this comparison highlights the trade-off between convergence speed and tracking
accuracy. While ZOA offers faster tracking in some cases, GWEO provides superior or
comparable efficiency, making both algorithms suitable for MPPT applications, depending on

the priority between speed and energy harvesting performance.
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Figure 5.38: Comparative performance analysis of the proposed GWEO and ZOA techniques
under PSCs in terms of: a) , and b) 77
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5.7.4 Experimental results under DSCs scenario of proposed methods

To further evaluate the robustness of the proposed GWEO and ZOA techniques under DSCs,
additional experiments were conducted involving a transition between two PSC scenarios,
namely PSC-3 and PSC-1, as illustrated in Figures 5.39 and 5.40. The shading pattern was
intentionally changed after 6 s, allowing sufficient time to capture both the transient and steady-
state responses of the algorithms in each scenario.

As shown in Figure 5.39(a) for the ZOA method, the algorithm successfully tracks the
GMPP after the shading transition. The recorded 77 =0.95 s during the initial tracking phase
and 77=1.59 s following the re-initialization process, indicating fast convergence and effective
adaptation to irradiance variations.

Similarly, Figure 5.40(a) demonstrates the performance of the GWEO technique under the
same dynamic conditions. The GWEO algorithm also achieves accurate GMPP tracking, with
a Tr =0.95 s during the first operating stage and a 77 =1.87 s after the shading change,
confirming its robustness despite a slightly longer convergence time compared to ZOA.

From Figures 5.39(b) and 5.40(b), it can be observed that when the SAPF is activated, the
Vae remains well-regulated around 92 V, ensuring stable system operation. Furthermore, during
PV injection, the V. stabilizes rapidly after activation, indicating a fast dynamic response and
efficient energy regulation, even under changes in the irradiance pattern. In addition, the Q is
effectively compensated and maintained close to minimum, while the P follows the available
PV power, confirming proper grid interaction and power quality enhancement.

The experimental results confirm that both ZOA and GWEO algorithms can reliably track
the GMPP under DSC conditions. ZOA provides faster convergence, while GWEO offers stable

and accurate tracking, making both suitable for real-time GCPV applications.
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Figure 5.39: Experimental results of the proposed ZOA method under DSC
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proposed GWEO method under DSC

5.7.5 Experimental evaluation of the proposed methods under PSC-STC transitions

To further assess the dynamic performance of the proposed GWEO and ZOA algorithms,

additional experiments were carried out to investigate the system response during a transition

from PSC-4 to STC, as illustrated in Figures

5.41 and 5.42. The irradiance profile was

intentionally changed after a predefined time interval to allow observation of both the transient

and steady-state behaviors of the MPPT techniques.

As shown in Figure 5.41(a), the ZOA algorithm successfully re-tracks the MPP following

the transition from PSC-4 to STC. After re-initialization, the algorithm converges toward the

new operating point with a recorded 7r=1.42 s,

irradiance variations.

demonstrating effective adaptation to sudden

Similarly, Figure 5.42(a) presents the experimental response of the GWEO method under

the same transition. The GWEOQO algorithm accurately identifies the MPP after the system returns

to STC, achieving a tracking time of about 77 =

0.76 s, which is faster than that of ZOA. The

tracking process remains stable and free of oscillations.

From Figures 5.41(b) and 5.42(b), it can be observed that once the SAPF is activated, the

Vae 1s well regulated around its reference value of 92 V, ensuring stable operation of the power

conversion stage. In addition, the Q is effectively compensated and maintained close to

minimum, while the P smoothly increases to its nominal value under STC, confirming proper

grid synchronization and efficient power flow control.

Overall, these experimental results confirm

that both ZOA and GWEO algorithms are

capable of reliable and accurate GMPP tracking during a dynamic transition from PSC-4 to

STC. While the GWEO method exhibits faster convergence, the ZOA approach maintains stable
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tracking performance, highlighting the robustness and real-time applicability of both techniques

in grid-connected photovoltaic systems.
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Figure 5.41: Experimental results of the proposed ZOA method under PSC-4-STC transition
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Figure 5.42: Experimental results of the proposed GWEO method under PSC-4-STC

transition
5.7.6 Comparative experimental results of MPPT algorithms under STC

MOAs play a vital role in accurately tracking the GMPP in GCPV-SQPF systems. To further
validate the effectiveness of the proposed methods, a comparative experimental study was
conducted under STC. The proposed algorithms were benchmarked against well-established
MPPT techniques, including GWO, WOA, PSO, and FPA, under identical experimental
conditions.

All algorithms were implemented using the same system parameters, control structure, and
operating conditions to ensure a fair and consistent comparison. Figures 43—46 present the

experimental results, illustrating the dynamic responses of each MPPT technique. In addition,
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all key electrical parameters of the PV system and the grid, including P, O, Vac, Ppv, Lpv, Vv, and
D, were continuously monitored, as previously described.

This comparative evaluation highlights the superior tracking MPP performance and
operational stability of the proposed methods compared with conventional and state-of-the-art
MPPT algorithms under STC.

Based on the experimental results presented in Figures 43-46, it can be observed that the
GWO, WOA, PSO, and FPA algorithms are capable of tracking the MPP under STC. Under
these conditions, the PV system generates sufficient power to fully satisfy the three-phase load
demand, while the excess generated power is injected into the utility grid.

For the GWO method (Figure 5.43), the MPP is reached within a 77 =1.6 s, with a 5

=98.94%. After supplying the load, an excess P =-94.4 W is injected into the grid. At the same
time, internal system power losses of about 44.4 W are observed.

In the case of the WOA algorithm (Figure 5.44), a Tr=1.75 s is achieved with a 7=99.12%.

Once the load is fully supplied, a surplus P=-94.8 W is injected into the grid, while comparable
internal power losses are recorded, reflecting a slower stabilization of the optimization process.
As shown in Figure 5.45, the PSO algorithm achieves a fast tracking performance with a 7r

= 1.1 s and a =98.90%. Moreover, the surplus PV power is effectively injected into the grid,

reaching approximately P=-94.25W, which confirms proper energy management and grid
support under STC.
Finally, the FPA method (Figure 5.46) reaches the MPP in 1.9 s, with a 7=98.99%. The

surplus power injected into the grid is approximately P=-94.55 W.

It is worth noting that, in addition to the proposed methods, the comparative MPPT
algorithms also ensure stable V4. and maintain the Q exchanged with the grid close to minimum.
This behavior is observed during both SAPF activation and PV injection modes. However, the
superior stability, faster settling, and enhanced robustness of Vs regulation are primarily
attributed to the proposed P-DPC strategy combined with the optimized FOPI-AW-ZOA
controller, which guarantees effective O compensation and stable system operation under STC.

It should be noted that all quantitative results corresponding to the compared methods are

comprehensively summarized and discussed in Table 5.6.
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Figure 5.43: Experimental results of the proposed GWO method under STC

WOA
“GMPP Tracked

.
055/Div.  D=0577

A et ———

DO

—VF- | p— 'rD

(@)

ITndchlg on I

WOA
Vv

(b)

Figure 5.44: Experimental results of the proposed WOA method under STC
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Figure 5.45: Experimental results of the proposed PSO method under STC
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Figure 5.46: Experimental results of the proposed FPA method under STC

Table 5.6. Comparative performance of MPPT algorithms under STC

MPPT  V,,,(") L, (A) P, (W) By, (W) P Piwad  Power  Tr(s) 15 (%)
loses

GWO 46.684 6.199  289.37 -94.4 1.6 98.94

WOA 4655 6228  289.9 29247 948 1505 444 175  99.12

PSO 4671  6.192  289.22 9425 7 1.1 98.90

FPA  46.65 6209  289.52 9455 1.9  98.99

The results illustrated in Figure 5.47 present a comparative evaluation of the proposed and

benchmark MPPT algorithms in terms of 7 and 77.
As shown in Figure 5.47(a), the GWEO algorithm achieves the highest 7 among all

compared methods, exceeding 99.96%, which highlights its strong capability to accurately
locate the MPP. The ZOA and WOA techniques also demonstrate high efficiency levels, closely
following GWEO. In contrast, GWO, PSO, and FPA exhibit slightly lower efficiencies,
indicating comparatively reduced energy extraction performance under the same operating
conditions.

Regarding 77, depicted in Figure 5.47(b), noticeable differences are observed among the
evaluated algorithms. The GWEO method achieves the shortest 77, demonstrating the fastest
convergence toward the GMPP. The ZOA and PSO algorithms present competitive response
times, while WOA, GWO, and FPA require longer tracking durations, reflecting slower
convergence behavior.

Overall, the bar-chart-based comparison confirms that GWEO offers the best compromise

between high nand fast convergence speed. Although algorithms provide satisfactory

e
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performance, GWEO clearly outperforms the benchmark methods, emphasizing its

effectiveness and suitability for real-time MPPT implementation in GCPV systems.
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Figure 5.47: Comparative performance analysis of MPPT algorithms under STCs in terms of:

a) n,andb) Tr
5.7.7 Comparative experimental results of MPPT algorithms under PSC

Following the evaluation of the proposed MPPT strategies under PDCs, this section presents
a comparative experimental analysis of conventional and state-of-the-art MPPT algorithms
conducted under identical operating scenarios. The comparison focuses on the tracking
performance and the extracted power during both SAPF activation and PV injection. To ensure
a fair assessment, the same partial shading patterns are applied, and the dynamic responses of

the different algorithms are examined sequentially under these conditions.

Under PSC-1, the available PV power at the GMPP (133.2 W) is lower than the three-phase
load demand (150.57 W). As a result, the PV system cannot fully satisfy the load, and the

remaining power deficit is supplied by the utility grid, with additional internal system losses.

This operating behavior has already been discussed earlier.
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For the GWO algorithm (Figure 5.48), the GMPP is tracked with a 77 =1.8 s and a 7

=99.60%. The extracted PV power reaches approximately 132.68 W, supplying part of the load

demand, while the remaining load requirement is supported by the grid, with a P=34.28 W.
The WOA method exhibits slightly improved dynamic performance (Figure 5.49),

achieving a shorter 77 =1.325 s and a higher =99.75%. The extracted PV power closely

approaches the GMPP, reaching approximately 132.88 W, while the remaining demand is
supplied by the grid with a P=34.14 W. These results indicate faster stabilization of the
operating point compared to the GWO algorithm.

In the case of the PSO algorithm (Figure 5.50), the GMPP is reached in 1.65 s, with a 7

=99.52%. The extracted PV power amounts to approximately 132.56 W, which is slightly lower
than that obtained using the GWO and WOA methods, while the grid supplies a P=34.403 W.
Although PSO demonstrates acceptable tracking accuracy, its convergence speed remains
inferior to that of WOA under PSC-1.

The FPA algorithm exhibits the weakest performance under this operating scenario (Figure

5.51). It records the longest 77=1.95 s and the lowest 7 =97.22% among the compared methods.

Consequently, the extracted PV power decreases to approximately 129.5 W, resulting in a P

demand of about 37.46 W from the grid and increased reliance on grid support. This behavior

reflects reduced optimization stability and inferior convergence characteristics under PSC-1.
Overall, the results indicate that although all the compared methods are capable of meeting

the load demand under PSC-1. In contrast, the compared methods exhibit lower 7 and longer

Tr, indicating inferior optimization performance under the same operating conditions. This

behavior further highlights the superior performance of the proposed methods, as discussed

previously.
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Figure 5.48: Experimental results of the proposed GWO method under PSC-1
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Figure 5.49: Experimental results of the proposed WOA method under PSC-1
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Figure 5.50: Experimental results of the proposed PSO method under PSC-1
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Figure 5.51: Experimental results of the proposed FPA method under PSC-1

Under PSC-2, the PV system operates at a GMPP of approximately 151.1 W, which is very
close to the three-phase load demand of 150.57 W. Consequently, the PV system is able to
almost fully supply the load, with only a very small power mismatch attributed to inherent

system losses, as previously mentioned.
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For the GWO algorithm (Figure 5.52), the GMPP is reached within a 77=1.8 s, achieving a
1 =99.34%. The extracted PV power is approximately 150.1 W, which nearly satisfies the load

demand, while the grid supplies a P=12.79 W.
The WOA method exhibits improved performance (Figure 5.53), converging to the GMPP
within 77=1.25 s with a7 =99.91%. The extracted PV power reaches 150.96 W, which closely

matches the theoretical GMPP. The remaining load demand is supported by the grid with a P=
11.93 W, indicating efficient power sharing and stable system operation.

In the case of the PSO algorithm (Figure 5.54), the Tr =1.3 s, while 7=96.65%. The

extracted PV power is 148.65 W, which is noticeably lower than the GMPP. This deviation from
the optimal operating point results in a higher P demand of 14.25 W from the grid, indicating
less effective tracking performance and increased sensitivity to PSC-2.

In this scenario, the FPA algorithm demonstrates the poorest performance (Figure 5.55). It

exhibits the longest 77 =1.95 s and achieves the lowest 7 =94.54%. The extracted PV power

drops substantially to 142.86 W, resulting in a P = 20.03 W, which increases the mismatch with
the load and raises internal system losses. This behavior underscores the limited robustness of
the FPA algorithm under PSC-2. The remaining power mismatch is minimal and is mainly
attributed to system losses, estimated at about 12.32 W. Overall, under PSC-2, GWO and WOA
demonstrate superior tracking accuracy and stability, successfully extracting power very close
to the GMPP and nearly satisfying the load demand. In contrast, PSO and FPA suffer from
reduced efficiency and larger deviations from the optimal operating point, confirming the

advantage of more robust optimization strategies under PSC-2.
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Figure 5.52: Experimental results of the proposed GWO method under PSC-2
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Figure 5.53: Experimental results of the proposed WOA method under PSC-2
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Figure 5.54: Experimental results of the proposed PSO method under PSC-2
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Figure 5.55: Experimental results of the proposed FPA method under PSC-2

Under PSC-3, the PV system operates at a high GMPP of approximately 254.2 W, which is
significantly higher than the load demand (150.57 W). Consequently, the PV array is capable
of fully supplying the load, while the excess generated power is injected into the utility grid.
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With the GWO algorithm (Figure 5.56), the PV system produces approximately 253 W,

achieving a 77=1.6 s and a 7=99.60%. The system operates stably, delivering a noticeable

surplus power to the grid (P=-59.61 W).
The WOA method achieves comparable performance (Figure 5.57), extracting around

251.24 W with a Tr =1.35s and a n=98.91%. The system operates stably, delivering a

noticeable surplus power to the grid (P=-57.849 W), although the extracted power is slightly
lower than that of GWO.
For PSO (Figure 5.58), the extracted power decreases to approximately 249.82 W, with a T

=1.3s and a =98.35%. The system exhibits larger oscillations around the optimal operating

point, resulting in increased power deviation and slightly reduced efficiency under this complex
shading condition, while delivering a noticeable surplus power to the grid of 56.43 W.

The FPA algorithm presents the weakest performance under PSC-3 (Figure 5.59). It records
the longest 77=1.95s and the lowest 7=96.61%, extracting only 245.4 W. This pronounced

deviation from the GMPP leads to inefficient utilization of the available solar energy, with a
surplus power of approximately P =—52.01 W injected into the grid.

In summary, under PSC-3, all comparative methods are capable of tracking the GMPP;
however, GWO and WOA demonstrate superior robustness and accuracy, achieving higher
extracted power and better efficiency. In contrast, PSO and FPA suffer from increased

deviations and losses, highlighting their reduced effectiveness under complex partial shading

conditions.
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Figure 5.56: Experimental results of the proposed GWO method under PSC-3
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Figure 5.57: Experimental results of the proposed WOA method under PSC-3
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Figure 5.59: Experimental results of the proposed FPA method under PSC-3

Under PSC-4, the PV system operates at a GMPP of approximately 120 W, which is lower
than the load demand (150.57 W). Therefore, the PV array supplies only part of the required

load power, while the remaining demand is covered by the utility grid.
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For the GWO algorithm (Figure 5.60), the PV system provides 119.6 W and the grid
contributes P=28.1 W under this shading scenario. However, since the Pl =150.57 W, the
supplied power is still insufficient to fully meet the load. The 77=1.1 s, with a high n =99.80%,

indicating good convergence and stable operation.

For the WOA algorithm (Figure 5.61), the PV system provides 117.71 W, and the grid
supplies P=29.99 W under this shading scenario. However, with a Pi,ae=150.57 W, the supplied
power is still insufficient to fully meet the load. The 77 = 0.93 s, with a high 7=99.69%, and

the system exhibits a slightly faster dynamic response than GWO, despite the marginally lower
PV.

For the PSO algorithm (Figure 5.62), the PV system delivers approximately 117.91 W, while
the grid provides P=29.79 W under this shading scenario. With a Pj.a =150.57 W, the combined
supply is still insufficient to fully meet the load. The 7r = 1.7 s, with a 7=99.61%, and the

slower convergence leads to noticeable oscillations during the transient phase.

The FPA algorithm extracts approximately 118.88 W with a 77=1.5 s and a5 =93.73%. The

system draws P=28.82 W from the grid to partially meet the load, yet the total supply is still
insufficient to fully satisfy the demand (Figure 5.63).

Overall, under PSC-4, all comparative algorithms are able to supply a significant portion of
the load, but none fully meet the total demand due to the limited PV output. Tracking times and
efficiencies vary among the methods, with minor differences in dynamic response and internal
losses. The grid provides the remaining power to partially cover the deficit, highlighting the

importance of hybrid operation under moderate PSC-4.
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Figure 5.60: Experimental results of the proposed GWO method under PSC-4
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Figure 5.61: Experimental results of the proposed WOA method under PSC-4
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Figure 5.62: Experimental results of the proposed PSO method under PSC-4
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Figure 5.63: Experimental results of the proposed FPA method under PSC-4

Under PSC-5, the PV array operates at a reduced GMPP of approximately 100 W, which is
significantly lower than the load demand (150.57 W). Consequently, the PV system supplies
only a portion of the Pj,qq, While the remaining power deficit is provided by the utility grid.
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For the GWO algorithm (Figure 5.64), the extracted PV power reaches approximately 98.60
W, with a 77=1.8 s and a 7 =98.60%. Although the GMPP is correctly identified, the longer 77

indicates slower convergence under severe shading conditions. Consequently, the grid supplies
a P=65.021 W to partially satisfy the load demand.
As illustrated in Figure 5.65, the WOA method extracts approximately 98.72 W, achieving

a shorter 77 =1.3 s and a 7 =98.72%. This reflects improved dynamic performance compared

to the GWO algorithm under the same operating condition. Consequently, the utility grid
supplies an P= 64.898 W to compensate for the remaining power deficit.

As shown in Figure 5.66, the PSO algorithm extracts approximately 98.46 W, with a Tr=1.3
s and a =98.46%. The utility grid supplies a P=65.158 W to compensate for the power deficit.

As illustrated in Figure 5.67, the FPA algorithm exhibits the poorest performance under
PSC-5, extracting only 88.05 W with a long 77=1.95 s and a significantly reduced 7 =88.05%.

This behavior indicates that FPA struggles to achieve stable convergence under severe PSC,
leading to substantial power losses. Consequently, the utility grid supplies a P= 75.57 W to
compensate for the resulting power deficit.

All algorithms experience reduced PV power due to severe shading, requiring significant
support from the utility grid. GWO and WOA maintain high efficiency and stable tracking, PSO
shows minor deviations and higher losses, while FPA exhibits the poorest performance with

slow convergence and substantial power losses.
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Figure 5.64: Experimental results of the proposed GWO method under PSC-5
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Figure 5.65: Experimental results of the proposed WOA method under PSC-5
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Figure 5.66: Exprimental results of the proposed PSO method under PSC-5
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Figure 5.67: Experimental results of the proposed FPA method under PSC-5

It is worth noting that the V. remains well-regulated for both the proposed and comparative

MPPT methods, while the O exchanged with the grid stays minimal. This behavior is mainly
attributed to the adopted SAPF control strategy (P-DPC combined with the FOPI-AW-ZOA

regulator), which is uniformly applied across all tested algorithms. Consequently, irrespective

——————————
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of the MPPT technique, the SAPF ensures effective V. regulation during both SAPF activation

and PV injection, confirming the robustness and reliability of the proposed voltage control

scheme under optimized operating conditions.

Moreover, power losses are observed under all optimized operating scenarios (PSC1-PSC5),

consistent with the results obtained for the proposed methods. These losses are primarily

associated with inverter switching losses, conduction losses in the filter inductors and power

electronic components, as well as measurement and control-related losses inherent to real-time

implementation. Table 5.7 presents a comparative evaluation of the conventional MPPT

techniques (GWO, WOA, PSO, and FPA) under different PSCs (PSC-1 to PSC-5).

Table 5.7. Comparative Performance of Conventional MPPT Algorithms under PSCs (PSC-1

to PSC-5)
MPPT PSCs V,,,") L, (4  P,,W) P, W) P Pload  Power T7r(s) #(%)
Losses
PSC-1 29.390 4.5144 132.68 1332 34.28 1639 18  99.60
PSC-2 29.445 50976  150.1  151.1  0.88 1232 1.8  99.34
PSC-3 47.620 53136 253 2542 -59.61 4282 1.6 99.60
GWO PSC4 299 4 119.6 120 48.75 2.87 1.1 99.80
PSC-5 19315 5.1048 98.597 100  65.021 13.048 1.8 98597
PSC-1 2934 45288 13288 1332 34.14 1639 1325  99.75
PSC-2 29.03 5205 15096 151.1  0.02 1232 125 9991
WOA PSC-3 4833 51984 251239 2542 -57.849 4282 135 9891
PSC-4 298 395 11771 120 50.64 15057 287 093 99.69
PSC-5 19.285 5.1159 9872 100  64.898 13.048 13 98.72
PSC-1 2941 45072 132.557 1332 34.403 1639  1.65 99.52
PSC-2 29.12 5.1048 14865 151.1 233 1232 13 96.65
PSO PSC-3 48393 5.1624 249.82 2542 -56.43 4282 13 9835
PSC-4 298 397 11991 120  48.44 2.87 1.7 99.61
PSC-5 19.347 5.0904 9846 100  65.158 13.048 13 98.46
PSC-1 29.89 43344 12950 1332 37.46 1639 195 9722
PSC-2 29.836 4788 14286 151.1  8.12 1232 195 9454
FPA PSC-3 49.04 5004 2454 2542 -52.01 4282 195  96.61
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PSC-4  29.72 4 118.88 120 49.47 2.87 1.5 93.73

PSC-5 2041 4.320 88.048 100 75.57 13.048 1.95 88.048

Across all PSCs scenarios (PSC-1 to PSC-5), the performance of both the proposed
algorithms (GWEO and ZOA) and the comparative MPPT methods (GWO, WOA, PSO, and
FPA) was systematically evaluated. In all scenarios, the algorithms were able to track the

GMPP; however, noticeable differences were observed in terms of 77, extracted power, and 7 .

The proposed GWEO and ZOA algorithms consistently demonstrated superior performance

under all PSCs, characterized by faster convergence, higher 7, and smoother dynamic

responses compared to the conventional methods. In contrast, the comparative algorithms
exhibited slower convergence and larger oscillations during the tracking process, particularly
under more complex shading patterns (PSC-3 to PSC-5), which resulted in increased transient
behavior and reduced optimization stability.

Regarding power losses, it is observed that, for a given operating condition, the losses
remain approximately similar across all algorithms within each scenario. This is because these
losses are mainly inherent to the system itself, including inverter switching losses, filter losses,
and power conversion inefficiencies, rather than being solely dependent on the MPPT
technique. Nevertheless, algorithms with slower convergence and higher oscillations tend to
aggravate these losses during transient periods.

Overall, these results confirm that while conventional MPPT algorithms are capable of
GMPP tracking, the proposed GWEO and ZOA methods provide enhanced performance,
improved stability, and more efficient energy management under all shading scenarios,
supported by an effective control strategy for the GCPV system.

Figure 5.68 summarizes the performance of all MPPT algorithms in terms of 7 and 77 under
PSCs. The proposed GWEO and ZOA consistently achieve higher 5 and faster convergence
compared with the conventional methods. ZOA generally provides the shortest 77, while
GWEO maintains the highest and most stable efficiency. In contrast, GWO, WOA, PSO, and
FPA exhibit slower convergence and increased performance variability under complex shading
conditions. Overall, the proposed methods demonstrate superior robustness, accuracy, and

dynamic response across all PSCs.
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Figure 5.68: Comparative performance analysis of the MPPT techniques under PSCs in terms

of:a) n,and b) Tr

5.7.8 Comparative experimental results of MPPT algorithms under DSC

To further assess the robustness of the MPPT techniques, the proposed algorithms (GWEO
and ZOA) and the comparative methods (GWO, WOA, PSO, and FPA) were evaluated under
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DSC (Figure 5.69-5.72), where the operating point of the PV array changes abruptly due to
transitions between different shading patterns. Such conditions impose severe constraints on
MPPT controllers, requiring rapid reinitialization and accurate retracking of the new GMPP.

For the GWO algorithm (Figure 5.69), the results indicate that the GMPP is successfully
tracked both before and after the shading transition. The recorded 77= 1.6 s during the initial
convergence phase. When the solar irradiance changes from PSC-3 to PSC-1, a recalibration
process is triggered, resulting in noticeable transient fluctuations in the photovoltaic power and
voltage. The new GMPP is reached within a 77= 1.4 s. Although convergence is achieved, these
transient oscillations reveal a moderate sensitivity of the GWO algorithm to rapid irradiance
variations. The WOA algorithm (Figure 5.70) exhibits improved dynamic performance
compared to the GWO algorithm. During the initial convergence phase, a 77=1.3s is recorded.
Following the shading transition, the WOA algorithm rapidly reinitializes and converges to the
new GMPP within a 77=1.58 s. Moreover, the fluctuations in the PV power are less pronounced,
indicating enhanced stability and smoother convergence under dynamic operating conditions.
In contrast, the PSO algorithm (Figure 5.71) exhibits slower dynamic behavior. During the
initial convergence phase, a 77=1.6 s is recorded. Following the transition from PSC-3 to PSC-
1, pronounced oscillations appear in the PV power and voltage waveforms. Consequently, the
algorithm requires a significantly longer time to stabilize at the new GMPP, with a 77 =2.6 s,
indicating limited adaptability to DSCs. The FPA algorithm (Figure 5.72) shows the weakest
performance under DSCs. During the irradiance transition, significant power fluctuations and
prolonged oscillatory behavior are observed. The reinitialization process is slower, and
convergence to the new GMPP is delayed compared to GWO and WOA. This behavior
highlights reduced robustness of FPA under rapidly changing shading conditions and explains
the higher energy losses observed during DSCs.

As illustrated in Figures 5.69-5.72(b), the activation of the SAPF ensures a stable V., which
is consistently regulated around its reference value of 92 V for all evaluated algorithms.
Moreover, the Q is effectively compensated and maintained close to minimum, while the P
accurately follows the available PV generation. These results confirm proper grid interaction,
effective power quality enhancement, and reliable operation of the system regardless of the

MPPT technique employed.
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Figure 5.69: Experimental results of the proposed GWO method under DSC
GMPP Tracked WOA | P — WOA |
e — |
{ 2 |
i :

(a) (b)
Figure 5.70: Experimental results of the proposed WOA method under DSC
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Figure 5.71: Experimental results of the proposed PSO method under DSC
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Figure 5.72: Experimental results of the proposed FPA method under DSC

In summary, all comparative MPPT algorithms are capable of tracking the GMPP under
DSCs; however, their dynamic performance differs significantly. WOA exhibits the fastest
convergence and lowest oscillations, followed by GWO, while PSO and FPA suffer from slower
convergence and higher transient power fluctuations. These differences result in increased
energy losses during dynamic operation for PSO and FPA.

In contrast, the proposed methods (GWEO and ZOA), as discussed previously, demonstrate
superior dynamic behavior, characterized by faster tracking, reduced oscillations, lower losses,
and more stable P regulation. This confirms their suitability for real-time PV applications

subject to rapid and unpredictable shading variations.
5.7.9 Comparative experimental results of MPPT algorithms under PSC-STC transition

During the dynamic shading transition from PSC-4 to STC, the behavior of the comparative
MPPT algorithms (GWO, WOA, PSO, and FPA) was experimentally evaluated, as illustrated
in Figures 5.73-5.76. This transition represents a severe operating condition, since the PV array
abruptly shifts from a multi-peak P—V characteristic to a single-peak profile under STC,
requiring rapid re-tracking and stable power regulation. For the GWO method (Figure 5.73),
the algorithm successfully retracks the new global peak power point following the PSC-4 to
STC transition. After reconvergence, it reaches the new operating point with a 77= 1.6 s,
demonstrating acceptable adaptability to sudden changes in solar irradiance. However,
noticeable fluctuations in the PV power are observed during the transition interval, indicating
moderate dynamic stability. In the case of the WOA algorithm (Figure 5.74), a slightly faster
dynamic response than GWO is achieved; nevertheless, transient power oscillations still occur

immediately after the irradiance transition, reflecting limited damping capability under abrupt

e
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operating changes. For the PSO algorithm (Figure 5.75), the dynamic response is characterized

by a relatively fast initial convergence; however, more pronounced oscillations in PV power

are observed compared to GWO and WOA. This oscillatory behavior during the transition leads

to increased power losses and reduced energy utilization. The FPA algorithm (Figure 5.76)

exhibits the weakest dynamic performance among the comparative methods. Significant power

oscillations and a longer settling time are observed following the PSC-4 to STC transition,

resulting in considerable energy losses and reduced tracking effectiveness.

For all comparative algorithms, the V4 remains well-regulated around its reference value,

confirming that the observed performance degradation is primarily related to MPPT dynamic

behavior rather than limitations of the voltage control loop.
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Figure 5.73: Experimental results of the proposed GWO method under PSC-4-STC transition
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Figure 5.74: Experimental results of the proposed WOA method under PSC-4-STC transition
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Figure 5.75: Experimental results of the proposed PSO method under PSC-4-STC transition
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Figure 5.76: Experimental results of the proposed FPA method under PSC-4-STC transition

Under PSC-4 to STC dynamic conditions, all comparative MPPT algorithms are capable of
retracking the new operating point after the irradiance transition. Some methods exhibit faster
initial tracking, while others require a longer re-tracking duration but eventually converge to
the GMPP with acceptable power levels. The proposed GWEO and ZOA strategies show a more
regular dynamic response, characterized by smoother convergence and reduced oscillations
during the transition. Although comparable algorithms can achieve similar steady-state
performance, the proposed methods provide improved stability and robustness under abrupt

irradiance changes, which is advantageous for practical MPPT operation.
5.8 Experimental analysis of SAPF operation during PV injection under STC and PSCs

In this section, the performance of the SAPF is evaluated under steady-state operating
conditions during PV injection. The main objective is to assess the effectiveness of the SAPF

in enhancing power quality by mitigating current harmonics, compensating Q, and improving
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the overall PF. The SAPF is controlled using a P-DPC strategy, while V4 regulation is ensured
by a FOPI-AW controller optimally tuned using ZOA.

Since the proposed and comparative control strategies exhibit very similar performance
trends under steady-state conditions, a detailed algorithm-by-algorithm analysis is not required.
Therefore, for clarity and conciseness, a single representative control strategy GWEO method,
is selected for in-depth analysis.

The system’s performance, including the source current (), load current (1), filter current
(Iy), and grid voltage (V5), is analyzed during PV injection and under load variation conditions.
Key parameters, including P, O, THD, and PF, are evaluated using a power analyzer. This
comprehensive evaluation provides clear insight into the steady-state performance of the SAPF
and forms the basis for the interpretation of the experimental results presented in the subsequent
figures.

The system behavior before SAPF and during SAPF operation before PV injection has been
thoroughly discussed in previous sections, where the detrimental effects of nonlinear loads,
such as current distortion, increased O, and reduced PF, were clearly identified. Consequently,
this section focuses exclusively on the PV injection stage, assessing the SAPF performance

under both STC and PSC conditions.
5.8.1 Experimental analysis of SAPF operation during PV injection under STC

Figure 5.77(a) illustrates the steady-state operation of the SAPF under STC during PV
injection. The source current (/;) remains sinusoidal and synchronized with the grid voltage
(V5). Due to the surplus power generated by the PV system, this excess energy is injected into
the grid, causing the fundamental component of /; to become phase-opposed to the load current
(1) This behavior confirms correct inverse current injection and effective PV injection through
the SAPF. The zoomed view in Figure 5.77(b) further highlights the high waveform quality and
accurate phase alignment, indicating effective harmonic mitigation and controlled power
exchange with the grid. Figure 5.78 presents the system response under load variation during
PV injection, showing that the SAPF rapidly adapts the /s to the new load conditions, thereby

preserving current quality and ensuring stable operation with a fast transient response.
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Figure 5.77: Experimental waveforms of the GCPV-SAPF under STC during steady-state
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Figure 5.78: Experimental waveforms of the GCPV—-SAPF system under STC during load

variation

Figure 5.79(a) illustrates the harmonic performance of the /; for Phase a under STC with PV
power injection. The measured THD=9.4% confirms effective harmonic attenuation. Figure
5.79(b) shows that this harmonic mitigation is consistent across all three phases (/s-a, b, and ¢),

maintaining a THD =10.5% and demonstrating balanced, reliable operation.

These results confirm that, under steady-state conditions with PV injection, the SAPF

ensures effective harmonic attenuation, proper power flow, and stable /; behavior.
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Figure 5.79: Harmonic distortion of the GCPV-SAPF system under STC

In Figure 5.80(a), the three vectors represent the SAPF injected compensating currents for
the three phases. Each current vector is approximately 180° opposite to its corresponding load
harmonic current, illustrating the intended inverse current injection, which enables harmonic
cancellation and reactive power compensation. In Figure 5.80(b), the three vectors represent
the three-phase supply voltages, spaced at 120° apart, confirming a balanced voltage system.
The compensated source current vectors (shown close to the voltage directions) are nearly in
phase with the supply voltages, indicating successful reactive power regulation and power

factor improvement toward unity.
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Figure 5.80: Phase shift angle between the GCPV—-SAPF system and supply voltage under
STCs

Figure 5.81(a) presents the real-time power measurements of the GCPV-SAPF system under
STC, as reported by the power analyzer. In this operating condition, the PV array generates
surplus useful power that is injected into the grid, where the P delivered to the grid reaches

approximately P=-97.38 W. Meanwhile, the SAPF effectively compensates the O component,
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reducing power quality distortions and validating proper power flow regulation and harmonic
mitigation during steady-state compensation. Figure 5.81(b) presents the corresponding power
quality indicators under STC, including PF, cos ¢, and tan ¢. The results indicate nearly
balanced P sharing among the three phases and a negligible O demand. A PF = -0.91 is
consistently maintained across all phases, confirming effective Q compensation and reliable

harmonic mitigation with minimal harmonic influence on the power measurements.
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Figure 5.81. Power analyzer measurement results of three-phase power quality parameters
under STC

Overall, the experimental results under STC confirm that the SAPF effectively mitigates
current harmonics, enhances PF, and ensures stable dynamic performance, demonstrating its

suitability for practical PQ improvement applications.

5.8.2 Experimental analysis of SAPF operation during PV injection under PSC

Under PSC-1, Figure 5.82(a) illustrates the experimental waveforms of the Vs, I, I, and 11
under PSC-1 during steady-state operation. Due to partial shading, the /s remains sinusoidal and
synchronized with the Vs, and is close to minimum because the load is mainly supplied by the
PV system. Figure 5.82(b) provides a zoomed view, highlighting the steady-state behavior of
the currents and confirming the waveform characteristics under PSC-1.

Figure 5.83(a) shows the system response to load changes, demonstrating that the Z; slightly
varies according to the new load and shading conditions, while the PV system and grid maintain
continuous load supply. Figure 5.83(b) presents a zoomed view, highlighting the system’s

response to load variations under PSC-1.
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Figure 5.82: Experimental waveforms of the GCPV-SAPF under PSC-1 during steady-state
operation
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Figure 5.83: Experimental waveforms of the GCPV-SAPF system under PSC-1 during load

variation

Figure 5.84(a) shows the harmonic distortion of the /; in phase a under PSC-1 operating

conditions. Since the PV system supplies most of the load, the /; remains very low, and the

distorted load current is mainly drawn from the PV. As a result, the THD =14.5% due to the

small magnitude of the /. Figure 5.84(b) confirms that the THD behavior is similar across the

three /s (a, b, and ¢) under PSC-1.
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Figure 5.84: Harmonic distortion of the GCPV—-SAPF system under PSC-1

Figure 5.85(a) illustrates the instantaneous power measurements of the GCPV-SAPF system
under PSC-1, as recorded by the power analyzer. The measured values include P, O, S, and D.
In this scenario, the PV array supplies most of the load, while the grid provides only a small
portion.

Figure 5.85(b) presents the corresponding power quality parameters, including PF = 0.646,
and cos ¢ = 0.986. The relatively low PF is primarily due to the combination of the limited grid
contribution and the moderate D, which increases the S relative to the P. Despite the low PF,
the three-phase P and Q distribution remains nearly balanced, and the voltage-current phase

relationship is preserved, indicating stable operation of the system under PSC-1.

1 @ 3 1 () 3

P (W) +12.36 +994 +1149 L v +0.517 +0.549 +0871 -
x & u u
s 033 -138 4028 @ ¢ 40986 4098 40986 2
awan +-142 +-153 +-145 @ —
v » = v

T~ 2053 14.85 661 tand 0.115 0128 -0.131

S (VA) 2401 17.94 1333 Pya -007¢  -007°  -008°
w.. EEDN S S0 0 B W pr.  SSH SSH N e

(a) (b)
Figure 5.85: Power analyzer measurement results of three-phase power quality parameters
under PSC-1

Under PSC-2, Figure 5.86(a) presents the experimental waveforms during steady-state
operation. Despite partial shading, the PV system supplies most of the load demand.

Consequently, the grid /; remains very small, indicating that only a limited amount of power is
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drawn from the grid. Figure 5.86(b) provides a zoomed-in view highlighting the steady-state
behavior and confirming that the PV system covers most of the load demand, with minimal
contribution from the grid. Figure 5.87(a) shows the system response to a load change under
PSC-2. When the load increases beyond the PV generation capability, the grid supplies the
additional required current, while the PV system continues to operate at its maximum available
power. This demonstrates proper power sharing between the PV system and the grid. Figure
5.87(b) illustrates a zoomed-in view, highlighting the slight increase in /; and the stable dynamic

response of the system during the load transition.
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Figure 5.86: Experimental waveforms of the GCPV-SAPF system under PSC-2 during
steady-state operation
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Figure 5.87: Experimental waveforms of the GCPV-SAPF system under PSC-2 during load

change

Figure 5.88(a) shows the harmonic distortion of the /; in phase a under PSC-2 operating
conditions. Since the PV system supplies nearly all of the load demand, the grid /; is almost

zero, indicating that the grid contribution is minimal. The /; is therefore mainly supplied by the

e
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PV-side inverter. As a result, the THD reaches approximately 23.5%, which is mainly due to
the very low magnitude of the /s rather than to ineffective harmonic compensation. Figure
5.88(b) shows that a similar THD behavior is observed for all three phases (a, b, and ¢) under
PSC-2 conditions. It should be noted that when the /; magnitude is very small, the THD value
tends to increase, since the relative contribution of harmonic components becomes more

significant, even though the grid contribution to the load remains minimal.
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Figure 5.88: Harmonic distortion of the GCPV-SAPF system under PSC-2

Figure 5.89(a) presents the power quality parameters of the three-phase system under PSC-
2, reporting a P=0.864 and cos ¢ = 0.992, which confirm operation close to unity PF with
effective O regulation. Figure 5.89(b) shows the P distribution across the phases under the same
conditions. The measured P=11.91 W in Phase a, while phases b and ¢ show 0 W, indicating
that active power delivery occurs only in phase a under PSC-2. In this case, the PV power is
approximately equal to the load demand, and the grid contribution remains nearly zero,

confirming continuous and stable load supply under PSC-2.
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Figure 5.89: Power analyzer measurement results of three-phase power quality parameters
under PSC-2.
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Under PSC-3, Figure 5.90(a) presents the steady-state performance of the GCPV-SAPF
system. In this operating condition, the PV system, through the grid-side inverter, supplies the
entire load demand, and the surplus P is exported to the utility grid. The /; remains sinusoidal
and synchronized with the grid voltage; however, its direction is reversed with respect to the
defined grid-to-load reference, indicating P injection into the grid. This confirms the correct
power-flow direction and stable interaction between the PV system and the utility network.

The enlarged view in Figure 5.90(b) further emphasizes the steady-state behavior,
highlighting the sinusoidal waveform and precise phase alignment of the source current with
the grid voltage despite the reversed direction. Figure 5.91(a) illustrates the system response to
load variations under PSC-3. When the load changes, the /s adapts smoothly to maintain the
power balance among PV generation, load demand, and the power exported to the grid. The
waveform remains stable and sinusoidal during the transient period, demonstrating the
robustness of the system. Figure 5.91(b) provides a zoomed-in view, emphasizing the rapid
adjustment of the source current and the overall stability of the GCPV-SAPF system during

load transitions.
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Figure 5.90: Experimental waveforms of the GCPV-SAPF system under PSC-3 during

steady-state operation

201



Chapter 5. Experimental Implementation and Performance Evaluation of the

Grid-Tied PV system with SAPF

g L Il.oadcluugc L {104/ div] <. L l@uﬂi Load change 1 10 4 /div]
L\ L\

oA A AN ALY -

|k | NERREAR p. 3 |
A — V,120 V/ div] i ot V.20V /div) |
o .- O oy
&i y \ TA Q: y |
5-‘ {{ AAANARAAAARNA ‘, PAAARAN ’]IIO‘/“"I k ,[-."\ ™ 2 M N A A A 2 ,,”"/al‘l ’
I"' ATANAY AARA [ 15 LS00 XK AR A WL 43¢ 3
E VvV iuyyvuyy [ \ iU [ F W o vV s ) ( . - ‘

(a) (b)

Figure 5.91: Experimental waveforms of the GCPV-SAPF system under PSC-3 during load

change

Figure 5.92(a) shows the harmonic distortion of the /; in phase a under PSC-3. In this
scenario, the PV system, through the grid-side inverter, supplies most of the load demand, and
the surplus active power is exported to the utility grid. As a result, the /; is small in magnitude
and flows in the opposite direction relative to the I, reflecting power export to the grid. The
THD reaches approximately THD=14.5%, which is primarily due to the low magnitude of
rather than poor harmonic compensation. Figure 5.92(b) shows that the THD behavior is similar
across all three phases (a, b, and ¢), with a THD =14.8%. This indicates a consistent harmonic
profile among the three-phase /s and confirms stable current quality at the PCC under PSC-3

steady-state conditions.

v 3Bxr @& 14.5x¢ @ 157xr @ 138xr () 151%r @ === xr
228 T v 800 T A
goo0 |- . e R A N\
b y
A, | o A e O o |
0 L 0 - m
%WM 12 L,_WM,VN 2
[&] (&}
N N
-8.00 g N
-228 % -8.00
d 50ms Vie 4185 Als -13 : (= S0ms Als +27 A2= <07 A3 <10 ANs ----
fRMS THD ICEW D R E®  AMS THD -——-
(a) (b)

Figure 5.92: Harmonic distortion of the GCPV— SAPF compensating currents under PSC-3

Figure 5.93(a) presents the real-time power measurements of the GCPV-SAPF system
under PSC-3. In this scenario, the PV system, through its grid-connected inverter, delivers most

of the load demand, with a surplus P =-60.4 W injected into the utility grid.
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Figure 5.93(b) shows the corresponding power quality indicators, including a PF =~ -0.944
and cos ¢ = 0.988. The negative PF indicates that P is being exported from the PV system to
the grid. The results also demonstrate a nearly balanced distribution of active power among the
three phases and minimal Q, reflecting the efficient operation of the PV system and stable power

export under PSC-3 conditions.
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Figure 5.93: Power analyzer measurement results of three-phase power quality parameters

under PSC-3.

Under PSC-4, Figure 5.94(a) illustrates the steady-state waveforms under PSC-4
conditions. In this scenario, the PV array is unable to fully supply the load, so the grid provides
the missing power; however, the load is still not completely met. The /s flows in the same
direction as the Vs to compensate for the deficit in PV generation. The waveform remains
sinusoidal, indicating stable operation despite the insufficient PV power.

Figure 5.94(b) presents a zoomed-in view of the waveforms under steady-state conditions,
highlighting the fine details of the /; and ;. Figure 5.95(a) shows the system response to a load
change under PSC-4 conditions. When the load varies, the /; adjusts smoothly to maintain the
power balance between PV generation, load demand, and the grid contribution. The waveform
remains sinusoidal and stable, confirming that the grid reliably supports the load during
dynamic conditions. Figure 5.95(b) provides a zoomed-in view of the waveforms during the
load change, emphasizing the smooth adjustment of the /; and the stability of the system under

transient conditions.
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Figure 5.94: Experimental waveforms of the GCPV-SAPF system under PSC-4 during
steady-state operation

I, Load change LioA/div] | f 1, Zoomed Load change 1104/ div]

W i | | 1 { { {

| ¥, — V.20vidif |y iy V120 V/ div]

e o rodrdiv p Bmy | 1A zdi

IR
-

LAARLEALLRL -l

o daa 4 Lioasds) NPEPEPN

B aApppandprpan! nh NANMN | | AW R - f \ -l
3:"|||..As‘\“!‘.vtl'.‘s.-v \ f J LR y J y J i\ J

| - : NN YN NN ’_‘g‘ | 0 ‘ ) 5 v N v Y g Y

(a) (b)

Figure 5.95: Experimental waveforms of the GCPV-SAPF system under PSC-4 during load

change

Figure 5.96(a) presents the harmonic distortion of the /; in phase a under PSC-4 conditions.
As the PV system is unable to fully supply the load, the grid provides the missing P, and the /;
flows in the same direction as the grid voltage. The current magnitude is relatively low, resulting
in a THD =11.6%.

Figure 5.96(b) shows the THD behavior for all three phases (a, b, and ¢). The three-phase I
remained well-balanced, and the waveforms are sinusoidal and stable. The relatively higher
THD is attributed to the low magnitude of the I;, which amplifies the relative impact of
harmonic components. These results confirm that the system maintains acceptable current

quality under PSC-4, despite the insufficient PV generation.
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Figure 5.96: Harmonic distortion of the GCPV-SAPF system under PSC-4

Figure 5.97 presents the power analyzer measurements of the three-phase power quality
parameters under PSC-4. In this scenario, the PV system cannot fully supply the load, and the
grid provides the missing power. The measured three-phase P =27.7 W, Q0= -5.01 W, PF =
0.535, the cos ¢ = 0.966, and D = 62.58 VAR. The relatively low PF is primarily due to the
combined effects of the limited O and the moderate D, which increase the S relative to the P,
Despite the low current, the three-phase P and Q distribution remains nearly balanced, and the
voltage-current phase relationship is preserved, indicating stable system operation under PSC-

4, even in the presence of moderate harmonic distortion.
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Figure 5.97. Power analyzer measurement results of three-phase power quality parameters
under PSC-4

Under PSC-5, Figure 5.98(a) illustrates the steady-state waveforms under PSC-5. In this
scenario, the photovoltaic array supplies only a portion of the load (approximately 100 W out
of a total load of 150.57 W), while the remaining power is provided by the utility grid. The

source current flows in the same direction as the grid voltage to compensate for the deficit in
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PV generation. Despite the partial supply from PV, the waveform remains sinusoidal and well-

aligned with the grid voltage, indicating stable operation.

Figure 5.98(b) presents a zoomed-in view of the source current waveform, emphasizing the

precise tracking of load requirements and the stable steady-state behavior under PSC-5. Figure

5.99(a) depicts the system response to load variations under PSC-5. When the load changes, the

source current adapts smoothly to maintain the power balance between PV generation, grid

contribution, and load demand. The waveform remains stable and sinusoidal, demonstrating the

robustness of the system during transient conditions. Figure 5.99(b) provides a zoomed-in view,

highlighting the rapid adjustment of the source current and confirming the reliability of the grid

support in meeting the load deficit during dynamic operation.
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Figure 5.98: Experimental waveforms of the GCPV-SAPF system under PSC-5 during

steady-state operation
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Figure 5.99: Experimental waveforms of the GCPV-SAPF system under PSC-5 during load

change
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Figure 5.100(a) illustrates the harmonic distortion of the /s in phase a under PSC-5
conditions, where the THD = 7.9%. Despite the PV array supplying only a portion of the load,
the SAPF and grid support maintain a relatively low distortion level, ensuring good current
waveform quality. Figure 5.100(b) shows the THD behavior across all three phases (a, b, and
¢), indicating that harmonic mitigation is consistent and three-phase operation remains
balanced. The results confirm that the SAPF effectively manages harmonic content even when
the /s increases to compensate for the PV deficit, preserving sinusoidal waveforms and overall

system stability under partial shading and low PV generation conditions.
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Figure 5.100: Harmonic distortion of the GCPV-SAPF system under PSC-5

Figure 5.101 (power analyzer measurements) presents the three-phase PQ parameters under
PSC-5. The measured P = 63.62 W, O = -4.35 VAR, D =12.58 VAR, PF = 0.996, and cos ¢ =
0.979. The slightly reduced PF is primarily influenced by the D and the relative contribution of
the ;. The three-phase P distribution remains nearly balanced, and the voltage-current phase

relationship is well-maintained, confirming stable and reliable system operation.
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Figure 5.101: Power analyzer measurement results of three-phase power quality parameters
under PSC-5
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The experimental investigations conducted under various PSC scenarios clearly
demonstrate the robust and reliable performance of the GCPV-SAPF system. The studied
operating conditions include cases where the PV array is unable to fully supply the load,
conditions where PV generation closely matches the load demand, scenarios in which the PV
system supplies the load with surplus power injected into the utility grid, and cases where the
PV system supplies the load while still requiring partial support from the grid. Together, these
scenarios encompass all practically possible operating modes of GCPV-SAPF systems under
partial shading.

Across all scenarios, the SAPF effectively mitigates current harmonics, maintains nearly
sinusoidal I, waveforms, and ensures balanced three-phase operation at the PCC. The
experimental results confirm that the SAPF control strategy adapts efficiently to variations in
irradiance, operating mode transitions, and load changes, without compromising system
stability or overall power quality.

It is observed that under certain operating conditions, particularly when the /; magnitude is
very low or approaches zero, the measured THD of /i increases. This increase in THD does not
indicate poor filtering performance; rather, it results from the low fundamental current
magnitude, where even small residual harmonic components become significant in relative
terms. Under these conditions, the S increases due to the relatively larger contribution of the D,
which in turn affects the measured PF. Despite this, the O remains negligible, and the voltage-
current phase angle cosine remains close to unity, confirming that system operation and
harmonic mitigation remain effective.

Furthermore, dynamic tests involving load variations and operating condition transitions
demonstrate the fast transient response of the SAPF. The system rapidly restores steady-state
operation following disturbances, ensuring continuous harmonic mitigation, stable power

exchange, and reliable power quality enhancement under all examined PSC scenarios.
5.9 Practical limitations and challenges

Although the proposed optimization algorithms and the overall GCPV-SAPF system
demonstrated successful operation under STC, PSC, DSC, and during transitions from PSC to
STC, achieving these results required overcoming significant practical limitations and
experimental constraints.

One of the major challenges was related to the measurement system and sensing equipment.

Several sensors operated using battery power, and variations in battery charge directly affected
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measurement accuracy and computational results. This limitation influenced the reliability of
measured quantities such as active power, reactive power, power factor, and THD, thereby
impacting system evaluation.

Another critical limitation was the restricted computational capability of the available
DSPACE units. Two dSPACE devices, one from 2008 and the other from 2011, were used for
real-time control and signal processing. Their limited performance resulted in slower
computations, constraining the real-time implementation of the algorithms and affecting
dynamic system performance.

Furthermore, energy losses were observed during system operation due to the integration of
additional hardware components. The equipment was also sensitive to temperature variations,
as thermal effects impacted the performance and reliability of power electronic devices, sensors,
and measurement accuracy, particularly during prolonged operation.

Furthermore, thermal effects significantly influenced the system. The equipment’s
performance and the accuracy of power electronic devices and sensors were affected by
temperature variations during prolonged operation. In addition, the resistances of the coils
(bobines) contributed to variations in current measurements and affected system behavior,
requiring careful consideration during experiments.

Despite these constraints, the system achieved stable operation and satisfactory
performance, highlighting the robustness of the proposed optimization and control strategies
under realistic experimental conditions. These limitations emphasize the need for improved
sensing devices, higher-performance dSPACE platforms, enhanced thermal management, and

controlled laboratory environments, which will be addressed in future work.
5.10 Conclusion

This chapter presented the experimental validation of the proposed GCPV-SAPF system,
focusing on the implementation and performance evaluation of the developed control and
optimization strategies under real operating conditions. The experiments were carried out using
the dSPACE DS1104 real-time control platform, which provided a reliable interface for signal
acquisition, control execution, and data analysis. Through this setup, the feasibility and
robustness of the predictive control and metaheuristic-based optimization techniques were
verified.

The obtained experimental results have successfully confirmed the accuracy and

effectiveness of the proposed control architecture. The PDPC combined with the FOPI-AW
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controller tuned by the ZOA algorithm demonstrated excellent performance in maintaining Ve
stability, minimizing overshoot, and ensuring smooth dynamic response even under grid
disturbances and varying irradiance levels. The integration of anti-windup compensation further
enhanced the system’s robustness and stability.

For the PV subsystem, the proposed MPPT algorithms, namely, the ZOA, and GWEO,
exhibited superior performance compared to conventional methods such as PSO, GWO, WOA,
and FPA. Experimental results under STC, PSCs, and DSC revealed that the proposed methods
achieved faster convergence toward the GMPP with reduced oscillations, higher tracking
efficiency, and improved steady-state accuracy. The GWEO-based MPPT, in particular,
provided a balanced trade-off between convergence speed and precision, proving to be the most
effective algorithm for real-time operation.

Additionally, the SAPF subsystem efficiently compensated reactive power, reduced THD in
grid current to levels compliant with IEEE-519 standards, and maintained unity power factor
operation during all test scenarios. This confirmed the capability of the system to inject active
power into the grid while simultaneously improving power quality.

Overall, the experimental results demonstrate the practicality and high performance of the
proposed GCPV-SAPF system. The combination of advanced predictive control, fractional-
order regulation, and intelligent metaheuristic optimization ensures optimal energy utilization
and enhanced power quality in grid-connected renewable energy systems.

The findings of this chapter validate the theoretical based studies presented in the previous
chapters and provide strong evidence of the proposed system’s potential for real-world

applications
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General Conclusion

This thesis focused on the experimental study of GCPV-SAPF system and the development
of advanced strategies for improving their performance through optimization algorithms and
control techniques. The primary objective was to maximize energy extraction and enhance

power quality under varying environmental conditions, including STC and PSC.

Several metaheuristic and hybrid optimization algorithms were independently applied,
including the ZOA, GWEO, and the hybrid GWO-PSO. Experimental results demonstrated that
these proposed algorithms outperform conventional optimization methods in terms of

convergence speed, energy yield, and robustness under different operating conditions.

In parallel, a P-DPC with FOPI-AW tuning, adjusted using the ZOA, was implemented for
the shunt active power filter. This control approach effectively reduced current harmonics and
improved reactive power compensation, resulting in higher system stability and enhanced

power quality.

The findings of this work confirm that combining advanced optimization algorithms with
precise control of SAPF provides an effective and reliable solution for improving both energy
efficiency and power quality in real GCPV-SAPF systems. Furthermore, this study provides a
strong foundation for future applications in larger systems or more complex networks, with the
potential to develop more adaptive and dynamic control and optimization strategies to

maximize the benefits of renewable energy integration.
Recommendations for future work:

1. Conduct experimental studies on larger photovoltaic systems to evaluate the impact of

system scale on algorithm performance and control effectiveness.

2. Develop adaptive real-time optimization algorithms to handle rapid environmental

changes more efficiently.

3. Integrate energy storage systems and evaluate combined control strategies to further

enhance grid stability and energy management.

4. Implement additional renewable energy sources, such as wind turbines, into the DC bus

of shunt active power filters.
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5. Test and evaluate new power converter topologies, such as the Z-source inverter, for

enhanced system performance.
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Abstract:

Integrating photovoltaic (PV) systems into today’s power grids brings about a number of practical challenges,
especially when it comes to maintaining good energy efficiency and consistent power quality. This thesis proposes
and experimentally investigates advanced optimization and control strategies to boost the overall performance of
GCPV-SAPF systems. Different metaheuristic and hybrid-based optimization approaches, among which the ZOA,
GWEDQO, and hybrid GWO-PSO, were independently applied to maximize power extraction through MPPT. Their
experimental performance was systematically compared with widely recognized metaheuristic algorithms,
including GWO, PSO, WOA, and FPA, considering convergence speed, energy yield, and robustness under
different levels of solar irradiance and PSCs. In parallel, a P-DPC with FOPI-AW tuning, as determined by ZOA,
was implemented for the SAPF, effectively mitigating grid current harmonics and enhancing reactive power
compensation. Experimental results demonstrate that the proposed optimization algorithms achieve superior
MPPT performance, while the ZOA-tuned FOPI-AW controller ensures enhanced power quality and system
stability. The results demonstrate that the proposed methods are practically applicable, reliable, and robust, offering
practical solutions for increasing energy efficiency and maintaining high power quality in real grid-connected
photovoltaic systems.

Keywords: Maximum Power Point Tracking (MPPT), Metaheuristic Optimization Algorithms (MOAs),
Photovoltaic (PV) systems, Power Quality (PQ), Predictive-Direct Power Controller (P-DPC), Shunt Active Power
Filter (SAPF).

Résumeé :

L’intégration des systémes photovoltaiques (PV) dans les réseaux électriques modernes pose des défis
importants en termes d’efficacité énergétique et de qualité de I’énergie. Cette thése propose et étudie
expérimentalement des stratégies avancées d’optimisation et de controle visant a améliorer les
performances des systémes PV connectés au réseau, intégrant des FAP. Plusieurs algorithmes
d’optimisation métaheuristiques et hybrides, ZOA, GWEO, et GWO-PSO, ont été appliqués de manicre
indépendante pour maximiser 1’extraction de puissance via le MPPT. Leurs performances
expérimentales ont ¢été systématiquement comparées avec des algorithmes métaheuristiques
conventionnels, incluant GWO, PSO, WOA et FPA, En prenant en considération la vitesse de
convergence, du rendement énergétique et de la robustesse sous différentes conditions d’irradiation et
d’ombre partielle. Parallélement, un P-DPC avec régulation FOPI, réglé par ZOA, a été mis en ceuvre
pour le FAP, permettant de réduire efficacement les harmoniques du courant du réseau et d’améliorer la
compensation de puissance réactive. Les résultats expérimentaux démontrent que les algorithmes
d’optimisation proposés atteignent des performances supérieures de MPPT, tandis que le contréleur
FOPI réglé par ZOA garantit une meilleure qualité de 1’énergie et la stabilité du systéme. Ces résultats
confirment 1’applicabilité pratique, la fiabilité et la robustesse des méthodes proposées, offrant des
solutions efficaces pour améliorer 1’efficacité énergétique et maintenir une haute qualité de 1’énergie
dans les systémes photovoltaiques connectés au réseau.

Mots-clés : Algorithmes d’optimisation métaheuristiques (MOAs), Contrdleur prédictif a puissance
directe (P-DPC), Filtre Actif Parallele (FAP), Qualité de 1’énergie (PQ), Systémes photovoltaiques (PV),
Suivi du point de puissance maximale (MPPT).
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