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Résumé

Cette thése présente une contribution a 1’étude et a 1’optimisation de 1’énergie générée des champs photovoltaiques (PV)
soumis a un ombrage partiel (PS) en exploitant les algorithmes méta-heuristiques pour la poursuite du point de puissance maximale
(MPP). Dans ces conditions, les caractéristiques de sortie P-V et I-V d’un champ photovoltaique sont multimodales. Les
techniques MPPT conventionnelles sont inadéquates dans ces situations et convergent souvent vers un maximum local ce qui cause
des pertes énormes en énergie. En plus, les algorithmes méta-heuristiques peuvent présenter des difficultés de convergence sous
certains scénarios d’ombrages complexes ou di & un mauvais ajustement des paramétres lors des changements climatiques. Do,
I’objectif de notre travail est de présenter et concevoir une approche hybride méta-heuristique intelligente combinant 1’algorithme
d’optimisation par essaim particulaire (PSO) et I’algorithme d’optimisation du coucou (CSA) capable de poursuivre la puissance
maximale globale. Cette approche hybride exploite les atouts de chaque algorithme tout en réduisant leurs inconvénients, ce qui
favorise une optimisation maximale. Les avantages de I’approche méta-heuristique hybride proposée incluent, entre autres, des
performances améliorées, un temps de convergence réduit et une robustesse remarquable aux changements climatiques gréace a la
fonction de réinitialisation intégrée dans notre systtme MPPT. Le contrleur hybride MPPT proposé a été testé avec des
configurations PV séries et séries-paralléles de tailles multiples sous scénarios d’ombrages variés. Les résultats obtenus ont été trés
satisfaisants en termes d’efficacité, de stabilité et de temps de convergence. Ces résultats montrent que notre contrleur MPPT
hybride contribue de mani¢re significative a résoudre le probléme d’optimisation de puissance, fournissant ainsi une solution
adéquate et efficace pour la gestion des systemes PV soumis a un ombrage partiel ou a des changements rapides des conditions
climatiques.

Mots clés :
Systéme photovoltaique, optimisation, ombrage partiel, MPPT, algorithmes méta-heuristiques, PSO, CS, hybride.

Abstract

This thesis presents a contribution to the study and optimization of the energy generated by photovoltaic (PV) arrays subjected
to partial shading (PS) applying meta-heuristic algorithms to track the global maximum power point (GMPP). Under PSC, the P-V
and I-V output characteristics of a photovoltaic array are multimodal. Conventional MPPT techniques are mostly local searches and
thus cannot guarantee global optimality resulting in significant power losses. Additionally, metaheuristic algorithms, might
converge to a local maximum power point (LMPP) rather than the global maximum (GMPP) under certain complex shading
scenarios or when their parameters are not adjusted precisely to mitigate the PS effect. In this context, this thesis presents an
intelligent hybrid approach combining two Swarm Intelligence metaheuristic algorithms namely, Particle Swarm Optimization
(PSO) and Cuckoo Search Algorithm (CSA). This hybrid approach enhances the strengths of each algorithm while minimizing their
drawbacks when used separately, which improves significantly the PV system output. The proposed hybrid meta-heuristic approach
overcomes the shortcomings of conventional techniques and many similar Swarm Intelligence (SI) approaches; it comes with
improved performance as well as reduced convergence time and remarkable robustness to weather changes due to the reset function
integrated within the proposed MPPT system.

The proposed hybrid MPPT controller has been validated using series and series-parallel PV configurations of different
dimensions under various shading scenarios. The obtained results were very satisfactory in terms of efficiency, stability and
convergence time. We can conclude that the proposed hybrid MPPT controller contributes significantly in optimizing the power
output of PV systems affected by PS or rapid change of weather circumstances.

Keywords:

Photovoltaic system, optimization, partial shading, MPPT, meta-heuristic algorithms, PSO, CS, hybrid.
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General introduction

General introduction

Many governments worldwide have made renewable energy sources (RES) a key priority
due to the massive rise in energy demand and the volatility of the fossil fuel market. RES have
risen to the top of the global priority list because of the enormous increase in energy consumption
and the instability of the fossil fuel market. Governments actively advocate them owing to the
worldwide concern over CO, emissions from one side and their virtues from the other, leading to
widespread adoption. A substantial amount of the energy sources utilized in both developed and
emerging nations can be attributed to the combustion of fossil fuels. In developing countries,
approximately 90% of the total heat is derived from oil, coal, and natural gas. Similarly, in
developed countries, this figure stands at around 65% [1]. However, it is essential to note that these
finite resources are expected to be depleted within the next few centuries [2]. These resources are
widely recognized for their significant environmental, ecological, and health effects [3]. As a result,
scientists and governments are increasingly directing their efforts toward improving energy

efficiency and exploring various alternatives before resources are completely depleted.

RES have emerged as the primary solution in our pursuit of sustainable power [4]. They
are often called the "energy sources of the future™ due to their potential to meet the increasing
global energy demands. The correlation between economic growth and energy demand is so robust
that any economic theory would deem it essential to include this component in the equation for
growth. RES are energy flows and resources that are continuously regenerated and may be
extracted for use without causing a significant negative impact on the environment, leading to their
worldwide adoption [5]. Several nations are establishing ambitious goals to strengthen and explore
their RES, recognizing their unlimited availability and significant contribution to reducing

pollution.

The positive impact of RES is reflected in the protection of ecosystems and the
improvement of the environment. RES also play a vital role in preventing the greenhouse effect
and addressing the global warming problem caused by the use of fossil fuels [6]. According to the
International Energy Agency (IEA), renewable energy will contribute about 90% of global power
production by 2050 to attain net zero gas emissions. RES include solar [7], wind [8], hydroelectric

[9], geothermal [10], and biomass energy [11]. Unlike fossil fuels, renewable energy sources are
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considered sustainable and environmentally friendly, as they are not finite and do not contribute

significantly to greenhouse gas emissions. RES are characterized by the following key points:

o Solar energy is generated from sunlight using PV cells; it is becoming more popular
owing to its decreasing cost and diversity in uses, ranging from household to large-scale solar
plants.

o Wind energy is harnessed by transforming the kinetic energy of wind into electrical
energy via turbines. Wind power has seen substantial expansion and is considered one of the most
economically efficient methods of producing green power.

o Hydroelectric energy is generated by exploiting the energy of moving water, usually
by constructing dams. It is important to acknowledge that well-established technology plays a
crucial role in generating substantial electricity in numerous countries.

o Geothermal Energy employs the internal Earth's heat to produce electricity. It is
particularly effective in areas with volcanic activity.

o Biomass Energy is obtained from organic matter, including plant and animal waste.

Biomass may be transformed into biofuels or used directly for heating and generating energy.

RES are distinguished by their immense potential and benefits compared to traditional

energy sources [12]. Some notable attributes include:

+ Environmental Impact: It significantly reduces carbon emissions and air pollutants,
enhancing public health and mitigating climate change.

* Economic Advantages: The renewable energy industry generates employment
possibilities, thus contributing to economic prosperity.

+ Renewable energy is crucial in enhancing national energy security by varying
energy sources and decreasing dependence on imported fuels.

* Sustainability: Renewable energy sources are abundant and regenerated naturally,

making them a long-term energy solution.

RES include manly these important types: stand-alone, grid-connected, and hybrid systems
[13]. Solar energy is regarded as one of the most promising renewable energy sources. PV arrays
are installed worldwide to convert solar irradiation into useful energy. Various configurations are

used to connect PV modules to obtain the required power ratings for any application [14]. However,
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the PV output characteristic is significantly affected by climatic conditions. When PV modules are
subjected to uniform irradiation, the resulting power-voltage (P-V) curve is characterized by a
single peak representing the maximum power point [15]. When partial shading (PS) happens, the
P-V characteristic becomes multi-modal due to the incorporated bypass diodes. Under this
situation, this characteristic shows several maxima with many local maximum power points
(LMPPs) and one global maximum power point (GMPP) [16], which necessitates finding a way to
extract the optimum power delivered by the PV system. PS is a critical issue that substantially
diminishes the overall efficiency of the system [17]; it is acknowledged as the main source of
energy losses in PV power systems. Under PSCs, the panel exposed to shading absorbs the power
provided by other modules; it acts as a charge rather than a generator, resulting in the "hot spot”
effect [18]. Studies have indicated that PS can significantly reduce system yield, ranging from 10%
to 70% [19]. The severity and type of shading pattern influence this variation. This dilemma
motivated us to develop a metaheuristic algorithm based on swarm intelligence to monitor
efficiently the global maximum power (GMP) delivered by the PV system. The primary objective
of this thesis isto propose an efficient hybrid MPPT controller to improve the efficiency of
photovoltaic systems when exposed to PSCs. While traditional MPPT techniques work well under
uniform conditions, their efficiency drops significantly when PS is present [20]. To circumvent this
issue, a significant interest is dedicated by researchers to the MPPT techniques based on Sl,
particularly particle swarm optimization (PSO) [21] and Cuckoo Search (CS) [22,23], which are
powerful optimization techniques used to address various engineering optimization problems with

several peaks and can handle effectively the partial shading issues.

Nevertheless, we have noted a research gap in developing hybrid approaches that integrate
these two algorithms to improve MPPT performance across diverse environmental circumstances,
particularly under PSCs. This work fills this gap by introducing a novel hybrid algorithm called
Smart Hybrid Algorithm (SHA). The proposed approach combines these two algorithms to produce
a powerful optimizer that circumvents the common shortcomings of conventional MPPT

techniques and provides a robust MPPT monitor to address the PS issue in PV systems effectively.

To fulfill the objective of this thesis, a comprehensive evaluation is carried out to justify
our algorithm’s viability. To verify the robustness and suitability of the proposed approach in
tracking the GMPP, multiple performance tests are conducted in both homogeneous and
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nonhomogeneous weather conditions. Tests are performed using diverse PV connections including,
the 4S, 8S, 10S, 12S, and 4S2P PV configurations. The introduced SHA is compared to well-known
similar MPPT techniques in terms of steady-state efficiency, dynamic efficiency, and convergence
time; the obtained results demonstrate the proposed method's superiority and robustness in tracking
and monitoring the GMPP.

This thesis is organized into three chapters. Their contents are outlined as follows:

Chapter 1: This chapter presents an overview of the photovoltaic system. Additionally,
solar cell technology and its working principles, including the effect of temperature and irradiance
on PV cell performance, are introduced. Special attention is given to PV array modeling due to the
importance of precise modeling in system accuracy. Moreover, electrical power converters are
thoroughly discussed due to their crucial importance in photovoltaic energy systems. Finally, the
impact of partial shading on PV systems is presented, including its mitigation through PV system
design topologies, which is considered owing to the inherited features in optimizing the generated
power in PV systems.

Chapter 2: Deals with the most recently developed metaheuristic approaches to harvest
and monitor the GMPP in PV systems subjected to PS issues, highlighting the effectiveness of
metaheuristic-based MPPT techniques in addressing partial shading issues. The necessary theory
of these techniques and a discussion of their characteristics are presented. The MPPT principle and
the challenges facing MPPT techniques are introduced. Hybrid MPPT techniques are presented,
their different types are introduced and discussed thoroughly due to their vital importance. Since
our approach is based on hybridizing two metaheuristic algorithms, the key features of Cuckoo
Search (CS) and Particle Swarm Optimization (PSO are presented. Furthermore, the formulation
of MPPT as an optimization problem is addressed, and the application of each proposed technique
for MPPT is discussed.

Chapter 3: Presents the developed hybrid PSO-CS algorithm (SHA). The necessary theory
and the working principle are introduced. The system simulations in the Matlab/Simulink
environment are put forward. The suggested technique is examined thoroughly using several tests
under STC, PSCs, and rapid irradiance change to validate the robustness and performance of the
proposed approach in tracking the GMPP. Eight shading profiles in conjunction with two PV array

configurations, 4S, 8S, 10S, 12S and 4S2P are addressed. The proposed hybrid algorithm is
17
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benchmarked against PSO, CS, and PO algorithms. A performance comparison is carried out

against well-known Sl-based MPPT algorithms.

Finally, a conclusion is drawn in order to highlight the key contributions of this research

work. Additionally, some potential avenues for future research are presented.
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Chapter 1

PHOTOVOLTAIC ENERGY SYSTEMS CONCEPTS AND
SHADING MITIGATION TECHNIQUES
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Chapter 1 -  “Photovoltaic Energy Systems Concepts And Shading Mitigation Techniques”

1.1 Introduction

In recent years, the global energy landscape has undergone a huge transformation, with an
increasing focus on sustainable energy solutions due to rising energy demands and the urgent need
to address environmental degradation caused by fossil fuel reliance. Among the many renewable
energy options, solar energy stands out due to its abundance and the rapid advancements in solar
technology. Solar cells, which convert sunlight into electricity, have been at the forefront of this
shift. However, the development of solar technology requires a perfect knowledge of the electrical
production of these systems at different levels. This precise estimate can only be made by

considering the dramatic effects of shading on the delivered electrical power.

This chapter discusses the following important points: Initially an overview of photovoltaic
(PV) generation systems. Next, the photovoltaic cells and modules including the effect of
temperature and irradiance. PV array modeling is thoroughly examined, including the effect of
partial shading on PV systems. Then, the most used types of DC-DC converters in monitoring the

delivered power from PV systems. Finally, Partial shading mitigation techniques are presented.

1.2 Overview of photovoltaic generation systems

The photovoltaic effect was identified in the early 19" century. In 1839, a young French
scientist, Alexandre Edmond Becquerel, discovered a physical phenomenon or effect that made it
possible to convert light into electricity [24]. Nonetheless, owing to elevated manufacturing rates,
significant advancement of this technology started only with the semiconductor industry's
evolution in the late of the 20" century. Solar cells have been considered as an exceptional
alternative for energy provision in areas far from the power grid. The development of solar cells
for commercial usage in homes has been the subject of intense attention. Furthermore, there has
been a noticeable rise in the widespread usage of solar cells in rural regions without infrastructure
and energy networks. Electricity generated in these regions is used for water pumping, energy

cooling, telecommunications, and other home appliances. [25].

Photovoltaic cells are composed of semiconductor materials like silicon. A thin
semiconductor wafer is carefully treated to create an electric field in solar cells, with one side
positively charged and the other negatively charged, as shown in Fig. 1.1. When light energy gets
in contact with the solar cell, electrons are released from the atoms in the semiconductor material.
If both sides of the PV cell are connected, forming an electrical circuit, the generated electrons can
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be controlled to form an electric current. This current can then be used to feed a load [26]. A PV
cell can be either circular or square in construction. Because of the low voltage generated in a solar
cell (less than 1V), several PV cells are coupled in series (for high voltage) and in parallel (for high
current) to assemble a PV module for the required output. The power produced by one module is
insufficient to meet home or business requirements. To figure out this issue, modules in a
photovoltaic array are often linked in series to obtain the desired voltages; then in parallel to
enhance current production [27].

n-type
silicon

junction

p-type

\ silicon

/ photons
electron flow

o)

\\,, S (b)

Fig. 1.1 (a) Typical solar cell  (b) Structure of a typical PV cell

1.3  Photovoltaic cells technologies

The fundamental element of a PV system is solar cells, which allow the conversion of
sunlight energy into direct current. A conventional solar cell is made up of a PN junction in a
semiconductor material, similar to a diode. The most widely used semiconductor material in solar
cells is silicon. However, the photovoltaic industry employs alternative materials that vary in terms
of cost and efficiency. A crystalline-based solar cell incorporates a p-n junction, as shown in
Fig. 1.2. The production process includes melting, doping, metallization and texturing. The
junction’'s positive and negative sides generate an electric current when a load is connected.
Nonetheless, the voltage produced by an individual p-n junction cell falls below 1V, which is
insufficient for many practical uses. Furthermore, it exhibits mechanical fragility and requires

lamination and protection for effective application. Solar technology features rapid innovation, and
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a solar cell's efficiency continuously increases. Different types of solar cells are found in the

market; we can mention the following:

Solar radiation

Metallic strips

Depletion —jpw;

Substrate base

Fig. 1.2 Typical crystalline PV cell construction
* Monocrystalline silicon (c-Si):

Fig. 1.3 illustrates a solar panel composed of monocrystalline solar cells. It is the most
widely available cell material; however, its efficiency is limited due to several constraints.
Monocrystalline silicon exhibits the highest verified conversion efficiency among all commercial
photovoltaic technologies, with a recorded single-junction cell laboratory efficiency of 26.7%,
surpassing polycrystalline silicon at 22.3% and established thin-film technologies, including CIGS
cells at 21.7%, CdTe cells at 21.0%, and amorphous silicon cells at 10.2%. The highest theoretical
efficiency for conventional single-junction cells is 33.16% [28]. Theoretically, an unlimited
number of junctions could achieve a maximum efficiency of 86.8% when exposed to highly
concentrated sunlight [29]. The most effective laboratory-based examples of conventional
crystalline silicon (c-Si) solar cells as of 2024 have efficiencies of up to 27.1%, [30]. In contrast,

multi-junction cell examples have shown performance of over 46% under intensive sunlight [31].

Fig. 1.3 Monocrystalline Solar Panels (Mono-Sl)
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* Polycrystalline cells

It is referred to as polysilicon. The molten silicon is shaped into ingots, as illustrated in Fig.
1.4 (a). Subsequently, it forms various crystalline structures. The conversion efficiency of these
cells is slightly reduced compared to the single-crystal cells. “Monocrystalline” and
“polycrystalline” silicon modules demonstrate exceptional reliability for outdoor power

applications [32]. Fig. 1.4 (b) shows a solar panel made of polycrystalline solar cells.

Fig. 1.4 (a) Asilicon ingot  (b) Polycrystalline Solar Panels (Poly-Sl)

* Thin film cells (second generation)

Thin-film solar cell (TFSC), as shown in Fig. 1.5, is made of thin film materials. Thin-film

solar cells cost less than crystalline cells. The usually used Thin-film solar cells [33] are:

1. “Amorphous silicon” (a-Si) and thin-film silicon (TF-Si). Amorphous solar cells'

efficiency ranges from 10% to 13%. Their lifespan is less than that of crystalline cells [34].

2. “Cadmium Telluride” (CdTe) is a crystalline substance composed of cadmium and

tellurium, exhibiting an efficiency of approximately 15% [35].

3. “Copper indium gallium selenide” (CIS or CIGS) consists of copper, indium, gallium,

and selenium. It has an efficiency of 16.71% [36].

4. “A dye-sensitized solar cell” (DSC) comprises a photosensitized anode paired with an

electrolyte. The efficiency measures approximately 11.1% [37].
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Fig. 1.5 Thin-Film Solar Cells (TFSC)

e Additional emerging technologies:

1. “Organic solar cells” (OSC) consist of thin layers of organic substances. The highest

power conversion efficiency was reported to be 11.7% [38].

2. “Tandem or stacked cells”, illustrated in Fig. 1.6, involve various semiconductor
materials optimized for distinct spectral ranges, layered atop each other. Tandem solar cells'

maximum conversion efficiency is 33.66% [39].

3. “Concentrator cells” utilize reflective and refractive optical devices. This system relies
solely on direct radiation and requires an additional sun-tracking mechanism, as illustrated in

Fig. 1.7 [40]. Tts efficiency is approximately 42.4%.

4. “MIS Inversion Layer cells”: The inner electric field is generated at the interface between

a thin oxide layer and a semiconductor.

Table. 1.1 details the characteristics of the different types of PV cells.

Fig. 1.6 Tandem/silicon stacked solar cell module

/’J’ PhD Thesis in Electronics - ENP 2025




Chapter 1 -  “Photovoltaic Energy Systems Concepts And Shading Mitigation Techniques”

5

Fresnel Collector Parabolic Dish Parabolic Trough
Only Primary Optics Secondary Optics (optional)

: .

Fresnel lens Prismatic homogenizer

Fig. 1.7 Different solar concentrators for Concentrated Photovoltaic (CPV) system [41]

Table. 1.1 PV cells’ characteristics

Average Average
Solar panel type /erag lifetime Merits Shortcomings
efficiency
(years)
Less expensive than Reduced efficiency
13 1 ” -160 -
Polycrystalline 13-16% 25-30 monocrystalline compared o fo
monocrystalline
. The most effective | It costs more than
13 2 -240 -
Monocrystalline 18-24% 25-40 variant on the market polycrystalline
«Thin-film” 7-13% 1020 | Most flexible choice Reduced  power
output
Integrates  seamlessly
13 2 -100 -
Transparent 1-10% 25-35 with window designs Low performance
. Integrates  seamlessly .
13 2 -200 -
Solar tiles 10-20% 25-30 with rooftops Quite costly
25
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1.4 Photovoltaic cells and photovoltaic modules

Numerous cells are coupled in parallel and series circuits to increase the voltage and current
to suitable useful values [42]. Solar modules comprise many separate solar cells joined and
enclosed in a common support structure. Solar arrays enclose many PV modules connected to
obtain the desired power ratings, as illustrated in Fig. 1.8. When similar modules are connected in
series, the current remains constant. At the same time, the voltage rises directly to the number of
cells in series. Similarly, when identical modules are linked in parallel, the voltage stays constant
at the voltage of each module while the current rises proportionally to the number of parallel

modules.

Fig. 1.9 (a) shows a PV array made of cadmium telluride (CdTe) solar panels, while Fig. 1.9 (b)
shows a PV array made of monocrystalline solar panels.

(b)

Fig. 1.9 (a) Cadmium telluride (CdTe) PV array (b) Monocrystalline PV array
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1.4.1 Open-circuit voltage and Short-circuit current

“Open circuit voltage” and “short circuit current” are extensively utilized to describe the

cell's electrical performance, as shown in Fig. 1.10. The short circuit current (Isc) is obtained by

shorting the module's output terminals. It corresponds to the current at zero voltage (Vpv =0 V),

while the open circuit voltage corresponds to the voltage obtained when no load is connected to

the output terminals of the PV module. It is the voltage at zero current (Ipv= 0 A). The reference

values Isc-ref and Voc-ref in the datasheet correspond to those ratings obtained under STC,

i.e. (G= 1000 W/m2 and T= 25°C).
Ipv 4(

Isc

Current (A)

1 1 I 1 Il L 1 L 3!
>

Voltage (V) Voc  Vpv

Fig. 1.10 Current-Voltage characteristic (Ipv-Vpv) for a solar cell

1.4.2 Maximum Power Point
The power delivered by a photovoltaic generator is given by:

P

0 = Vo1 (1.1)

pv: 'pv

“Maximum Power Point” (MPP) refers to the point where the PV module generates its

maximum output power. Then, Vpv and Ipv are referred to as Vmer and Ivep, as shown in Fig. 1.11.

At that point, P(Mwmep, Impp), the power Ppv provided by the photovoltaic generator is maximum

and designated Pwvpp. We have:

Pypp = Vypp-Iupp (1.2)
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Ipv A Max. Power Point
/7

Isc | 4 _ Pmax

Current (A) &
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>

Voltage (V) ¥™P Voe  Vpv

Fig. 1.11 Current-Voltage ( Ipv-Vpv ) and Power-Voltage (Ppv-Vpv) characteristics for a solar cell
1.4.3 Efficiency
The conversion efficiency of a photovoltaic module refers to the ratio of the electrical

energy it generates to the sunlight energy it receives. The definition pertains to the module’s output

power ratio to the incident light power.

7= Pout _ Vpu-Iow (1.3)
P Ay G

Apy corresponds to the module’s or cell’s surface, and G corresponds to the irradiance.

1.4.4 Fill Factor

The “fill factor” (FF) refers to the ratio of the maximum power (Impp.Vimpp) to the theoretical
one (Isc.Voc). The MPP values (Impp, Vimpp) are always less than (Isc, Voc) because of the series,
shunt resistances, and the diode. For commercial solar cells, a typical fill factor exceeds 0.70. The
FF is defined as follows:

P Vupp-1
FF — ~MPP__ VMPP-MPP
I/OC' ISC ‘/OC' ISC

(1.4)

15 Effect of solar irradiance and temperature on the PV module
Photovoltaic panels are anticipated to be the primary solution for fulfilling worldwide
energy demand via converting solar energy into electricity. The primary impediment to the
extensive implementation of photovoltaic systems is their low efficiency, which is significantly
influenced by solar radiation and operating temperature. A comprehensive understanding of
28
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photovoltaic modules' performance, efficiency, and output power and their variations with changes
in solar radiation and temperature is essential for determining the best system size and mitigating
extra-financial risks. This section examines the impact of operating temperature and solar radiation
on the power production of photovoltaic modules.
1.5.1 Irradiance effect

Fig. 1.12 illustrates the module’s output characteristics (Ipv-Vpv) and (Ppv-Vpv) for
different irradiance levels. We observe a significant rise in the Isc current with increasing irradiance
while the voltage VVoc increases slightly. The same behaviour is obtained at the power level, where
the generated power is proportional to the irradiance increase, i.e., the efficiency of a PV module
or array is better for high irradiance levels. The reference conditions or Standard Test Conditions
(STC) are generally chosen with an irradiance of 1000 W/ m? and temperature of 25°C. In practical
applications, the irradiance on photovoltaic systems without light concentration tends to be lower,
resulting in reduced efficiency than its rated value.

1.5.2 Temperature effect

Fig. 1.13 depicts the temperature impact on solar cells; we can observe that as the cell’s
internal temperature increases, the short circuit current Isc rises slightly, attributed to improved
light absorption resulting from the reduction in gap energy with temperature. However, the open-
circuit voltage is inversely proportional to rising temperature. On the other hand, the maximum
delivered power exhibits a significant decline as temperature increases. The standard conditions

are typically selected for an internal temperature of 25°C.

5 . . | , , . 9 ; : T .
450 Cell Temperature : 25° C
1 25¢ L
400 - Cell Temperature: 25° C 8
1000 W/m?
350 - 1000 W/m? 7H
800 W/m?
300 600 W/m? o 800 W/m?
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Z 150 200 W/m? ‘E’ 5r
o g 600 W/m?
£ 200 - E4T
& ]
150 37 400 Wne
100 10
i\ 200 W/m? )
50 - { Ir |
i [\
0 i ‘ ‘ ‘ ‘ A} 0 ‘ ‘ ‘ . ‘ \i
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Fig. 1.12 Irradiance effect on output of the PV module
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Fig. 1.13 Temperature effect on the output of the PV module

1.5.3 Spectral effect

White light may be defined as the combination of radiations, including various
wavelengths. Photovoltaic generators exhibit varying efficiency over different wavelengths.
Hence, the conventional criteria used for evaluating cells and modules have a limitation on the
visible light spectrum. The standard spectrum used in optimizing PV cells is AM 1.5. Nevertheless,
in real conditions, the light spectrum can differ, which also influences the efficiency of photovoltaic
systems.

1.6 PV array modeling

Numerous mathematical models have been proposed in the literature to explain the
operation and behaviour of the photovoltaic generator. These models vary in their calculation
approach, precision, and number of factors involved in the modeling procedure. The commonly
used models are the following:

1.6.1 Single-diode model

Fig. 1.14 depicts the single-diode model of a PV cell [44]. This model is the most prevalent
among photovoltaic models, primarily because it utilizes the fewest physical parameters. In this
model, 1. is the internally generated light of the PV cell, lo refers to the diode reverse saturation
current, Rs represents the series resistance, (a) stands for the ideality factor, and Rsn denotes the
shunt resistance, which is presumed to be infinite in this model. The four-parameter simplified

model requires less computational effort, though its accuracy across various technologies remains
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a topic of discussion. It is compatible with module 1-V curves throughout a broad spectrum of

irradiances, as indicated in [45].

The five-parameter version necessitates the application of numerical methods for resolution
[46]. Furthermore, it can be developed utilizing solely the data supplied by manufacturers under
standard test conditions (STC: G=1000 W/m2 and T=25 °C). The primary equation that

characterizes the single-diode model is presented as follows:

V+ IRS) 1] V + IR

[=1, -1, [exp( (1.5)

avy Rsy

Where lo stands for the diode saturation current, (a) represents the diode ideality factor, and
Vi =K.T /q is the thermal voltage. The parameter k refers to the Boltzmann constant (1.3806503 x
1022 J/K), q is the electron charge (1.60217646 x 107%° C), and T is the temperature of the PV

module in Kelvin.

NNV
! Ry I D¢ RS I

l,{C‘D Rus Y )

Fig. 1.14 Equivalent circuit of a single PV diode model

Load

1.6.2 Two-diode model

The single-diode equation presumes a fixed ideality factor (a) value. The ideality factor is
influenced by the voltage applied across the device in practical scenarios. Under high voltage
conditions, when surface and bulk region recombination predominates within the device, the
ideality factor approaches unity. The junction experiences significant recombination at lower
voltages, leading to an ideality factor that approaches two. The junction recombination is altered
by incorporating a second diode parallel to the initial one and adjusting the ideality factor generally
to two. The two-diode model represents an enhancement of the single-diode photovoltaic model,
incorporating the impact of recombination by adding a parallel diode, as illustrated in Fig. 1.15.

The two-diode model consists of a first diode representing diffusion and surface recombination,
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while the second diode addresses recombination occurring in the depletion region, particularly

prevalent at higher irradiances [47].

Under low irradiance and temperatures, the two-diode photovoltaic model demonstrates
superior accuracy in curve characteristics compared to the single-diode model. The two-diode
model is particularly recommended for precise modeling under low irradiance conditions [48]. A
diverse range of studies has been conducted to develop a mathematical model for photovoltaic
cells. The two-diode model has been referenced in numerous studies [49-51]. The primary equation
that characterizes the two-diode model is presented as follows:

I=] —1 [ (V+IRS) 1] ! [ (V+IR5) 1] V + IRg 16

MN—>-o
LY Yn. ke

V

R SH D1 D2

(f) R.S[ { Y Y

L

Load

!
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Fig. 1.15 Equivalent circuit of a two-diode PV model

1.6.3 Multi-diode PV model

Fig. 1.16 illustrates the equivalent circuit of the multi-diode photovoltaic model.
Incorporating additional diodes into the multi-diode PV model enhances its flexibility, allowing

for a more accurate representation of the output characteristics of various PV cells [52].

The generalized multi-diode PV model generates an output current | as given in equation
1.7).

m
i Z":I VIR | _V+IRs .
ST e f e, Ren 47
1=
7=0
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Where I is the photocurrent source, Dnm represents the series and parallel diodes with (n
by m) dimension, Rs stands for the series resistance including the sum of structure resistance, and
Rsh is the parallel resistance representing the leakage current.

lo denotes the diode saturation current, (a) represents the diode ideality factor, V¢ =kT/q is

the thermal voltage, Ns is the cell’s series number per string, k is the Boltzmann’s constant
(1.3806503 x 1072J/K), q is the electron charge (1.60217646 x 107%° C), and T is the module’s

temperature in Kelvin.
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Fig. 1.16 Equivalent circuit of a multi-diode PV model

1.7 DC-DC converters

The electrical power converter is a crucial element in photovoltaic energy systems; it
adjusts the output power, increasing or decreasing the voltage level to ensure system compliance.
Numerous power converter topologies for renewable energy systems have been described and
realized in the literature [53]. Switching devices enable the transfer of power from the input to the
output. Given that the input is continuous (DC), these devices are often operated at significantly
higher frequencies than the line frequency, to levels of several hundred kilohertz. Such converter
circuits are referred to as high-frequency DC-DC switching converters or regulators. The switching
device used in these converters may be the bipolar junction transistor (BJT), metal-oxide-
semiconductor field-effect transistor (MOSFET), or insulated gate bipolar transistor (IGBT).
Numerous topologies are often used to realize Switched-Mode Power Supplies (SMPS) [54]. Each
topology has distinct characteristics, making it most appropriate for certain applications. To
determine the optimal topology for a certain specification, it is crucial to understand its
fundamental functioning, benefits, limitations, complexity, and applicable domains. The most often

used converters for efficient power conversion in photovoltaic-based power systems are boost,
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buck, and buck-boost converters. These topologies' input and output voltages share a common

ground, making them non-isolated.

A DC-DC converter may function in either continuous or discontinuous conduction mode.
Continuous conduction mode (CCM) is characterized by a continuous current flow through the
inductor during the whole switching cycle during steady-state operation. In contrast, discontinuous
conduction mode (DCM) is characterized by the inductor current being zero for a segment of the
switching cycle. The CCM is favored for its high efficiency and effective use of semiconductor
switches and passive components. The DCM can be utilized in applications that demand specific
control requirements. These converters are used in renewable energy systems, including
standalone, grid-integrated, micro-grids, smart grids, and hybrid energy systems [55]. In these
power generation systems, efficient and reliable MPPT algorithms control the converter's output,
optimizing energy output from photovoltaic systems in diverse environmental conditions. The
choice of any of these generic power converters is contingent upon the particular applications

intended.

1.7.1 Buck converter

The buck converter is mainly used as a power converter in photovoltaic-based energy
systems. It reduces the input voltage, resulting in an output voltage consistently lower than the
input voltage [56]. The buck converter operates in two primary modes: continuous conduction
mode and discontinuous conduction mode. Both modes are accountable for supplying power to the
connected load. The buck converter is the most basic and efficient power converter type for PV-
based power generating systems, making it an excellent option for power designers to include in
their systems. The transition of the buck converter's operational mode from CCM to DCM s
prompted by shading and non-shading conditions, compromises the system's robustness, and
necessitates an effective circuit design and advanced control algorithm to ensure stable and reliable
functioning of the photovoltaic-based energy generation system. Environmental fluctuations and
climatic circumstances mostly influence the operational mode of the buck converter, diminishing
its efficiency and complicating its dependable performance in delivering continuous power to the

connected load. Fig. 1.17 illustrates the electrical model of a buck converter.

%
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Fig. 1.17 Electrical circuit of the Buck converter

As illustrated in Fig. 1.17, the DC-DC converter includes a power switch (Q) and a low-
pass filter composed of an inductor and a capacitor. It switches between two states every cycle, the
ON and OFF states of the switch (Q). A PWM signal drives the switch's gate. The ON state duration
is (d.Ts), where (d) is the duty cycle of the PWM signal and Ts is the switching time. During the
switch's ON time, the input supplies energy to both the output load and the inductor (L). During
the switch's OFF time, the energy stored within the inductor and capacitor continues to supply the
load. Diode D, a freewheeling diode, completes the inductor current path when Q is turned off. The
following system of equations shows the converter's governing equations throughout a single

switching period:

( dvin(t) . .
¢y T lin(t) — dig (£)
Avoye(£) . .
§ 62 = (O — fgu(0) (18)
diy (1) .
L = dvin (t) - vout(t) - RLLL (t)
L dt

Where; iin (t), lout (t) and i.(t) are input, output, and inductor currents respectively, whereas;
Vin(t), Vout(t), and vi (t) are input, output, and inductor voltages respectively. The buck converter's

voltage conversion is expressed using the equation (1.9).

VO—D 1.9

Therefore, the buck converter's maximum output voltage gain is 1. Considering equation

(1.9) representing the buck converter’s voltage gain, we can derive two essential observations:
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given that the converter’s components (L, C, D, Q) are ideal, they do not dissipate any power,
yielding 100% voltage efficiency. The average input and output voltage ratio exhibits a linear
control characteristic curve, as seen in Fig. 1.18. By adjusting the duty cycle, D, we can adjust the

average output voltage to the appropriate level.

1_

0.5F

Vo / Vin

0 0.5 1
Duty cycle

Fig. 1.18 Ideal output control characteristic curve for the buck converter.

The buck converter’s current gain is given by equation (1.10)

I

0
Iin

! 1.1
D (1.10)

The average input and output powers must be equal if we take into consideration the

conservation principle of power and an ideal converter, then:

Iin Vin = LV, (1.11)
lin _ Vo

—=—=D 1.12
LV, (1.12)

e Buck converter design parameters
The output capacitor's value is a critical design parameter as it affects the overall

dimensions of the DC-DC converter and the extent of switching frequency ripple attenuation.
Consequently, using a larger output capacitor to minimize the AC ripple over the output voltage is
standard design practice. Theoretically, as capacitance approaches infinity, the capacitor behaves
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as a short circuit to the AC ripple, yielding zero output voltage ripple. Assuming C is finite, a
voltage ripple occurs superimposed on the average output voltage. The following equation gives
the output voltage ripple:

_(1-D)y,

AV, = e (1.13)

The ratio of the ripple to the output voltage is expressed alternatively in equation (1.14)

AV,  1-D

I/;) = W (114)

Eq. 14 refers to the output voltage ripple that indicates regulation. As anticipated, increasing
the frequency and the filtering capacitor results in a reduction in voltage ripple. The minimum
capacitor and inductor values to maintain the converter in continuous conduction mode (CCM) are

specified as follows:

_@-=-D),

(1-D)R
Lerie = TL (1.16)

1.7.2 Boost converter

The boost converter is widely used for PV-based energy generation systems [57]. It
increases the output voltage of the PV panel by altering the duty cycle. The boost converter operates
in two modes: CCM and DCM. The corresponding electrical model is shown in Fig. 1.19. This
model consists mainly of an input inductor (L), a diode (D), and a power switch (Q) that can be a
MOSFET or an IGBT, and a capacitor (C) at the output side. The transistor functions as a switch
that is turned ON and OFF by a pulse-width modulated (PMW) control voltage. The boost
converter operates as follows: First, the inductor (L) stores the energy from the input source when
the MOSFET is switched ON within a period. During the OFF period, the inductor and the output
capacitor (Co) deliver the stored energy to the load. The diode (D) completes the inductor current
path through the output capacitor during the Qorr period. The value of (Co) must be as high as
possible to supply the load current during the ON period while maintaining the output voltage as
constant as possible with minimal ripples. The following system of equations represents the boost

converter’s dynamics during one switching cycle:
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dvin(t) . .
= () — iy (©)

G, dvod;;(t) =(1- d)iL(t) — oyt (1) (1.17)

LT 040~ (= @) (0) — Ry ()

(¢,

Where iin (t), iout (t), and i (t) are input, output, and inductor currents, respectively whereas
Vin(t), Vout(t), and vi_ (t) are input, output, and inductor voltages respectively.

I]'n L D Inut

:

4 0— £
Vin G/ iigh 4@9 C ~ RL§ Vout

—l
>

Fig. 1.19 Electrical circuit of a boost converter.

The boost converter’s voltage conversion is as given in eq. (1.18)

v, 1
2 (1.18)

Ve 1-—D
Equation (1.18) shows that the boost converter’s voltage gain is always greater than 1.

Fig. 1.20 shows a plot for the voltage conversion ratio as a function of the duty cycle.

Practical

—>» Vout/Vin

A -
>

0.25 0.5 0.75 1
——— > Duty Cycle: D

Fig. 1.20 Boost converter’s voltage gain
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Fig. 1.20 also includes a practical waveform that illustrates the case where the non-ideal
behaviour of the circuit component is taken into consideration. Practically, operating at (D) greater
than 0.75 is inadequate due to the inherent losses in the inductor, capacitor, and switch (Q) when
operating at OFF periods.

e Boost converter design parameters

The inductor’s ripple current is as given in eq. (1.19).

D(1—-D)V,
al (Lf>o

The average input and output powers must be equal if we take into consideration the

(1.19)

conservation principle of power and an ideal converter, then:
Vinlin = Vol (1.20)

Which results in:

Iin Vo 1

L 1.21

I, Vi, 1-D (121)
The output ripple voltage is given by:

AV, DT D

— = (1.22)

V, _ RC _RCf

The critical values of the inductance and capacitance can be calculated using the following

equations,
(1 - D)?DR
Leyie = 2 (1.23)
DV,
(1.24)

bmin = RV,R.f

1.7.3 Buck-Boost converter
The buck-boost converter is widely used in renewable energy technologies, particularly in
photovoltaic-based energy generation systems [58]. It increases or decreases the output voltage
supplied to the associated load, depending on the specific application requirements. Power is
supplied to the connected load in both operating cycles (ON or OFF) of the power switch. Unlike

buck and boost converters, this converter produces a negative output voltage when operated
39
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without isolation. The electrical buck-boost converter circuit is shown in Fig. 1.21. The following

system represents the equations governing the buck-boost converter for one switching cycle:

(0,200 _ 0 - d iy
G, dv%;(t) =—(1=a)i () — ioue (D) (1.25)
L8O ) + (1 = D (®) — Ry )

\

Where iin (t), iout (t), and iL(t) are input, output, and inductor currents, respectively, whereas

Vin(t), Vout(t), and vi_ (t) are input, output, and inductor voltages respectively.

=
o
A
J1

Fig. 1.21 Electrical circuit of a buck-boost converter.

The voltage gain relationship is expressed in Eq. (1.26).

o D 1.26
Vi,y 1—D (1.26)

This equation indicates that the output voltage may be either less than or more significant

than the input voltage. The following cases are obtained:

D > 0.5 Boost
D < 0.5 Buck
D =0.5 Unity gain

Applying the conservation principle of power:
linVin = LV, (1.27)

We can then obtain:
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Iim Vo D
2= 1.28
I, V, 1-D (1.28)

It is observed that, at identical operational frequencies and load resistances, the buck
converter exhibits the most significant critical inductor limit as compared to the boost and buck-
boost converters. In contrast, the boost converter presents the lowest Leit, allowing for a broader
spectrum of inductor design options.

e Buck-Boost converter design parameters
It can be demonstrated that the capacitor current of the buck-boost converter is identical to
that of the boost. Consequently, the capacitor ripple voltage is given in eq. (1.29).

AV, D

VO = W (129)

The critical values of the inductance and capacitance that maintains the converter in the

CCM can be calculated using the following equations:

_ R, (1-D)?
crit = T (1.30)
DVo (1.31)

nin = TR
1.8 Effect of partial shading on PV system performance
The partial shadowing situation is the primary meteorological factor that affects the
efficiency of photovoltaic systems [59-61]. Partial Shading Condition (PSC) may be attributed to
several factors, including shade from tree leaves, the presence of birds or their droppings on the
cells, or soft shading caused by adjacent structures, installations, or fleeting clouds. Upon the

occurrence of PSC, the ensuing outcomes are as follows:

1. The shaded area allows currents to exceed their “short-circuit” current in the
opposite direction, thus functioning in a consuming mode instead of a generating mode, which can
be mitigated by installing blocking diodes. [62].

2. The partially shaded array exhibits multiple peaks [63-65] in its P-V characteristic
and conventional monitoring methods are inadequate for tracking the maximum output power in

such scenarios [66].
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3. In the event of extreme reverse bias voltage resulting from high shading levels, the
inner diode of the PV module presents significant resistance, leading to an “open circuit”
throughout the complete PV module. This condition can create a hot spot, potentially damaging
the diode itself [62].

With increasing shading on the module, the system exhibits several maximum power points,
complicating the determination of the true global peak for conventional trackers [67, 68]. This
scenario can result in oscillations around the MPP or other unintended behaviours, as illustrated in
Fig. 1.22 and Fig. 1.23.
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Fig. 1.22 P-V characteristic of PV module under PSC
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Fig. 1.23 |-V characteristic of PV module under PSC
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Ambient temperature and solar irradiance are key determinants of a photovoltaics system's
output voltage and current. The former component affects the voltage, while the subsequent
parameter influences the current. The PV output voltage and current are critical in determining the
maximum power point [69]. Power production is directly proportional to the amount of solar
irradiance. Based on Table 1.2 and its corresponding P-V and I-V curves depicted in Fig. 1.24, it
is evident that there is only one optimal point at which the maximum power is delivered to the PV

system.

In large-scale PV systems, PV modules are arranged in series-parallel configurations.
However, some modules perform poorly due to numerous factors, such as clouds, shade, and low
solar irradiance. Partial shadowing condition refers to the situation in which an array experiences
insufficient irradiance. This phenomenon introduces multiple peaks on the output characteristics
of the photovoltaic array, as shown in Fig. 1.24 [70]. The highest point among these peaks is the
“global maximum power point” (GMPP). The remaining maxima are named “local maximum
power points” (LMPPs). The amplitude and location of LMPPs depend on the structure of
photovoltaic modules and the shading patterns [71]. Employing advanced optimization methods to
achieve the GMPP under PSCs is essential [72]. This phenomenon occurs because traditional
MPPT methods fail to achieve convergence to the GMPP [73].

Table 1.2 PV module configurations under different patterns.

Pattern Irradiance (KW/m?) Power Peaks (W)
STC 1 1 1 1 1500.2

PSC1 1 0.5 1 1 |369.3 292.0
PSC2 1 07 | 0.1 | 1 |238.4 287.3 60.67
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Fig. 1.24 1-V and P-V characteristics of PV module under various shading patterns
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1.9  Partial shading mitigation techniques

PS mitigation methods are classified into two primary groups: “PV system design
topologies” and “MPPT techniques”, as illustrated in Fig. 1.25. The design topologies of
photovoltaic systems encompass “bypass and blocking diodes”, “PV system architectures”, “PV
array configurations”, and “PV array reconfiguration”. Whereas, MPPT techniques include
Conventional, Soft Computing and Hybrid approaches.

PS Mitigation Techniques

Bypass & Blocking Diodes

PV array configuration

PV System architectures

PV array reconfiguration

Conventional / Soft

Soft / Conventional

Soft / Soft

Fig. 1.25 Partial shading mitigation techniques

/’J’ PhD Thesis in Electronics - ENP 2025




Chapter 1 -  “Photovoltaic Energy Systems Concepts And Shading Mitigation Techniques”

1.9.1 PV system topologies
1.9.1.1 Bypass and blocking diodes

“Bypass diodes” are installed in parallel with the photovoltaic module, whereas the
“blocking diode” is coupled in series with the PV array to inhibit opposite current flow through
shaded modules, as shown in Fig. 1.26. Under standard conditions, the bypass diode is reversely
biased; however, it conducts in non-uniform or PS conditions. The bypass diode serves two
fundamental functions [74], outlined as follows:

> Ensuring the protection of the photovoltaic module against potential “hot spot”
issues and thermal breakdowns that may arise, as illustrated in Fig. 1.27 (a).

> Minimizes the reverse voltage drop of the shaded cells in the modules exposed to
shading, thereby constraining the shading voltage drop to the diode’s reverse voltage (0.4-0.7 V).

Blocking Diode

s—i >t
A

PVmcduIe PVmudule

PYmodule PY module *
—

PVmoduIc PV module f

I_

Fig. 1.26 PV array along with the bypass and blocking diodes

By Pass Diodes

Each photovoltaic module must have one or more antiparallel bypass diodes to safeguard
the shaded cells from heat degradation as shown in Fig. 1.27 (b). The current produced by the
unshaded photovoltaic cells is conducted through bypass diodes, mitigating the shading impact and

preventing degradation of the photovoltaic system.
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Burns caused by the hotspo!
henomenon'

‘ 5
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Fig. 1.27 (a) Burns in PV module due to hotspots (b) Bypass diodes

Bypass diodes are critical components in photovoltaic systems, since they enhance
performance by preventing power loss in shaded conditions. When a portion of a solar panel is
shaded, the bypass diode allows the current to bypass the affected cells, ensuring that the unshaded
sections continue to generate power. This effectively mitigates the "hot spot” phenomenon, which
can damage the panel. Nevertheless, this method significantly alters the P-V characteristics of
photovoltaic arrays, resulting in several Local Maximum Power Points (LMPP), which complicates
the identification of the Global Maximum Power Point (GMPP), as shown in Fig. 1.28. While
bypass diodes offer major benefits regarding protection and longevity, their implementation is not
without challenges. For instance, they can reduce the overall output power under PSCs, as the
energy harvested from shaded cells is lost entirely or partially. Additionally, incorporating bypass
diodes adds complexity and potential points of failure in the system. Thus, while they are beneficial
for maintaining performance, careful design consideration is necessary to balance their advantages

and disadvantages.
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Fig. 1.28 Bypass diodes effects on P-V characteristic
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1.9.1.2 PV system architectures

PV system architectures involve designing and building photovoltaic modules. Various PV

architectures can monitor the global power peak of individual PV modules. Therefore, photovoltaic

designs that allow Maximum Power Point Tracking for each module will be more suited for partial

shade. However, this characteristic will increase the total cost of the system. PV system

architectures can be categorized into “centralized architecture”, “series-connected micro-

converters”, “parallel-connected micro-converters”, “micro-inverters”, and “interleaved DC-DC

converters”, as shown in Fig. 1.29 [75]. The benefits and shortcomings of various PV system

architectures about PS are presented in Table 1.3.
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Fig. 1.29 PV system architectures (a) centralized (b) series-connected MIC (c) parallel-connected MIC

(d) micro-inverters and (e) interleaved DC-DC converter
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Table 1.3. Comparisons of the PV system architectures

Topology Ap{:)ol ‘;gb'e Benefits Shortcomings
» Conventional
« Effective under uniform conditions | * Can’t track GP
“Centralized” NA * Lower cost * Less sensitive to “PS”
and  mismatch power
losses
* S&P MIC suitable for “PS”
* Series MIC are appropriate with HV
“Series/parallel Yes reauess . ... | * Increased cost
(S&P) MIC.” * Parallel MIC are appropriate with
LV requests
* Large scale favored
* Not suitable with “PS”
“Micro- NA ;achsur:zl;ljlefor tracking the GP of |, Uncontrollable DC-link
inverter” voltage
* Higher cost
* Suitable for PS
B . Can track GP » High cost due to the
;:‘)l\é?[l)tgmput Yes * DC-link voltage is controlled large number of
converter” . Convenient with Conventional | &1ectronic devices.

MPPT methods
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1.9.1.3 PV array configuration

Different configurations for photovoltaic modules can alleviate the effects of partial

shading. Recent advancements have introduced various photovoltaic array configurations in the

literature, including series, parallel, series-parallel (SP), total-cross-tied (TCT), bridge-linked (BL),

and honey-comb (HC) arrangements [76, 77]. As shown in Fig. 1.30. Table 1.4 presents the

advantages and disadvantages of various photovoltaic array configurations.
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Fig. 1.30 PV array configurations: (a) SP (b) TCT (c) BL (d) HC
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Table 1.4 Benefits and shortcomings of different PV array configurations

Configuration Benefits Shortcomings

* SP exhibits greater sensitivity to
» Effective under standard circumstances . L
fluctuating irradiation levels
SP * Optimal cost efficiency compared to others, with a sharp
decrease in power during PS.

* Not suitable for PS

» Lower complexity

* Suitable under PS
» Moderate complexity
BL * BL is 2.5% more efficient than SP
* Moderate efficacy
 Can supply the grid under “PS”

* Suitable under “PS * TCT exhibits maximum

TCT « TCT offers enhanced performance, | connections and is more
reduped sensitivity to “PS”,  higher complicated than other designs.
efficiency

* Can feed the grid under PS
* Suitable for PS

» Moderate complexity
HC * Moderate MPP improvement
* Medium efficacy

+ Can supply the grid during “PS”

1.9.1.4 PV array reconfiguration

PV array reconfiguration is a critical strategy employed to enhance the performance and
reliability of solar energy systems. This process involves adjusting the physical or electrical
configurations of PV modules to optimize power output under varying environmental conditions,
such as shading, soiling, or module degradation. The methods for array reconfiguration are
primarily categorized into static and dynamic techniques. In the static reconfiguration techniques,
the physical position of the PV module's configuration is altered in line with particular
configurations to manage the impact of partial shading across the array. Static reconfigurations
employ a predetermined interconnection strategy to enhance power output, which can be viewed

as a one-time arrangement. The module location remains fixed and does not change dynamically,

/9‘/’ PhD Thesis in Electronics - ENP 2025

=




Chapter 1 -  “Photovoltaic Energy Systems Concepts And Shading Mitigation Techniques”

as it is established for all shading conditions. Static reconfiguration procedures can conserve many
switches and do not necessitate any sensors. Nevertheless, they cannot adaptively determine the
ideal interconnection scheme in response to variations in irradiance circumstances, as the
interconnection design remains static. The static approaches necessitate proficient individuals to
execute physical modifications in the PV modules, and the use of extended connections results in
supplementary power losses. The static approaches are mainly restricted to applications in small
photovoltaic array configurations. Numerous static reconfiguration strategies and control
algorithms have been developed in the literature to alleviate the impact of partial shading, including
Sudoku, optimal Sudoku, Futoshiki patterns, magic squares, Zig-Zag arrangements, Competence
Square techniques, Dominant Square procedures, Latin squares, odd-even structures, Skyscraper
puzzles, Chaotic Baker Map techniques, and the Lo Shu concept [78-81].

In dynamic reconfiguration approaches, the physical positions of the modules in the
photovoltaic array remain constant. Still, shadow distribution is accomplished by dynamically
altering the electrical interconnections of the photovoltaic modules. Dynamic reconfigurations use
switches, sensors, and control techniques to dynamically reconfigure the array by changing the
module position in an array to enhance the output power [81]. The literature suggests numerous
dynamic reconfiguration techniques for the modules of the photovoltaic array to alleviate the
impact of partial shade. Examples include the optimization algorithm utilizing the equalization
index, the Dynamic Electrical Scheme, and the Adaptive Array Reconfiguration Strategy. The
adaptive approach improves the PV system's overall efficiency and extends individual modules'
operational lifespan by ensuring balanced electrical loads [81]. Integrating advanced monitoring
techniques has further facilitated dynamic reconfiguration, enabling systems to respond
intelligently to fluctuating conditions. Upon detection of PS, the PV array's reconfiguration
between fixed and adaptive configurations will be initiated through an adjustable switching matrix,
as illustrated in Fig. 1.31. The primary role of the reconfiguration process is to optimize
connections to mitigate the “PS” effects and enhance the power output from the photovoltaic array
[81, 83].
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Fig. 1.31 Adaptive reconfiguration technique process.

Modifying the PV array’s electrical configuration dynamically necessitates numerous switches,
sensors, control techniques, and plant area, resulting in heightened costs and complexity of the
system. lIdentifying a suitable electrical switching configuration is a complex and challenging
endeavor. Consequently, one potential approach to effectively resolve this issue is the
implementation of optimization techniques. Optimization approaches have become efficient
solutions for determining the appropriate switching combinations in photovoltaic array
reconfigurations. Numerous researchers have utilized metaheuristic algorithms, including the
“Genetic algorithm”, “Particle Swarm optimization”, “Artificial Ecosystem-based Optimization”,
“Grey Wolf optimizer”, “Grasshopper Optimization algorithm”, <“Butterfly optimization
algorithm”, “Marine Predators Algorithm”, “Modified Harris Hawks optimizer”, “Coyote
Optimization algorithm”, “Firefly Optimization algorithm”, “Atom Search Optimization” and
“Dynamic Leader Based Collective Intelligence” (DLCI). [84- 86]. For example, the DLCI
technique integrates multiple meta-heuristic algorithms to optimize PV array configurations. DLCI
enhances local exploration and global development, effectively avoiding power mismatches caused
by local optima. It has shown significant improvements in reducing the number of power peaks
under PSCs. These techniques are crucial for enhancing the efficiency and reliability of PV
systems, particularly in environments where shading and other mismatches are common. The

advantages and disadvantages of the PV array reconfigurations are depicted in Table 1.5.
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Table 1.5 Advantages and disadvantages of the PV array reconfigurations

Topology

Benefits

Shortcomings

Reconfiguration of PV
array

» Circumvents the “PS” effects

* Increase in the PV output power

under PSCs up to 45%

* Enhanced efficacy

» Optimal arrangement for the

shaded PV modules

* High complexity due to
numerous switching elements.

* Increased price

» Inappropriate in certain
PSCs

1.9.2 MPPT techniques

MPPT is a widely used technique in PV systems to maximize power extraction under all

environmental conditions. Fig. 1.32 depicts a PV system integrated with MPPT. This section will

be discussed in detail in the next chapter.

DC-DC Converter

PV ARRAY

<

Cout

Ipv| [Vpv
p\v%p

A

[ M‘PPT ]—

Fig. 1.32 PV system integrated with MPPT.
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1.10 Conclusion

This chapter presents an overview of the photovoltaic system. Additionally, solar cell
technology and its working principles, including the effect of temperature and irradiance on PV
cell performance, are introduced. Special attention is given to PV array modeling due to the
importance of precise modeling in system accuracy. Moreover, electrical power converters are
thoroughly discussed due to their crucial importance in photovoltaic energy systems. Finally, the
effect of partial shading on PV systems is presented including its mitigation through PV system
design topologies, which is considered owing to the inherited features in optimizing the generated

power in PV systems.

In the next chapter, we will introduce the different MPPT techniques used for tracking the GMPP
under various weather circumstances, including PSCs, with a particular focus on hybrid

metaheuristic methods.
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2.1 Introduction

Several maximum power point tracking techniques are available in the current market to
ensure that photovoltaic modules operate at their maximum power output, which are divided into
two classes, conventional and partial shading-based MPPT techniques [87]. Numerous publications
in the literature are proposed for enhancing and optimizing these techniques. Nevertheless, they
vary in several aspects, including the number of sensors employed, the tracking accuracy, the
steady-state and dynamic efficiencies, the convergence speed, tuning parameters, computational

burden, and hardware complexities [88].

This chapter deals with the most recent metaheuristic approaches to harvesting and
monitoring the GMPP in PV systems subjected to PS issues. The necessary theory of these
techniques is presented, and their features are discussed. This review of shading mitigation
techniques through metaheuristic approaches will assist researchers in selecting suitable mitigation

techniques for specific PV applications.

2.2 MPPT principle

Maximum Power Point Tracking is an integral part of a photovoltaic system to ensure that
solar panels constantly work at their optimal power point, adapting to changing environmental
circumstances. MPPT is designed to dynamically monitor the operating point of the modules to
ensure the system always extracts the optimum possible power, thereby enhancing the overall
efficiency of the PV system. MPPT relies essentially on altering the duty cycle of a DC-DC
converter to enhance the performance of photovoltaic systems. The core objective of an MPPT
tracker is to find the Maximum Power Point for the current-voltage characteristic of the PV array.
At this point, the PV array produces its maximum possible power. Nevertheless, this point shifts
with variations in irradiance, temperature, and other constraints, making continuous tracking

mandatory.

2.3 Challenges facing MPPT techniques
The dynamic nature of environmental conditions, including irradiance and temperature
variations and partial shading of solar panels, are the major challenges faced in monitoring
Maximum Power Point Tracking in PV generation systems (PVGS); these factors can significantly
affect the efficiency and reliability of the PV system. Additionally, the load variations and
oscillations around the MPP, if not considered by the MPPT tracker, might lead to system
57
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instability and important power losses. Furthermore, the complex nature of the algorithms
necessary for accurate tracking may result in heightened computing requirements and possible
delays in real-time applications. Moreover, the trade-off between tracking precision and reaction
time might influence the overall efficacy of MPPT systems, rendering it essential to equilibrate
these elements for efficient energy conversion. Furthermore, the integration of MPPT trackers in
PV systems subjected to these challenges requires robust and adaptive control strategies to ensure
consistent and optimum performance. The challenges facing MPPT techniques are illustrated in

Fig. 2.1.

‘ Partial Shading ’

ﬁ Steady State Oscillation

- Techniques
allenges

Irradiation Variation

4 |

[ Temperature Variation ]

Fig. 2.1 Challenges Facing MPPT Techniques

The configuration of the PV system is shown in Fig. 2.2. Under uniform circumstances, a
singular Maximum Power Point (MPP) is demonstrated in the P-V and |-V characteristics,
facilitating the MPP tracking. Conversely, the P- V and I-V curves exhibit several peaks when
some photovoltaic modules or cells experience varying solar irradiation levels due to partial
shadowing. Consequently, the MPPT algorithm must possess the capability to identify the GMPP
from several local power maxima. Numerous MPPT approaches have shown efficacy in monitoring
the GMPP and optimizing performance across all operating circumstances. Theoretically, the

optimal MPPT approach for a photovoltaic system should have the following capabilities:
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1. The capacity to precisely monitor the GMPP under partial shading circumstances.

2. The capacity to adapt to rapidly changing climatic conditions.

3. The system is independent and does not rely on the arrangement of the PV arrays.

4. The system's resilience to climate perturbations and fluctuations in photovoltaic panel
parameters.

5. The ease of implementation with minimal computing complexity and reduced system cost.

DC-DC HE
Converter ,3
PWM
Y
[ MPPT

Fig. 2.2 MPPT control system

2.4  Conventional MPPT techniques

Conventional MPPT techniques are classified broadly into two types:

Q) Online approaches such as “perturb and observe” (P&QO) and “incremental
conductance” (InCond).
(i) Off-line approaches such as “fractional open circuit voltage” (FOCV) and “fractional
short circuit current” (FSCC).
These MPPT techniques are ineffective in accurately monitoring the maximum power point
(MPP) during sudden or rapid changes in solar irradiation, as well as under partial shading, which
results in fluctuations around the MPP and tracking a local peak (LP) rather than the global peak
(GP).

2.4.1 On-line techniques
The term "online™ denotes the continuous running of the MPP tracker. The required
measurements are sensed without disconnecting the PV system. The online techniques include

“perturb and observe” (P&O) and “incremental conductance” (InCond) methods.
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2.4.1.1 Perturb-and-Observe (P&QO) technique

“Perturb and Observe” (P&O) [89] is a frequently used Maximum Power Point Tracking
method. This technique involves monitoring the maximum power point by controlling the DC-DC
converter's duty cycle and measuring the output photovoltaic power. The output voltage and current
(Vpv, Ipv) of the PV panel are measured at each sampling time, afterward, the power (PK) is
calculated and compared to the previously measured power P(k-1). The algorithm follows this
process until the Maximum Power Point is reached, at which point the differential ratio of power
to voltage is zero (AP/AV=0). AP and AV are constantly calculated, and the converter's duty ratio

sign is altered to attain the MPP. The flow chart of this algorithm is illustrated in Fig. 2.3.

‘ Sence Ipv, Vpv
Calculate Ppv

v

{ Calculate AP & AV J

‘ Increase DJ [Decrease D] ‘ Increase D I Decrease D

| | l |

Fig. 2.3 Flow chart of the Perturb & Observe method

2.4.1.2 Incremental Conductance (InCond) Technique

The fundamental principle of the “incremental conductance” method [90] is that the slope
of the power-voltage curve at the MPP equals zero (dP/dV = 0 or dP/dl = 0 at MPP). The InCond
method was developed to address the limitations of the P&O algorithm, including oscillations in
steady state caused by duty cycle perturbations. This MPPT approach aims to enhance tracking

speed and increase the energy output of the PV system subjected to irradiation changes.
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dr d(V.I)_H_VdI
av - dv dv

The InCond MPPT method employs equations (2.1) to (2.4) to monitor the MPP.,

2.1

instantaneous conductance.

(dP—O At the MPP 2.2
dpP

W> 0 To the leftof MPP (2.3)
dpP _

T <0 Totheright of MPP (2.4)

Where AI/AV refers to the incremental conductance whereas, I/V represents the

In the InCond. MPPT method the instantaneous conductance, and the incremental

conductance are instantly compared where they are equal at MPP. The INC-based algorithm offers

advantages over conventional techniques due to its ease of implementation, enhanced tracking

speed, and improved efficacy. The flow chart of this algorithm is illustrated in Fig. 2.4.

>

[ Measure Ipv, Vpv ]

v

[ Calculate AI & AV ]

Yes

AV=10

Vref = Vref+AV

Vref = Vref+AV

[ Vref = Vref - AVJ

.
v

‘ 1(k-1) = I(k) }

V(k-1) = V(k)
\

Fig. 2.4 Incremental Conductance Flow chart
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2.4.2 Off-line techniques
The term “off-line” indicates the process of deactivating the PV system, allowing the
tracker to operate according to one of these techniques, which include “fractional open-circuit

voltage” (FOCV) and “fractional short-Circuit current” (FSCC) techniques.

2.4.2.1 Fractional Open Circuit Voltage (FOCV) technique [91]

This method is referred to as the constant voltage technique. The MPPT monitor using this
approach determines the working voltage to be (70-85%) of the open circuit voltage (Voc) of the
module. The primary limitation of this approach is its reliance on the open circuit voltage value.
This necessitates disabling the module output current to measure the open circuit voltage, resulting
in considerable power loss in large photovoltaic systems. The open circuit voltage fluctuates with
weather conditions, such as ambient temperature and irradiation levels; thus, researchers
consistently combine this method with other MPPT methods to ensure the tracker operates

effectively under diverse circumstances.

2.4.2.2 Fractional Short Circuit Current (FSCC) technique [92]

This method is referred to as the constant current method. The tracker using this approach
picks the operating current at (78-90%) of Isc, where Isc denotes the short-circuit current of the
module. The primary disadvantage of this approach is its reliance on assessing the value of the
short-circuit current. This necessitates disconnecting and short-circuiting the module to get the
“short circuit current” value. The disconnection of the photovoltaic module leads to power losses.
Given that the “short-circuit current” fluctuates with weather circumstances, such as irradiation
variations, researchers consistently combine this approach with additional MPPT methods to

ensure the MPPT monitor operates effectively under all situations.

25  Maximum power extraction from the photovoltaic system under partial shading
conditions

When the PV module is linked to a resistive load, the generated output current and voltage

are dependent of the module’s operating point. This point is located at the intersection of module

and load I-V characteristics as illustrated in Fig. 2.5. The module I-V characteristic exhibits non-

linearity, presenting a single maximum power point (MPP) at which the operation is hard to

maintain. Furthermore, the I-V and P-V curves of the module are altered by fluctuations in
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irradiance, ambient temperature, and partial shading conditions (PSCs), resulting in a new position
of the MPP as shown in Fig. 2.6.
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Fig. 2.5 Influence of the load resistance on the operating point
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Fig. 2.6 Influence of the irradiance on the MPP.
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Partial shading conditions (PSC) adversely affect both the shaded photovoltaic (PV)
modules/arrays and the output power produced by the partly shaded photovoltaic (PSPV) system.
It diminishes the output power produced by the photovoltaic (PV) system and causes the hot spot
issue, potentially resulting in the thermal failure of shaded PV modules. Under PSC, the P-V curve

exhibits many peaks, including one global peak (GP) and several local peaks (LPs) as illustrated in

Fig. 2.7.
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Fig. 2.7 Multi-MPP due to PS effect

The partial shading issue arises when some photovoltaic cells and/or modules are affected
by shading. It may arise from nearby buildings, accumulated dust, clouds, or deterioration due to
aging. The shaded PV cells/modules are compelled to conduct the high current of the other
unshaded PV cells/modules, which makes them consuming power rather than generating it [93].
As the shading area becomes more important, power losses also increase proportionally, resulting
in a reduction in PV output power. Therefore, the overall efficiency of the PV system is greatly
affected by the shading issue, where power losses may attain 70% of the system's total power.
Therefore, monitoring the global maximum power is mandatory for optimal power efficiency [94].
As aforementioned, conventional MPPT methods, especially IncCond and P&O, are effective and
reliable in tracking the MPP under standard conditions. Still, they fail to track the GP once shading
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or variations in irradiance occur. In contrast, metaheuristic approaches can track and monitor

efficiently the GP under PSCs and complex weather circumstances.

2.6 Metaheuristic MPPT techniques

Global optimization approaches, including metaheuristics based on computational intelligence (CI)
algorithms, are advantageous for addressing real-world nonlinear issues in contrast to basic
mathematical methods. Fig. 2.8 presents swarm, differential evolution, and nature-inspired
algorithms. The following sections provide a detailed discussion of several metaheuristic

algorithms based on CI techniques.
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Fig. 2.8 Classification of MPPT-based Metaheuristic Algorithms
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2.6.1 Swarm intelligence-based MPPT techniques
2.6.1.1 Particle Swarm Optimization-based MPPT

“Particle swarm optimization” (PSO) is a prominent metaheuristic search technique that
garners significant interest in engineering applications. PSO was initially proposed in 1995 by
Kennedy and Ebrahat, drawing inspiration from the natural behavior of avian flocking [95]. This
theory primarily investigates the optimum solution in a certain range known as the solution search
space. The PSO adjusts each particle through the possible solution space to identify the optimal
solution based on the experiences of both self and adjacent particles throughout the optimization
process. Consequently, particles engaged in optimization use their memory to adjust their fitness
by emulating the behaviour of successful particles within the swarm. The PSO technique begins
with a random set of particles, progresses by seeking optimum solutions from previous iterations,

and then assesses particle quality based on the fitness function.

Fig. 2.9 illustrates the flowchart of the PSO-based maximum power point tracking system.
An initial set of duty cycles is randomly affected. Subsequently, each one is transmitted to the
DC-DC converter. The system's current and voltage are measured to determine the generated
photovoltaic power. This power denotes the fitness function of the particle (i). The subsequent step
involves recording the comparison between the current fitness value and the power associated with
the best particle (pbest) in the past. The new projected power is designated as the optimal fitness
value if it exceeds the previous value. Upon assessing all particles, each candidate solution's
previous velocity and position are updated. When reaching the stopping condition, the PSO-based
tracker provides the optimum duty cycle corresponding to global maximum power [96]. The
velocity and position of particles in the PSO algorithm are determined using equations (2.5) and
(2.6) [97].

vk = wok + oy (pbest; — d¥) + rycy(gbest; — d¥) 25
di*™t = dif + v (26)

Where i refers to the optimization vector variable, whereas k represents the number of
iterations, v, and d denote the velocity and position of the i" variable across k iterations, w
represents the inertia weight parameter, cz is the cognitive factor for individual candidates, c> is the

social factor for all candidates, and r1 and r, are randomly selected variables within the interval
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[0,1]. The primary objective of these random values is to sustain stochastic behaviour throughout
the iterations. The update conditions for the global best (Gy) and particle best (Py) are given in
equations (2.7) and (2.8).

Py = dff if F(df)= F(Py) (2.7)

Gp =Py if F(Py) = F(Gp) (2.8)

In practice, the produced power fluctuates because of changes in partial shadowing and irradiation

degrees. Consequently, the algorithm must be initiated upon fulfilling Eq. (2.9).

F(diy1) — F(dy)
F(d;)

> AP (2.9)

The parameters influencing PSO performance include cognitive and social coefficients,
inertia factor, number of particles, and the maximum number of iterations. The merits of PSO are
its global tracking capability, low computing burden, and ease of integration with other algorithms.
The shortcomings of PSO include the slow tracking speed of traditional PSO-based MPPT when

used in large-scale PV arrays and their sensitivity to control factors.
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Fig. 2.9 Flowchart of PSO-based Tracker

2.6.1.2 Ant Colony Optimization Algorithm

“Ant colony optimization” (ACO) is a metaheuristic technique used for global search to
find the optimum solution in stochastic problems. The method was first presented by “Dorigo and
Gambardella” in 1997, inspired by the foraging behaviour of ants to choose the optimal way to
food. ACO emulates the social comportment of ants in their quest for a food source. Fig. 2.10
provides a concise and systematic overview of ACO. In the ACO-based MPPT tracker, each

position corresponds to the voltage value of the photovoltaic array. The objective function
68
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represents the output power of the photovoltaic array, while the fitness of each ant is assessed based
on its voltage value. ACO has been applied to address challenges in various renewable energy
domains [98]. The ACO-based MPPT was evaluated under diverse shading conditions, yielding
satisfactory results. The proposed method demonstrated high efficiency and incurred minimal
system costs. The system is capable of tracking the global maximum power point utilizing only a
current sensor. Moreover, the convergence to the GMPP of the Ant Colony Optimization approach
does not depend on the initial conditions.

2.6.1.3 Artificial Bee Colony

An innovative “Artificial Bee Colony” approach (ABC) is formulated to address the
limitations of traditional techniques, using a resilient maximum power point tracking scheme with
few adjusting parameters and convergence criteria independent of the system's starting
circumstances. It is a swarm-based metaheuristic method that efficiently addresses
multidimensional and multimodal optimization challenges. The artificial bees are classified into
employed, onlooker, and scout bees [99]. The bee that actively forages for food is called an
employed bee, whereas a bee that remains in the hive to evaluate and choose food sources is
referred to as an onlooker. The scout bee's task is to carry out a random search for new food sources.
In the ABC algorithm, the three groups collaborate through coordination and communication to
get the ideal solution in minimum time. The duty ratio represents the food location, whereas
maximum power denotes the food source. The ABC technique monitors power tracking with high
accuracy in partial shading scenarios. The performance of ABC is impacted by several parameters,
including the number of trials, the number of candidates in the search space, and the maximum

number of iterations. The flowchart of the ABC technique is shown in Fig. 2.11.

The merits of ABC include good accuracy under diverse shading circumstances, fewer
parameters to configure compared to “PSO”, “DE”, and “ACO”, minimal complexity, accessible
tuning parameters, and independence from starting conditions. The shortcomings of ABC include

a slow convergence speed.
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2.6.2 Evolutionary-based MPPT techniques
2.6.2.1 Genetic Algorithm

The “genetic algorithm” (GA) is a metaheuristic optimization technique that derives
solutions from the principles of biological evolution. This strategy was proposed by “Holland” in
1975 based on the notion of survival of the fittest. Generally, genetic algorithms represent
candidates' solutions, referred to as chromosomes, using fixed-length strings. The evolutionary
process facilitates the survival and reproduction of the fittest chromosome over generations. The
GA is an iterative technique wherein a population of chromosomes develops and enhances

throughout generations influenced by GA operators.

In each generation, parents are chosen from the current population to produce descendants
for the subsequent generation. The goal function serves as the primary criterion for enhancing
population fitness over time. Fig. 2.12 illustrates the flowchart of the GA algorithm. It illustrates
the technique and life cycle of the population, whereas the phases of the genetic algorithm include
initialization, selection, crossover, and mutation. Genetic algorithm was adapted to monitor the
global maximum power point of the photovoltaic system under PSCs. MPPT control was
formulated using the GA technique, and the methodology was validated using two distinct
scenarios with partial shading patterns. Nonetheless, the verification aspect is confined to simulated
validations, and the method's practicality in a real-world setting has not been shown. The GA
method is mostly used in hybrid approaches to enhance the efficacy of existing MPPT techniques.
Combining the P&O technique with GA results in a reduction in population size and a decrease in
the number of iterations. The hybrid technique exhibited accelerated convergence and enhanced
accuracy for the PV system under diverse partial shade patterns compared to a conventional GA
approach [100].

A different kind of hybrid optimization approach involves using genetic algorithms to
adjust the settings of a fuzzy logic controller used in maximum power point tracking under partial
shading conditions. The efficacy of fuzzy logic control is enhanced when parameters, including
rule base and membership functions, are adjusted to their optimal values by genetic algorithm
approaches. The GA approach was ultimately used as a mechanism to train the ANN system. In
this technique, genetic algorithm is applied to determine the number of neurons in a multilayer

perceptron neural control system [101].
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Fig. 2.12 Flowchart of the GA-based MPPT

2.6.2.2 Differential Evolution Algorithm

The “differential evolutionary algorithm” incorporates concepts from genetic algorithms,
with its initial introduction by “Storn and Price”. Owing to its easy nature, “DE” stands out as a
highly effective method in population-based optimization. This algorithm maintains the existing
particles that exhibit the best fitness records within the population while substituting the others
with new particles. “DE” is appropriate for addressing issues characterized by numerous local
maximum peaks [102]. The algorithm comprises four stages: “initialization, mutation, crossover,
and selection”. Recently, Renewable energy Systems (RES) used the “DE” method to address the
global MPP tracking in the PSC issue.

The duty ratio of the DC-DC converter serves as the target vector in the DE-based MPP
tracking method. Nonetheless, the approach relies on a fixed objective function that necessitates

the prior determination of the (P-V) curve, rendering the method unsuitable for real-time MPPT
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applications [102]. The tracking time was reduced by eliminating the unnecessary measurements

from the output of the converter. Fig. 2.13 presents the flowchart of the differential evolution

algorithm [103]. The initialization of the algorithm requires the assignment of initial positions to

the target vector. The parameters are selected randomly for recombination, thereby enhancing the

stochastic characteristics of the DE and ensuring covering the search space.
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2.6.3 Nature inspired-based MPPT techniques
2.6.3.1 Cuckoo Search

The “cuckoo search” (CS) method is derived from the reproductive strategy of certain
cuckoo bird species known to deposit their eggs in the nests of other avian species. This parasitic
reproductive strategy is the fundamental of the CS optimization technique. A vital component of
this approach involves identifying the appropriate host nest. This process parallels food-seeking
behaviour, characterized as a random process that can be represented through mathematical
functions. A widely utilized model for representing an animal's food-seeking path is the Lévy flight
model. The functioning process of the CS approach relies on Lévy flight and constitutes a
population-based algorithm. Owing to Lévy flight, the CS approach exhibits superior
randomization and accelerated convergence relative to conventional PSO and DE algorithms [104].

Fig. 2.14 illustrates the flowchart for the search process used by the CS-based tracker.

The initial number of duty cycles is assigned randomly. Then, each duty cycle is transmitted
to the DC-DC converter. The generated current and voltage are measured to calculate subsequently
the resulting photovoltaic power. Which constitutes the fitness value. The duty cycle associated
with the optimal fitness function is assigned as the current best nest (dbest). Subsequently, Lévy
flight is used to find additional nests and evaluated with the current best fitness value. Afterward,
the most unfavorable nest is eliminated and replaced by a new one, thereby simulating the behavior
of the host bird in locating and destroying the cuckoo's eggs. The corresponding power for the new
nest is measured, and the optimal nest is selected based on current performance metrics. Upon
achieving the stopping criterion, the CS-based tracker delivers the optimal duty cycle
corresponding to the global optimum power. The Lévy flight model is characterized by a random
walk in which step sizes are governed by the Lévy distribution, as defined by the following equation
[104].

Lévy(D) ~u= 1"*  where; 1<1<3 (2.10)
In each iteration, the new position is determined via the Lévy process using Eq. (2.11).
xk*1 = xk @ Lévy(Q) (2.11)

In this context, i represents a candidate solution or an egg, k denotes the iteration number,

the symbol @ signifies entry wise multiplication, and « refers to the step size that must be
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appropriately adjusted in accordance with the constraints of the optimization issue. The parameter
o is typically defined using the first step ao and the difference between two samples (xi and xit), as

seen by the following equation:
o=, + (x}‘ — x) (2.12)

The performance of the CSA is influenced by several parameters, including the initial step
size, the percentage of the worst nests Pa, the Lévy distribution factor, the population dimension,
and the number of iterations. The merits of CS include ease of implementation, rapid tracking
speed, and simple integration with other swarm-based algorithms. The shortcomings of CS include
a tendency to fall into local optima at the boundary when parameters are set inappropriately,

resulting in a low convergence rate.
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2.6.3.2 Grey Wolf Optimization technique

“Grey wolf optimization” (GWO) represents a population-based optimization approach that
draws upon the hierarchical leadership and hunting behaviour of the grey wolf, as introduced in
[105]. Grey wolves can be categorized into four distinct types when hunting for prey based on the
fitness evaluation of each type. The first type exhibits the highest fitness level, while the fourth
type demonstrates the lowest fitness level. The social structure exhibits a stringent hierarchical
dominance, consisting of four distinct levels of leadership. Leaders, referred to as alpha (a), and
subleaders, designated as beta (J3), form what is known as leadership pyramids, as illustrated in
Fig. 2.15. In this structure, the dominance of wolves increases from the top to the bottom. Grey

wolves exhibit three primary phases in their hunting behavior:
(a) Seeking, pursuing, and approaching the prey.

(b) Tracking and surrounding the prey.

(c) Attacking the prey.

The circling behaviour exhibited by wolves is a crucial component of their hunting strategy
and is integral to developing the “GWO” algorithm. The “GWO” method is utilized in MPPT, with
the number of collaborating grey wolves corresponding to the converter's duty ratios, while the
MPP is represented as the prey being pursued. The following equations [105] mathematically
represent the circling comportment of wolves in the design of the GWO algorithm:

—

D = |C.Xpp— X (2.13)

—

?(t+1) = ?p(t)A . D (214‘)

In this context, t represents the iteration number, while x, and x denote the position vectors
of the prey and the grey wolf, respectively. The vectors A and C are computed according to
Equations (2.15) and (2.16) [105]:

A

2T, - @ (2.15)

!
I
N
3l

(2.16)
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Where the parameter a is linearly decreasing from 2 to 0 through iterations while ry and r
are random vectors in [0, 1]. The GWO optimization method is utilized in MPPT, with the number
of contributing grey wolves corresponding to the converter's duty cycles, while the MPP is
represented as the prey being chased. For each duty cycle, the controller measures Vpv and Ipv via
sensors then calculates the output power for the number of grey wolves. Fig. 2.16 illustrates the
flowchart of the GWO-based MPPT algorithm [106].

The parameters influencing performance include the exploration and exploitation
parameter, population dimension, and maximum iteration count. The merits of GWO include ease
of implementation, minimal parameter configuration, and high tracking accuracy. The

shortcomings of GWO include a long convergence time.

Fig. 2.15 Leadership pyramids
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2.6.3.3 Flower Pollination Algorithm

The “Flower Pollination Algorithm” (FPA) is nature-inspired method derived from the
pollination process of flowers. Pollination may occur by self-pollination or cross-pollination. Self-
pollination happens when a flower is pollinated internally, while cross-pollination happens when
pollen is transferred externally between flowers. It may be propagated by wind, termed abiotic
pollination, or by insects, referred to as biotic pollination. The different phases for designing FPA
are as follows [107]:

First step: Global pollination manifested in biotic and cross-pollination, with pollen-carrying

pollinators using Lévy flights.
Second step: Local pollination is characterized by biotic and self-pollination mechanisms.

Third step: Floral constancy, which is comparable to a reproduction probability of the same

species due their similarity.
Fourth step: A switch probability P € [0, 1], to regulate the local and global pollination processes.

As mentioned earlier, the procedures must be transformed into appropriate mathematical
formulae. During the global pollination phase, pollinators transport flower pollen gametes,
enabling the pollen to disperse across considerable distances. Consequently, global pollination
(First step) and flower constancy (Third step) may be quantitatively represented as [107]:

k+1

= xf+ y LA (g — xf) (2.17)

xi* represents the solution vector at iteration k, and g represents the optimal solution (duty
cycle). y represents a scaling factor employed for adjusting the step size. L (1) stands for the Lévy
flights-based step size that reflects the pollination strength. Insects may travel considerable
distances with variable step lengths, as described by the Lévy distribution [107]:

AT'(A) sin (HTA) 1
~ I S1+1

L (S= S, > 0) (2.18)

Where I'(A) stands for the gamma function.
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2.6.3.4 Firefly Algorithm

The FA is an optimization technique based on population dynamics and exhibits similarities
to Particle Swarm Optimization. The FA draws inspiration from luminescent insects and is
mathematically formulated in [108]. FA requires fewer parameters for tuning, and the particles in

FA approach are more closely around the optimum solution, exhibiting reduced fluctuations.

The flashing light is an essential element of the population-based behaviour of fireflies,
used to attract mates and possible prey, as well as serving as a mechanism for protective warning.
Consequently, brightness is crucial and used to ascertain the new location of particles inside the
search space. For each duty cycle representing a firefly, Vpv and Ipv are measured; subsequently,
the output power is calculated. The mechanism of the FA algorithm for Maximum Power Point
Tracking is detailed below [109]:

In the first phase, tuning parameters and maximum iteration number are defined. Each duty
cycle is considered a position for a given firefly in this approach. The luminosity of each firefly is
regarded as the power Ppv produced by the photovoltaic system, according to the location of the
firefly. In the second stage, ensure that all fireflies’ positions are within the permissible solution
space defined [dmin, dmax], referring to the minimum and maximum duty ratios of the DC-DC

converter.

In the third stage, the DC-DC converter is run sequentially according to the location of each
firefly. For each duty ratio, the associated PV output power Ppv is regarded as the luminosity or
light intensity of the relevant firefly. This procedure is performed for all fireflies within the search

space.

In the fourth phase, the firefly with the highest luminosity keeps its position while the other
fireflies adjust theirs. In the fifth step, conclude the program if the termination requirement is
satisfied; otherwise, revert to the third step. The optimization process terminates when the

displacement of all fireflies in successive iterations attains a predetermined minimal value.

Upon termination of the program, the DC-DC converter functions at the optimal duty cycle
aligned with GMPP. In the last phase (FA: initialization), if the solar irradiation varies, the digital
controller detects this change by measuring the alteration in power output [109]. Upon program

termination, the DC-DC converter functions at the optimal duty cycle, delivering the global
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optimum power. In the last phase, the controller senses any variation in the irradiation to restart the

process [109].

The factors influencing the FA performance include initial attractiveness, absorption
parameter, random movement parameter, population dimension, and maximum iterations. The
advantages of FA include enhanced performance, rapid tracking speed, and insensitivity to starting
conditions. The shortcomings of FA include a propensity to converge on local optima when
parameters are improperly configured.

2.6.3.5 Bat Algorithm

The “Bat Algorithm” (BA) is a population-based optimization technique implemented by
emulating the echolocation features of micro-bats in their food acquisition [110]. Microbats mostly
consume insects, which they locate by echolocation. The orientation and strength of the returned
signal allow them to identify possible prey in position and direction. Initially, the bat explores the
search area, releasing a series of ultrasonic pulses with a certain amplitude and frequency. It gets
its feedback signals and analyzes those of the other bats in the swarm via echolocation. If the
returned signals exhibit low intensity and high frequency, the prey has probably been identified,
prompting the bat to pursue it. As the bat approaches its target, it incrementally increases the

frequency of the ultrasonic pulses while reducing their strength.

The bat algorithm sustains a swarm of N micro-bats, where each particle navigates
randomly with a velocity v; at position x;, exhibiting variable loudness A;j and pulse emission rate
ri € [0, 1], contingent upon the closeness to their prey. In the optimization process, each bat is
randomly given a frequency uniformly selected from the interval [fmin, fmax]. The initial velocity

vi and position x;i of each bat at time step t are given as follows:

fi = fmin + (fmax - fmin)ﬁ (2-19)
vitt = vf+ (xf — x0)fi (2.20)
xftt = xb+ vt (2.21)

Where g € [0, 1] is a vector arbitrarily selected from a uniform distribution. x' represents
the optimal global position attained after evaluating all solutions of the N bats at each iteration t. If

a random number exceeds the pulse emission ri, the exploitation stage is chosen, and the position
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is substituted with the solution produced by the local search. Consequently, a new solution is

generated locally using a random walk around the present optimal solution:
Xpew = Xo + €A (2.22)

Where ¢ is a random number drawn from a uniform distribution within the interval [—1, 1]
or a Gaussian distribution, whereas 4 < 4% denotes the mean loudness of all bats at this time. If a
random number is less than loudness A% and the new solution enhances the fitness function, it
indicates that the bat is progressing toward the prey. Subsequently, the new solution is accepted,
and its intensity and emission rates are updated via equations (2.23) to (2.25) to manage exploration
and exploitation processes. In Bat’s optimization, the loudness is recommended to diminish from

a positive value A% to Amin = 0, while the pulse rate rises from 0 to R;.
AR = o A (2.23)
it = R (1—e) (2.24)
|xf— xf| < Ax i,j=123..(i#)) (225

In this context, o represents a constant within the interval [0,1], while y denotes a positive
constant. The bat algorithm is used for monitoring the Global Maximum Power Point via direct
duty cycle control of the PWM signal. Fig. 2.17 depicts the flowchart of the bat algorithm-based
Maximum Power Point Tracking.

The main factors influencing the performance of the BA include “the movement of virtual
bats, velocity, weights, loudness, and pulse emission”. The merits of BA include increased speed,
enhanced efficiency, resilience, and reliability compared to traditional and alternative soft
computing techniques. The shortcomings of the Bat Algorithm include its rapid initial convergence
followed by a deceleration in the convergence rate, the absence of mathematical analysis
correlating parameters with convergence rates, and potential limitations in accuracy if the number

of function evaluations is insufficient.
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2.7  Hybrid-based MPPT techniques

Hybrid MPPT approaches involve a combination of conventional and soft computing
methods to effectively manage partial shading conditions and accurately track the global peak (GP).
This can include various configurations such as “soft computing/conventional”, or “soft
computing/soft computing” approaches. Some soft computing maximum power point tracking
(MPPT) methods, particularly those utilizing artificial intelligence techniques like “fuzzy logic
control” (FLC) [111] and “artificial neural networks” (ANN) [112], exhibit limitations in managing
partial shading conditions, which may result in their inability to track the global peak effectively.
Consequently, they are optimized and integrated with additional techniques to enhance tracking
efficiency and convergence time. The traditional MPPT techniques exhibit limitations in
monitoring MPP in PV systems subjected to PS, often remaining fixed at the initial peak,
irrespective of whether the context is LP or GP. Consequently, soft computing may be employed
to enhance traditional methods and Al approaches, yielding robust and resilient novel algorithms

that can efficiently manage the PS effect.

2.7.1 Hybrid soft computing-soft computing algorithm

Various MPPT techniques based on hybridizing two metaheuristic algorithms-based soft
computing approaches are found in the literature. Among these techniques, the GWO-PSO
algorithm addressed in [113].

The Hybrid “GWO-PSQO” is a swarm intelligence-based optimization algorithm developed
in 2017 by “Narinder Singh & al”. The fundamental hybridization approach of this algorithm
involves integrating the exploration capabilities of the GWO algorithm with the exploitation
abilities of the “PSO” algorithm, thereby enhancing the strengths of both variants while reducing
their shortcomings. The hybrid “GWO-PSO” algorithm is applied to monitor the MPPT issue. A
DC-DC power converter is used to link the output of the PV array with the load. The location of
each search agent in the hybrid "GWO-PSO" algorithm is specified as a decision variable,
representing the duty ratio of the power converter. The GWO methodology classifies potential
solutions into four categories to establish a leadership pyramid: “alpha” denotes the optimal
solution, “beta” refers to the second best solution, “delta” indicates the third best solution, and

“omega” encompasses the remaining alternatives, as specified in the equations (2.26) to (2.29).
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Dy = |Cidcy — w.dc]|
Dg = |Cydcg — w.dc| (2.26)
Ds = |C3dcs — w.dc]|

dCl = dcoc - AlDoC
dc, = dcg — A Dg (2.27)
dC3 = dC8 - A3D8
v = w(vf + cir(dey — def) + cary(dey — def) + cgrs(de; — dcf)) (2.28)
dcktt = dck + vt (2.29)

Where dci represents the duty cycle for each agent, vi represents velocity calculated

according to the PSO principle whereas, A and C are coefficient factors, computed as follows:

A

2.4 — @ (2.30)

S|
I
3l

2.7, (2.31)

In this approach, the value of a is linearly decreasing from 2 to 0 throughout the iterations,

with ry and r2 representing random vectors within the interval [0, 1].

The hunting procedure is controlled by alpha (a), beta (B), and delta (8) since they possess
superior information about the probable location of the ideal solution. The other search agents,
including the omegas, must adjust their placements according to the position of the optimal search
agent. Each agent, referred to as the duty cycle, corresponds to fitness function representing the
output power of the photovoltaic array. In this approach, the controller measures the PV array’s
voltage and current for each searching agent and subsequently computes the corresponding
generated power. To obtain accurate samples, the time interval between consecutive assessments
of the duty ratio (Ts) must exceed the settling time of the DC-DC power converter. Additionally,
to determine whether a change in climatic circumstances occurs, the following inequality is

utilized:

|PPV new PPV lastl

> AP (2.32)
PPV last

The hunting procedure of the GWO method is shown in Fig. 2.18, whereas the process of
the hybrid GWO-PSO-based MPPT monitor is illustrated in Fig. 2.19.
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Fig. 2.18 Hunting procedure of the GWO technique
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2.7.2 Hybrid soft computing-conventional
Another type of hybridization is integrating a metaheuristic approach with a conventional
method, as discussed in [114].

This approach combines Particle Swarm Optimization for MPPT during the early tracking
phases and then applies the standard Perturb and Observe method in the latter stages. The procedure

of this technique is as follows:

2.7.2.1 Steps of the Algorithm

This technique employs particle swarm optimization and then transitions to the PO method.
Particle Swarm Optimization is a stochastic, evolutionary approach derived from the study of social
behaviours in animals, including bird flocking and swarm concepts. It sustains a population of
agents referred to as particles. Each particle, representing a possible solution, is affected a
randomized position in the possible search space. Each particle communicates the knowledge
acquired from its own and its neighbor's flight experiences and adjusts its location accordingly.
Thus, each particle advances toward the global optimal point. The following outlines the sequential
phases of the hybrid algorithm:

2.7.2.1.1 PSO method [115]
1. Affect the first duty ratios to the solution particles at fixed positions that uniformly span the
search space [dmin, dmax], where dmin and dmax denote the power converter's minimum and

maximum duty cycle values.

2. Transmit the duty cycles sequentially and compute the corresponding fitness values representing

the generated power of the PV array.

3. The highest fitness value identified by particle i is referred to as its personal best. At each
iteration, compare the fitness value of particle i with particle best (Pbesti). Replace the particle's

best position with the current position if the latter has a higher fitness value.

4. The particle with the highest fitness value in the swarm is referred to as the global best (Gbest).
There exists a single global best solution to which all particles in the swarm tend to converge.
Evaluate the fitness value of particle i in relation to Gbest. If the fitness value of particle i exceeds

Gbest, update Gbest to the position of particle i.

ﬂ‘/’ PhD Thesis in Electronics - ENP 2025




Chapter 2 — “Maximum Power Point Tracking Techniques Via Metaheuristic Approaches “

5. Calculate the velocity and position of the i'" particle in the k™ iteration employing equations
(2.33) and (2.34).

vt = wu +rici(pbest; — dif) + rpcy(gbest; — df)  (2.33)

Equation (2.33) indicates that the particle's velocity is influenced by the positions of Pbest
and Gbest. The updated velocity is adjusted by the factor w and augmented in the direction of Pbest
and Gbest. In this methodology, c: is a constant known as the cognitive rate, which determines the
extent to which the particle is influenced by Pbest, ¢z is a constant known as the social rate, which
determines the extent to which the particle is impacted by the remainder of the swarm. r1 and r» are
variables representing random numbers within the interval [0,1]. The new particle’s position is

determined using the updated velocity specified in equation (2.34).
df*t = dff + vt (2.34)

6. Conclude the program when the distances between gbest and all other Pbests fall below 1%;

thereafter, transfer the optimal particle, doptimum, to the PO technique; otherwise, revert to step 2.

2.7.2.1.2 PO method

1. Initiate the PO stage using doptimum as the initial value for the duty ratio.

2. Introduce an alteration in the PV array functioning voltage by adjusting the converter duty cycle.
If the PV array’s power has augmented, adjust the duty cycle accordingly; otherwise, proceed

reversely.
3. Continue executing step 2 until GMPP is achieved.

4. Evaluate the PV output power, and if the variation in output power between consecutive samples

exceeds 1% of the rated PV output power, restart the search process.

The flowchart of the hybrid PSO-PO algorithm is illustrated in Fig. 2.20.
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Fig. 2.20 Hybrid PSO-PO Algorithm
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2.8 Overview of recent hybrid MPPT techniques in PV systems subjected to PSCs

To enhance the efficiency of typical SI methods and reduce the risk of faulty convergence,
various modified versions or hybrid MPPT algorithms have been suggested to address the practical
requirements of PV systems, as suggested in [116,117]. The most prevalent features of these
algorithms are their high efficiency, robustness, and ability to tackle tracking challenges in uniform
and PSCs, as reported in [118]. Recent MPPT controllers use Sl to overcome the limitations of
traditional methods, as indicated in [119]. In [120], the authors proposed a modified PSO with
hybrid adaptive local search (MPSO-HALS) to address the PSO algorithm's shortcomings. Across
different scenarios of PSCs, the suggested system exhibits a tracking efficacy exceeding 99% in
diverse and intricate PSC circumstances. In [121], an improved PSO-based MPPT method is
introduced. This approach overcomes the constraints of conventional PSO algorithms in non-
uniform weather conditions. Another variation of the PSO technique is discussed in [122], where
a hybrid of Levy flight and particle swarm optimization (LPSO) is put forward. This technique
contributed to decreased steady-state oscillation and efficient global power monitoring under
severe PSC. In [123], a novel overall distribution (OD) MPPT algorithm, which can rapidly search
the area near the global MPP. The authors explored the tiny region around the GMPP to achieve a
quick response. Nevertheless, the proposed model ignores the PV array's precise details, which
could compromise the overall power monitoring efficiency under challenging environmental
circumstances. The study discussed in [124] provides a machine learning-based controller for PV
systems under PSC. Bayesian fusion prevents the controller from being trapped at the local minima
of the shaded P-V characteristic. The suggested controller demonstrated faster response time and
higher efficiency than current intelligent approaches. Nevertheless, some oscillations are observed
at steady-state. Moreover, complex PS scenarios are not tackled, which will limit its efficiency
when applied to large PV systems and severe weather conditions. Fuzzy adaptive PSO for MPPT
was addressed in [125]; however, modifying the PSO parameters required a computation-intensive
controller task. Furthermore, the suggested approach must be verified under complex weather
circumstances and fast changes in irradiance to verify its robustness and suitability to confirm the
findings. The hybridization of two Sl algorithms, PSO and GWO, is reported in [126]. While the
technique effectively tracks the GMPP, significant downsides include processing complexity,
restrictions in extreme cases, and implementation issues in practical PV systems. In [127], the

Particle-Swarm Fireworks Algorithm (PS-FW) algorithm is presented as a hybrid technique for
93

ﬂ‘/’ PhD Thesis in Electronics - ENP 2025




Chapter 2 — “Maximum Power Point Tracking Techniques Via Metaheuristic Approaches “

GMPPT. Exploration and exploitation are balanced through the PSO's velocity and the FWA's
mutation and explosion spark operators. The findings of the proposed hybrid technique outperform
its singular algorithm versions. Despite the system's high efficacy, the suggested approach
demonstrates high initial oscillations; moreover, the algorithm was not verified under rapid changes
in weather conditions and complex PSCs. Additionally, tests are addressed under small PV
systems, which will induce some challenges when large PV systems are considered. The hybrid
Differential Evolution and PSO algorithm (DEPSO) is introduced in [128]; the proposed technique
features rapid tracking under PSCs. The work introduced in [129] presents a new adaptive PSO
(NA-PSO) approach to improve power tracking for PV systems in dynamic shading scenarios.
While the NA-PSO strategy significantly enhances system performance, it may still require further
testing and validation under various operational circumstances to ensure its robustness and
effectiveness in real-world applications. In [130], a new GMPPT technique is proposed with the
integration of the Salp Swarm Optimization (SSO), Differential Evolution (DE), and P&O
algorithms. A modified SSA-based MPPT is presented in [131], incorporating an adaptive control
parameter named ASSA. The hybrid technique alternates between the ASSA and P&O algorithms
to enhance power tracking. ASSA is only used to identify the optimum power location, while inside
this region, the tracking procedure is carried out using a variable step size P&O algorithm. In
[132], the hybrid GWO-P&O MPPT algorithm is proposed. GWO is initially used offline to move
the operating point closer to the MPP, and then the P&O algorithm takes over to locate the GMPP.
The suggested hybrid method outperforms GWO when employed alone. The combination of GWO
and Modified Fast Terminal Sliding Mode Controller (MFTSMC) is presented in [133]. The
experimental outcomes show that the proposed system overcomes conventional designs.
Nevertheless, the GWO-MFTSMC algorithm must be fine-tuned in terms of operational and
control parameters to obtain optimum performance. In [134], the authors introduced an improved
version of the GWO. This approach replicates the hunting strategies used by grey wolves. The
primary benefits of this technique are enhanced tracking efficiency and the removal of both
transient and steady-state oscillations, as reported in [135]. In [136], the GWO is combined with
an ANFIS to generate a hybrid MPPT controller. However, GA-based MPPT controllers demand
significant computational complexity and proper parameter tuning, resulting in premature
convergence under some complex PSC scenarios. In [137], a novel MPPT design based on the

Seagull optimization algorithm (SOA) is introduced. Compared to the PSO technique, the SOA
94
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methodology results in quicker convergence and minor oscillations around the Global Peak (GP).
However, in this study, only the 4S configuration is used to evaluate the suggested MPPT
algorithm, which raises issues when large PV systems are addressed. In [138], a combination of
cuckoo search and a PID controller is suggested to monitor the power tracking of a PV system
under PSCs. The concept behind this hybridization is to use the advantages of these two strategies
while eliminating their disadvantages when employed alone. Nevertheless, the efficacy of the
suggested control technique is examined only for three shading scenarios. Moreover, this study did
not investigate complex shading profiles and quick changes in irradiance to verify the reliability
and resilience of the proposed system. The hybrid CS and Acrtificial Bee Colony (ABC) algorithms
for MPPT are introduced in [139]. This method integrates the levy flight mechanism's local and
global random search in the cuckoo algorithm. It also introduces adaptive weight factors and
gravitational mechanisms between neighboring particles to track the MPP effectively.
Nevertheless, the generalizability of the results may be restricted by the system validation using
small PV systems. Additionally, this work did not investigate the robustness of the proposed hybrid
algorithm in extreme environmental conditions, which are critical factors to consider when
evaluating the reliability and stability of MPPT algorithms in solar PV applications. In [140], the
CS is presented. This strategy is based on the reproductive behaviour of cuckoo birds, which
involves laying their eggs in the nests of other bird species. The levy flight mechanism is used in
the search process to find the optimal solution. This method exhibits faster convergence compared
to PSO and DE and is less reliant on initial conditions. A comparative performance analysis of PV
modules using CS and PSO techniques is reported in [141]. In [142], a hybrid CS and Golden
Section Search Algorithm (CS-GSS) is introduced. The search process is initiated with CS to avoid
being stuck in a local maximum. Subsequently, the tracking procedure transitions to the GSS
algorithm to locate the GMPP precisely. According to the authors, the proposed system offers a
tracking time reduction of over 25% compared to other techniques. A novel MPPT technique based
on solar irradiance estimation is presented in [143]. The complex multiple MPP issue is converted
to a single MPP problem, where an intelligent neural network-based predictor integrating a cost-
effective solar irradiance estimator is put forward. To achieve the GMPP task, the predictor uses
the PV current and voltage to determine the precise optimum power region of the PV system.
However, the system requires a considerable amount of data for training and a good knowledge of

the PV modules’ characteristics. In [144], a robust integral back-stepping (RIB)-based MPPT
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control is suggested. This method primarily relies on two loops. In the first stage, an ANFIS
network creates a real-time reference peak power voltage. Subsequently, the duty ratio of the power
converter is continually adjusted to force the PV system to function at this set point. Nevertheless,
the suggested approach should be verified under complex scenarios of partial shadings to consider
the reliability and relevance of the findings. A novel MPPT framework based on the modified
shuffled frog leaping algorithm (MSFLA) is proposed in [145]. This system performs well under
changing weather conditions and outperforms conventional approaches. Nevertheless, the
proposed approach should be verified under CPSCs and rapid changes in weather circumstances.
Moreover, tests are not conducted under large and medium PV system situations, which may affect
the reliability of the proposed system. In [146], the authors proposed a novel hybrid algorithm that
combines two Sl techniques: the marine predator algorithm (MPA) and the mayfly optimization
algorithm (MFA). The developed bio-inspired algorithm outperforms comparable algorithms in
terms of efficiency and oscillation reduction. Another bio-inspired technique for MPPT is
addressed in [147], which utilizes Salp Swarm Optimization (SSO). This method utilizes the
inherent ability of salps to optimize the generated power efficiently. Under specific severe MPPT
scenarios, SSO has demonstrated considerable redundancy and efficiency. Nevertheless, complex
scenarios of partial shadings need to be addressed in this research, which may restrict the
generalizability of the findings. In [148], the authors presented the hybrid SSO and P&O (SSO-
PO) for MPPT, where the SSO is initially used to locate the MPP, and subsequently, PO takes over
for faster convergence. The Grasshopper Optimization Algorithm (GOA) is presented in [149]. The
MPPT approach based on GOA emulates the foraging behaviour of grasshoppers. This algorithm
is effective in power extraction and fluctuations reduction for tracking MPP under PSCs. However,
it demonstrates a long convergence time. A modified deterministic Jaya (DM-Jaya)-based MPPT
algorithm is developed in [150] based on the modified Jaya generic algorithm. The proposed
approach was only verified under three shading profiles, which may lead to difficulties and
premature convergence under severe environmental conditions. Extensive tests are required to
validate the robustness of this algorithm. The Bat search algorithm (BA) is suggested in [151]. The
bat-based MPPT optimization approach is based on wild bats' echolocation activity while searching
for prey [152]. BA increases the possibility of escaping the LMPP and shortens the tracking time.
According to [153], hybrid approaches, such as Bat-P&O, Bat-Beta, and Bat-INC, improve system

efficiency even during transient periods. One optimization method that takes inspiration from ants'
96

ﬂ‘/’ PhD Thesis in Electronics - ENP 2025




Chapter 2 — “Maximum Power Point Tracking Techniques Via Metaheuristic Approaches “

foraging behaviour is the Ant Colony Optimization (ACO) algorithm reported in [154]. In [155],
an improved P&O algorithm for MPPT through a colony of foraging ants is introduced. An
experimental implementation of the ACO-based MPPT optimizer is conducted in [156]. The ACO
strategy relies on considering the shortest determined way to a goal, depicted as a path from colony
to food supply. The concept of an ABC is presented in [157]. The ABC algorithm's main features
are its independence from the system's starting conditions and its convergence to the GMPP with
fewer tuning parameters, as mentioned in [158]. Nevertheless, this intricate approach exhibits a
slower tracking speed than comparable MPPT systems. Moreover, the algorithm may settle at a
LMPP rather than a GMPP under severe weather conditions. The gravitational search algorithm
combined with the P&O method (GSA-PO) for MPPT is addressed in [159]. The search for GMPP
is initiated with the GSA, and then the PO algorithm takes over the tracking process. Nevertheless,
it demonstrates a long convergence time. A Fusion Firefly Algorithm with Simplified Propagation
is presented in [160]. The proposed hybrid FFA algorithm offers high accuracy and efficiency and
overcomes the conventional FA algorithms. As a conclusion of this section, a comprehensive
review of the most essential and recent MPPT techniques was presented and critically analyzed.
Various factors and parameters should be considered while selecting a specific technique, such as
application, efficiency, cost of implementation, convergence speed, resilience in handling PSCs, as

well as stability of the system during sudden variations in weather conditions.
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2.9  Conclusion

A thorough examination of significant shading mitigation approaches documented in the
literature is explicitly presented, highlighting the effectiveness of metaheuristic-based MPPT
techniques in addressing partial shading issues. This chapter concisely describes contemporary
MPPT algorithms, specifically addressing MPPT optimization strategies primarily aimed at partial
shadowing circumstances in photovoltaic systems. This evaluation covers other contemporary
metaheuristic as well as hybrid approaches to enhance the performance of PVGS affected by PS
issues. The advantages and disadvantages of several optimization strategies are examined to choose
an appropriate MPPT tracker under partial shadowing conditions. Given the significance of MPPT
in partial shading conditions, it can be concluded that considerable research potential exists to
identify an appropriate MPPT that can enhance the output efficiency of PGS. This chapter serves
as a valuable resource for scholars and researchers engaged in photovoltaic systems, focusing on
generating efficient, clean, and sustainable energy. The next chapter will be dedicated to the
presented research work, which combines two metaheuristic-based MPPT trackers to effectively

monitor the generated power in PV systems subjected to partial shading issues.
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3.1 Introduction

This chapter addresses a hybridization of two Sl algorithms, namely CS and PSO in a single
hybrid algorithm named Smart Hybrid Algorithm (SHA), to enhance the performance of PV
systems and harvest the optimum power under various weather conditions. The necessary theory
as well as working principle of our approach is presented and discussed through multiple
performance tests to confirm the robustness and suitability of our optimizer in monitoring the

global maximum power in PV systems subjected to PS circumstances.

3.2 Simulation of the PV array characteristics under partial shading

A PV array comprises a set of series/parallel PV panels. A series connection raises the
system's voltage, whereas a parallel connection raises the current. This combination allows for
obtaining the desired ratings of power. Mismatch losses are more common in PV cells in serial
connections when their electrical characteristics differ or when subjected to PS, acknowledged as
the primary source of energy losses in PV power systems. Under PSC, the panel exposed to shading
absorbs the power provided by other modules; it acts as a charge instead of a generator, resulting
in the "hot spot" effect. To overcome this issue, we connect bypass diodes at the terminals of each
panel. At standard conditions, they are reversely biased and forwardly biased whenever partial
shading occurs. Under conditions of uniform irradiance, the power-voltage (P-V) characteristics
display a unique MPP. However, because of the bypass diodes, it will show many LMPPs and one
GMPP during PSC, while the current-voltage (I-V) characteristics will demonstrate many steps.
Fig. 3.1 depicts an example of the impact of PS on the output characteristics of the PV panel. This
figure shows one GMPP in the middle and three other local maxima. The number of these maxima

is directly affected by PS's different scenarios.
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Fig. 3.1 P-V characteristic under partial shading conditions.

The proposed hybrid algorithm is subjected to different PS scenarios, as depicted in

Table.3.1 and Table.3.2. According to the type of shading pattern, the GMPP may occur in either

the low or high voltage range; this comportment makes applying the traditional MPPT algorithms

a hazardous task. The purpose of altering shadow patterns is to vary the location of the GMPP from

left to right to test how well our optimizer performs in various PSC scenarios and to demonstrate

its suitability in tracking the GMPP. Fig. 3.2 illustrates the P-V characteristics for the first set of

partial shading profiles under study for both series and parallel PV array configurations.

Meanwhile, Fig. 3.3 represents the corresponding P-V curves for the second set of PS scenarios.

Table 3.1 First set of detailed profiles of PS used in this study.

Patterns  Configuration Irradiance on each PV Peak power value (W)
module (W/m?) Peakl Peak2 Peak3 Peak4
STC 4S 1000-1000-1000-1000 9296 - - -
Profile 1 4S 400-600-1000-500 229,1 315  406,7 4459
Profile 2 4S 1000-300-1000-400 484,7 3365 3412 -
Profile 3 4S 500-800-1000-1000 484,7 6379 5657 -
Profile 4 4S2P G1: 400-600-1000-500 390.7 618.6 806.9 783.6

G2: 300-500-700-600
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Table 3.2 Second set of detailed profiles of PS used in this study.

Patterns Configuration Irradiance on each Peak power value (W)
PV module (W/m?)
Profile 5 8S 1000 200 800 300 202.6 - 427.6 - 609.6 - 741.9
400 700 300 900 567 - 591.6 - 467.8
Profile 6 10S 1000 900 600 200 400 189.5 - 415.3 - 535.8 - 788.4
400 300 300 600 700 775.8 - 763.5 - 586.8
Profile 7 12S 1000 800 600 400 700 300 176.4 - 366.1 - 699.2 - 946.3
100 300 300 600 400 700 889.5 - 924.8 - 359.7
1000 B T T T T T T T T T T T T ]
- Profile 1 -
Profile 2
800 - Profile 3 ]
£ 600 - .
5 L i
z
]
A~ 400 - .
200 -
r Series Configuration (4S) 7
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Fig. 3.2 P-V characteristics for the first set of PS profiles under 4S and 4S2P configurations.
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Fig. 3.3 P-V characteristics for the second set of PS profiles under 8S, 10S, and 12S configurations

3.3 Overview of used MPPT techniques

A comprehensive literature search reveals that the hybrid PSO-CS (SHA) algorithm has not
been presented in any other technical publication. Furthermore, the suggested approach has never
been used for MPPT. As a result, this effort is performed to cover this research deficiency. The
proposed SHA is convenient for complex nonlinear optimization issues. It uses the PSO algorithm's
exploitation process and the CS algorithm's exploratory mechanism. The suggested approach
involves advantages such as rapid convergence to the GMPP and low power fluctuations during
the search process. The SHA can track the GMPP under complex partial shadowing circumstances

with outstanding, steady-state, and dynamic efficiencies.

3.3.1 PSO-based MPPT algorithm

PSO is a population-based strategy. It is used effectively to address many engineering
optimization issues. The population in this approach is composed of a swarm of particles. Particles
continually adapt their search trajectories by varying velocities depending on their individual and
collective search histories. Each particle represents a probable candidate solution. As a result, it
updates its location and communicates the information obtained from its own flying experience
and that of its neighbors. Each particle advances to the optimal global location in this manner. The
location and velocity of each particle in the swarm are modified as given in equations (3.1) and
(3.2). The PV system's duty cycle and output power are the particle's position and the objective

function, respectively.
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vt = wvf + ric; (pbest; — df) + ryc;(gbest; — df) G
A+t = gk 4 pkH (3.2)

From equation (3.1), we can deduce that the velocity of the particle changes depending on
pbest and gbest. The velocity is multiplied by wi corresponding to the inertia weight and considers
the pbest and gbest entities. The constants c1 and ¢z are variables that describe how pbest and gbest
affect the particle; rl1 and r, are arbitrary numbers from the range [0,1]. Finally, equation (3.2) is
applied to get the new position for the particle. It should be mentioned that this technique is suitable
for tracking the GMPP; however, due to the random nature of this approach, the algorithm may
become trapped in a local maximum in some complex partial shading scenarios, causing a
significant loss of energy, unless the tuning parameters are changed. Furthermore, this approach
exhibits steady-state oscillations and a higher computing time, which prolongs the convergence

time.

3.3.2 Cuckoo Search via Levy Flights

CS is a metaheuristic search method inspired by cuckoo breeding behaviour, as described
in [161]. It has been recently proposed among the best optimization algorithms [162]. In addition
to reproductive behaviour, cuckoos are considered to move following a Lévy flying pattern in the
“CS” algorithm. The Lévy flight consists of a direct path accompanied by abrupt rotations in
random ways. The CS's properties enable extensive search space exploration compared to other
evolutionary computing techniques. According to [163], Lévy flights can increase the effectiveness
of resource searches in an unpredictable environment. Because of the Lévy distribution, the steps
are made up of numerous short steps and, sometimes, long-distance jumps, as shown in Fig. 3.4.
These long steps may significantly boost the search efficiency of CS as compared to other
metaheuristic algorithms in some contexts, particularly for multimodal, nonlinear issues. CS is
substantially more concise than other optimization techniques due to several attributes. We can

highlight the following points:

- CS is an algorithm based on populations like “GA” and “PSO”, but it involves elitism in the

selection process.
- Tuning parameters in CS are less than other optimization algorithms such as “GA” and “PSO”.

- Contrary to PSO, sample initialization does not influence CS's performance.
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- Cuckoo algorithm global search is typically based on Lévy flights instead of conventional random
walks. Since the mean and variance of Levy flights are infinite, "CS" can explore the search space
more precisely compared to algorithms that employ normal Gaussian processes. Occasionally, the
steps get larger, resulting in a quicker convergence. This benefit makes the cuckoo search very

effective.

- As an ultimate feature that should be mentioned, CS is highly suitable for handling PS owing to
its inherent propensity to strive for the best optimum.

Smaller steps for local search

-

Large steps for global search

Fig. 3.4 Levy’s flights in consecutive 50 steps.

3.3.2.1 Levy Flights
The 1évy flight search pattern is one of the most essential aspects of the “CS” when looking
for a new generation of nests. This process is used in the search algorithm for optimization

problems. Eq. (3.3) gives the new nests’ position via The Lévy flight search process.
xk 1 = xk @ Lévy(Q) (3.3)

In eq. (3.3), a is the Lévy multiplying coefficient, @ denotes the entry-wise multiplication,
and A is the Levy flight parameter. Eq. (3.4) defines the Lévy distribution.

Y Y 1
/— - 4
L(s,y, 1) = ZneXp[ 2(5—;1)](5—;1)3/2 0<u<s<O0 (forstepsu>0) (3.4)
0 otherwise

Where v is a scale parameter. The step length is calculated as follows:

_ u
$= |v|1/B

(3.5)
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Where =1.5 and u and v are normal distributions as defined in equation (3.6).
u~N(0,02) and v~N(0,02) (3.6)

The variables oy and oy are expressed in equation (3.7).

; _{ I'(1+ B)sin(rB/2)
T

1/B
[(1+ B)/2]32(1+ﬁ’)/2} and o, =1 3.7)

Despite its numerous benefits, incorrect tuning parameter selection may influence the “CS”
approach, resulting in decreased efficiency and steady-state oscillations. To address the outlined
issues, we presented the SHA. The main advantage of the suggested technique is the deep
cooperation between PSO at the exploitation level and CS at the exploration stage. Moreover, an
elitism process is considered to discard the worst-performing particles and achieve performance in
terms of convergence time, low power perturbations, outstanding steady state, and dynamic
efficiencies. This approach can track the GMPP under severe environmental circumstances such as

CPSCs and rapid irradiance changes.

3.4  Proposed hybrid PSO-CS-based MPPT technique (SHA)

The proposed approach combines the PSO and CS. Both algorithms work closely to ensure
a high balance between exploitation and exploration. The Lévy flight search pattern is embedded
into the SHA to boost its performance instead of the random searching technique at the exploration
phase of the search process. Another feature that characterizes the proposed SHA is the integration
of a reset function that detects any variation in weather circumstances to restart the search process
for the new GMPP; our method operates independently of the number of iterations, ensuring
consistent results regardless of the complex nature of the shading patterns. This sets it apart from
many iterative algorithms, which can reach their maximum number of iterations without
converging on the real GMPP. As a result, these algorithms may experience premature convergence
in complex scenarios; however, the SHA is always on standby position to seek the real GMPP. It
should be noticed that the Lévy flights are a more effective way to explore the search space since
their step length tends to become considerably more significant as the process is running due to the
power-law distribution. The proposed algorithm is embedded into the MPPT function to optimize

the PV system’s output power. In our approach, the output of the MPPT function is fed to the power
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converter as a duty cycle; this latter is permanently adjusted to maximize the objective function

expressed as follows:

max

fporlpe) =) (o lpw) = (Bo) (38)

Where d is the duty cycle that controls the converter with a lower limit of 0 and an upper
limit of 1. Vv and Ipy are the measured voltage and current, respectively, and Ppy is the output power

of the PV array.

3.4.1 SHA-based MPPT details:
The SHA is designed following this sequence of steps:

1. Set the population size n, inertia weight w, and acceleration coefficients (c1, ¢2), B, o, and Pa
2. Specify the particle limits.

3. Set up the first generation of candidates to cover the search space.

4. For each candidate, evaluate the fitness function Ppy.

5. Find the best positions of particles prest then determine the global best position geest based on Egs.
(3.1) and (3.2).

6. Set the new value of the inertia weight @ according to this equation:

w = <1.1 - pbe“) (3.9)
Ipest
7. Use Eq. (3.10) to replace worst performing particles within a probability Pa
ditl = d¥+o@® Lévy(1)(gbest — dF) (3.10)

It is essential to emphasize that the proposed optimizer is based on an elitism-based process
since it discards the worst-performing particles and replaces them with new solutions using

equation (3.10); this process ensures rapid convergence and better exploration of the search space.
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3.4.2 Convergence and initialization criteria
Two criteria are considered in the tracking process: once the SHA approaches the real
GMPP, the distance between the searching particles becomes very small. The desired threshold is

as given in (3.11):
|dnew — dpro| < Ad (3.11)

Keep the obtained global best solution doptimum and stay in a standby position until a new

change is detected; in this case, restart the process based on Eq. (3.12).
|Irradiation,,,, — Irradion,,,| < Airrad (3.12)

The flowchart of the proposed SHA is illustrated in Fig. 3.5.

i
& é

Set population n, @, ¢, ¢,, P, K,

evy

Tansmit duty cycle d,

v

Calculate 'Dpv

Yes

Better
individual
fitness

Update P,,,

Better
global
fitness

Update G,,,

- y
v  eOVer —
— P ] C Discover =1
@ S Updatq e e s |Replace worst performing
o |cycleusingeq. (3.1) & (3.2) | | 5 particles using eq. (3.10)

Calculate Ppv

Update G,,,

Convergence

criterion : eq. (3.11)
satisfied ?

Yes

Outp ut d()p.’imwn

Yes

Change in weather

Determine G,,,,

conditions ?
eq. (3.12)

Y

Fig.3.5 Flowchart of SHA-based MPPT
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3.5  Description of the proposed PV system

The proposed SHA is tested in a MATLAB/Simulink environment to determine its
efficiency in tracking the optimum required global power. To verify the robustness and suitability
of the proposed SHA-based MPPT approach to track the GMPP, in-depth simulation tests are
conducted under both homogenous and nonhomogeneous weather conditions. Eight shading
profiles and one rapid change of irradiance are considered under 4S, 8S, 10S, 12S, and 4S2P PV
configuration modes._Fig.3.6 depicts the diagram of the MPPT PV system along with the studied
series PV array configuration. As mentioned, the PV array consists of PV panels connected in series
along with bypass diodes to prevent the hot spot phenomenon. For optimal output efficiency, a
boost converter is implemented to regulate and match the output of the PV array. The DC-DC boost
converter’s design parameters are precisely calculated to lessen the output voltage and current
fluctuations and to satisfy the continuous conduction mode. The converter’s values are as follows:
fs = 20 kHz, Cin = 10 pF, Cout = 467 puF, L = 1.1478 mH, RL = 53 Q. It is important to consider the
settling time of the DC-DC converter by correctly adjusting the time between two successive
samples of the duty cycle. Simulation tests are carried out under a sampling time of 0.2 ms. The
used PV module’s specifications are depicted in Table 3.3, whereas Table 3.4 depicts the detailed

algorithm parameters.

.. DC-DC »>
.. Boost Converter Load
T ~
.. Duty |cycle

PV Array

4

Fpy
»  MPPT

}

Reset
Function

Ipy
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Table 3.3 TP250 MBZ PV module parameters at STC.

Characteristics Value
Pmax (W): Maximum power 249

Voc (V): Open-circuit voltage 36.8

Vmp (V): Voltage at MPP 30

Imp (A): Current at MPP 8.3

Isc (A): Short circuit current 8.83
Current temperature coef. (%/deg.C) 0.063805
Voltage temperature coef. (%/deg.C) -0.33

Ne°. of cells 60

Table 3.4 Detailed algorithm parameters

Algorithm Parameters Value
® Decreasing eq.
PSO (13)
C1 1.00
C2 1.40
Pa 0.50
CS “Lévy coef.” 0.80
B 1.50
PO Ad (po) 0.001
SHA Airrad 0.05
Duty Cycle [0-1]
Np 04

The PV current, voltage, and reset function are the system inputs; the resulting output is fed
to the PWM, which is then supplied to the MOSFET power switch. The PWM is permanently
adjusted through the MPPT function output to ensure the optimum duty cycle is delivered for
optimal power performance. A thorough simulation analysis is performed under STC, partial shade
conditions, and rapid irradiance change. Several patterns with different levels of partial shading are
tested to verify the reliability of the proposed optimizer. For this study, the cell temperature remains
constant at 25 °C under all circumstances. The different PS scenarios studied in this thesis are
depicted in Table.3.1 and Table.3.2. The following metrics are considered in evaluating the
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robustness of the proposed SHA: convergence time, static efficiency, and dynamic efficiency for

each scenario in tracking the GMPP. The tracking efficiency is defined as:

PMPPT

x 100 (%) (3.13)

Nstatic =
max

Pwmept and Prax are, respectively, the MPPT steady-state power and the maximum delivered
power by the photovoltaic panel. The dynamic performance considers the transient behaviour and

the steady state conditions. It is calculated as given in eq. (3.14).

INGIGLE

¢
ftlz Pypprdt

Npynamic = x100% (3.14)

Where p(t) and Pmpeer(t) are the measured power and the maximum power on the P-V curve
at time t, respectively. Depending on the shading pattern, the GMPP might happen at low or high
voltage ranges. The shading patterns are purposefully set such that the GMPP position changes
from the left to the right of the PV curve to test the robustness of the SHA in determining the global
optimum power. Our simulation results show that no matter where the GMPP is placed, the
suggested approach can acquire the GMPP under all test scenarios. Furthermore, the proposed
hybrid algorithm is benchmarked against the PSO, CS, and PO techniques, and a performance
comparison is established against various well-known MPPT techniques. To evaluate the
performance of the proposed method, we initially started the tests with the 4S configuration. The
first performance evaluation of the SHA algorithm is the test under STC, where the four modules
receive a uniform irradiance of 1000 W/m? while the temperature is set constant at 25°C. Under
this case, the P-V curve demonstrates only one peak. Secondly, the system is tested against a rapid
change of irradiance. At this stage, the SHA is successively exposed to the three studied shading
profiles (SP1, SP2, and SP3).

3.6  Results and discussion

This section presents and discusses the results obtained from the proposed hybrid MPPT
controller. Our optimizer is subjected to numerous validation tests under STC, PSCs, and rapid
irradiance change in conjunction with two PV array configurations series and series-parallel
configurations. Moreover, a performance comparison is carried out against well-known similar
MPPT techniques.
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3.6.1 Tracking performance under standard test conditions
As aforementioned, each panel receives an irradiance of 1000 W/m?2 in this case, while the
temperature is fixed constant at 25°C. As shown in Fig. 3.2. Fig. 3.7 illustrates the search process

for the global optimum under STC. This scenario's P-V characteristic demonstrates a unique peak
at 996 W. Under this profile, the SHA optimizer starts searching for this global optimum by
dispensing the first particles over the search space; then, all particles start cooperating by
transmitting their own best and global values. Our algorithm successfully tracks the optimum value
where all particles could converge to the required GMPP with a final global best value of Gpest=
0.47.

As mentioned, the SHA features an elitism process in tracking the GMPP. This feature is
illustrated in Fig. 3.8. The selection process provides accuracy and fast-tracking of the global
optimum solution. This figure shows that worst cases or less performing particles represented here
with (*) are destroyed or eliminated and replaced with more performing particles represented with
(0) using eq. 3.10. The selection process continues in this manner until the desired GMPP is

obtained.

The dynamic performance of the SHA under STC is illustrated in Fig. 3.9. The SHA
converges to this global MPP at 992.90 W within 1.05 s with 99.69 % static efficiency. Some power
fluctuations are observed at the beginning of the search process due to intermittent search between
PSO and CS; however, these fluctuations are less critical since their duration is small.
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3.6.2 Tracking performance under rapid change in irradiance

In this case, the system is subject to a rapid change of irradiance every three seconds. As
shown in the dynamic response in Fig. 3.10. The proposed algorithm successfully tracks the real
power as the shading profiles change from SP1 to SP3. This change in shading is instantly detected
by the reset function, which restarts the search process for the new global maximum. In the first
three seconds, the system is subjected to SP1 in this case; the P-V curve illustrates four maxima
(229.1 W, 314.9 W, 406.7 W, and 445.90 W) where the GMPP is found on the right side. SHA
successfully located this global maximum after 0.85 s with 100 % steady-state efficiency and low
power fluctuations. We intentionally changed the shading profile at time t = 3 s so that the GMPP
moves from right to left of the P-V curve to verify the system'’s performance under this significant
change in position. This case presents three power peaks (484.70 W, 336.5 W, and 341.2 W).
Although the GMPP changed position from extreme right to extreme left, our system could
converge to this new global power after 0.98 s with 99.67 % steady state efficiency, demonstrating
very high robustness. This performance is due to the deep cooperation between PSO and CS, where
the roles are exchanged between exploitation at the PSO level and exploration at the CS level,
where low-performing particles are destroyed and replaced with new updated ones using equation
3.10. Att =6's, SHA is faced to the third shading profile, where the GMPP is located in the middle
of the P-V characteristic. Under this profile, the P-V characteristic presents three power peaks
(484.7 W, 637.9 W, and 565.7 W). The system locates the GMPP after 1.10 s and demonstrates
99.37% steady-state efficiency.

Fig. 3.10 illustrates the search process for the global optimum of the proposed optimizer
under a rapid change in irradiance. In this situation, the SHA is tested against three successive
scenarios, starting from SP1 and continuing to SP3. The movement of particles in the search space
seeking the optimum solution is displayed in Fig. 3.11. Initially, all particles cooperate by
transmitting their knowledge (Guest, Ppest) to find the first global optimum corresponding to SP1,
and they succeed in reaching this GMPP located at 445.9 W with all particles converging to the
Gbest of 0.162. Then, a change in irradiance occurs after three seconds, corresponding to SP2; at
this stage, the system restarts itself, and the particles are spread again over the search space to
harvest the second optimum. All particles could also converge to the second GMPP at 484.7 W,

with a Gbest of 0.626. Finally, at t = 6 s, the irradiance is changed to SP3. The SHA detects this
115
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change and restarts the system to search for the new optimum. Our optimizer successfully tracks

the new optimum where all particles could converge to the third GMPP located at 637.9 W with a

global best value of Gbest= 0.491.
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3.6.3 Performance comparison with other MPPT techniques
Fig. 3.12 displays the performance of the proposed approach with other swarm intelligence

MPPT techniques. The SHA is benchmarked against PSO, CS, and the conventional PO algorithm
under SP1.
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Fig. 3.12 Performance comparison of SHA with other techniques under shading profile 1
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Under this shading profile, all the algorithms can locate the GMPP successfully except the
PO algorithm, which is trapped at a local maximum. The tracking performance shown in this figure
illustrates the merits of the cooperation between PSO and CS in the search process to achieve the
best compromise in terms of exploitation and exploration, hence achieving outstanding results in
terms of convergence time and real power tracking with high performance in both steady state and
dynamic efficiencies and low power fluctuations. This case illustrates that the PSO algorithm could
track the GMPP after 2 s. Still, with a lower dynamic efficiency of 94.32 % due to power
fluctuations at the exploitation level in the local search, whereas the CS could converge with a
lower time of 1.56 s and a relatively better dynamic efficiency of 95.36 % in contrast, the result of
this combination was the achievement obtained by the SHA, producing better power tracking
performance under both dynamic and steady-state situations, it took only 0.85 s for the SHA to
locate the GMPP at 100 % steady state efficiency and 96.19% dynamic efficiency. Table 3.5.
illustrates a performance comparison of the SHA with other techniques, whereas the dynamic

response under shading profiles 2 and 3 is shown in Fig. 3.13 and Fig.3.14.
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3.6.4 Tracking performance for a parallel configuration

The 4S2P configuration is considered to test the proposed SHA's robustness and suitability
for tracking the GMPP under different scenarios. The two PV panel groups are subjected to this set
of irradiations (G1: 400 600 1000 500; G2: 300 500 700 600) W/m2, whereas the temperature is
fixed constant at 25°C. The dynamic response of the system is shown in Fig. 3.15. Under this case,
the P-V curve illustrates four power peaks (390.7 - 618.6 - 806.9 -783.6) W as shown in Fig. 3.2.
Moreover, there is a slight difference between the global peak located in the third position of the
P-V curve and the fourth peak. Despite this slight difference, our optimizer was able to quickly
locate the GMPP within 1.05 s and attain an efficiency of 99.39 % at steady-state, demonstrating
low power fluctuations and outperforming both PSO and CS. In contrast, the PO algorithm was
trapped in a local maximum. The detailed results are depicted in Table. 3.5.
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Fig. 3.15 Performance of SHA under shading profile 4 (4S2P)
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Table 3.5 Performance comparison of the SHA with other methods for the first set of shading profiles

SHADING PV MPPT Pwax TRACKED CONVERGENC  STATIC DYNAMIC
PROFILES CONFIGURATI ~TECHNIQUE (W) POWER ETIME(S)  EFFICIEN EFFICIENCY
ON (W) CY (%) (%)
STC 4S SHA 996.00  992.90 1.05 99.69 91.50
PSO 995.70 2.05 99.96 91.66
CS 950.30 1.56 95.41 91.76
PO 987.20 0.16 99.11 93.42
Profile 1 4S SHA 44590  445.90 0.85 100.00 96.19
PSO 445.90 1.94 100.00 94.32
CS 445.60 1.39 99.93 95.06
PO 228.00 0.14 51.13 50.19
Profile 2 45 SHA 484.70  483.10 0.98 99.67 93.05
PSO 483.30 2.36 99.71 88.30
CS 483.20 1.24 99.69 96.21
PO 478.30 0.13 98.67 92.76
Profile 3 4S SHA 637.90  633.90 1.10 99.37 93.94
PSO 628.10 2.86 98.46 85.16
CS 637.20 1.24 99.89 96.13
PO 478.10 0.14 74.94 72.87
Profile 4 452P SHA 806.9 802.00 1.05 99.39 95.37
PSO 801.70 2.60 99.35 92.48
CS 801.30 0.70 99.30 95.99
PO 606.60 0.10 75.17 72.95

3.6.5 Tracking performance for the second set of shading profiles

To test the performance and robustness of our system in a more complex configuration of

PV modules, we have extended the number of PV modules successively to 8, 10, and 12 using the

series configuration as illustrated in Fig. 3.6. The different scenarios are as depicted in Table. 3.2.

The corresponding P-V curves are illustrated in Fig. 3.3. The obtained dynamic responses for the

different scenarios are shown in Fig. 3.16, Fig. 3.17 and Fig. 3.18.
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Fig. 3.18 Performance of SHA, PSO and CS under 12S configuration

Fig. 3.16 illustrates the power tracking process under shading pattern 5 using the 8S
configuration. Under this case, the output P-V characteristic demonstrates seven peaks where the
GMPP is at 741.9 W, as shown in Fig. 3.3. Despite the complexity of this scenario, our optimizer
could converge to the right GMPP within 0.67 s only performing 99.92 % static efficiency
moreover, it experiences lower transient and steady-state fluctuations compared to PSO and CS. In
counterparts, both PSO and CS could converge to the GMPP within 2.08 s and 1.36 s, successfully
demonstrating lower dynamic efficiency compared to the proposed approach. Fig. 3.17 illustrates
the dynamic response for the 10S configuration. In this situation, the GMPP is at 788.4 W;
additionally, the P-V characteristic exhibits two other local maxima that are very close to the global
peak, which are located at 775.8 W and 763.5 W. Despite this complex scenario, our optimizer

could converge to the GMPP within 0.5 s, accomplishing 100% static efficiency. In contrast, PSO
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and CS came far behind the proposed approach regarding tracking time and power fluctuations.
The SHA is finally tested against profile 7, constituting a more complex scenario to confirm its
suitability and robustness in monitoring global maximum power tracking. The dynamic response
for this profile is illustrated in Fig. 3.18, which corresponds to the 12S configuration. Under this
situation, the GMPP is at 946.3 W, and the output P-V demonstrates another adjacent local peak at
924.8 W; despite the slight difference between these two peaks, our optimizer could converge to
the right GMPP within 1.16 s, performing 99.99% static efficiency. From these findings, we can
conclude that the proposed SHA outperforms both PSO and CS regarding convergence time and
power efficiency under all the addressed studied tests. The average convergence time is 0.78 s,
whereas the average static efficiency is 99.97%. The detailed simulation results are depicted in
Table 3.6.

Table. 3.6 Performance comparison of the SHA with other methods for the second set of shading profiles

SHADING PV MPPT Pwax TRACKED CONVERGENCE STATIC DYNAMIC
PROFILES CONFIGU- TECHNIQUE (W) POWER TIME (S) EFFICIENCY  EFFICIENCY
RATION (W) (%) (%)
Profile 5 8S SHA 741.90 741.30 0.67 99.92 95.78
PSO 741.10 2.08 99.89 92.45
CS 740.60 1.36 99.82 94.87
Profile 6 10S SHA 788.40 788.40 0.50 100.00 95.90
PSO 788.20 2.58 99.97 92.98
CS 788.30 1.50 99.98 94.75
Profile 7 12S SHA 946.30  946.20 1.16 99.99 95.50
PSO 946.00 1.82 99.96 93.16
CS 943.90 2.62 99.74 95.45

3.6.6 Statistical analysis

It should be noted that SI optimizers are typically based on a random search process and do
not ensure that the exact GMPP is tracked in each of their iterations. Therefore, a performance
statistical analysis is required to verify the correctness of the proposed approach in tracking the
correct GMPP under the different shading scenarios. A 100-trial test for the five shading profiles
studied is carried out, where three criteria are considered in these tests: average MPPT power,

standard deviation, and variance. The obtained results are represented in Table. 3.7.
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Table 3.7 Statistical analysis of SHA against PSO and CS

SHADING MPPT AVERAGE STD VAR
PROFILES TECHNIQUE Pwmppt (W)
STC SHA 992.85 0.05 0.0025
PSO 995.50 0.20  0.0400
CS 952.50 220  4.8400
Profile 1 SHA 445.85 0.05 0.0025
PSO 445.65 0.25 0.0625
CS 445.45 0.15 0.0225
Profile 2 SHA 483.20 0.10  0.0100
PSO 483.45 0.15 0.0225
CS 483.10 0.10  0.0100
Profile 3 SHA 634.50 0.60  0.3600
PSO 629.05 0.95 0.9025
CS 636.60 0.60  0.3600
Profile 4 SHA 802.10 0.10  0.0100
PSO 800.85 0.85 0.7225
CS 801.15 0.15 0.0225

The obtained results illustrated in Table. 3.7 demonstrate the robustness of SHA and
stability during the trial tests, where it shows the highest performance in terms of dispersion and
scattering, which is confirmed by having the lowest values of standard deviation and variance under
all cases. We can conclude that the SHA can handle GMPP successfully under diverse shading
profiles. While SHA offers significant advantages in addressing the MPPT issue, the complexity
of the hybrid method may lead to potential drawbacks such as computational complexity,
limitations in extremely complex scenarios, and implementation challenges, especially when

considering its adoption in practical PV systems.

3.6.7 Comparative study

To examine the proposed optimizer's performance compared to alternative MPPT
techniques found in the literature, a performance evaluation of average convergence time and
average steady-state efficiency is established; these averages are the obtained mean values during
the different test scenarios. Table. 3.8 depicts the performances of these MPPT techniques, while

Fig. 3.19 illustrates the graphical representation of the obtained results.
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Table 3.8 Performance comparison of the SHA with other SI-based MPPT techniques for the
first set of shading profiles.

REFERENCE MPPT TECHNIQUE AVERAGE AVERAGE STEADY -
CONVERGENCE STATE EFFICIENCY
TIME (S) (%)
Proposed SHA 1.00 99.79
technique
[126] GWO-PSO 2.08 99.56
[127] PS-FW 5.52 96.87
[129] NA-PSO 4.00 98.90
[134] An Improved Gray Wolf 2.45 99.63
Optimizer
[137] Seagull 1.14 97.86
[149] GOA 3.05 99.66
[150] DM-Jaya 1.20 99.87
[152] An Improved Bat Algorithm 3.60 99.85
[153] Bat-PO 5.60 99.80
[160] Fusion FA 2.50 89.60
[164] GOA-INC 2.38 99.85

Table 3.8, Fig. 3.19, and Fig. 3.20 illustrate the outperformance of the proposed SHA over

many Sl-based MPPT techniques in terms of convergence time and steady-state efficiency. The
average convergence time of the proposed method under the first set of shading profiles is 1.00 s,
whereas the average steady-state efficiency is 99.79 %. Moreover, the performance of our
optimizer under the second series of tests is greatly enhanced, with a convergence time of 0.78 s
and 99.97% steady state efficiency. This performance is due to the merit of fusing the two Sl
algorithms, namely PSO and CS, where the search process is highly improved at both the
exploitation and exploration stages, where the least-performing elements are discarded and
replaced by the best-performing ones using the exploration virtue of the CS algorithm. This
performance makes the suggested optimizer highly recommended for tracking the GMPP under

homogenous and nonhomogeneous weather conditions and rapid changes in irradiance.
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Fig. 3.19 Graphical representation of average convergence time and average static efficiency for
the first set of shading profiles
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3.7  Conclusion

In this chapter, a Novel Hybrid Algorithm called Smart Hybrid Algorithm (SHA) for
GMPPT in PV systems subjected to PSCs is introduced. It combines two Sl algorithms, namely
PSO and CS. This hybridization extends their performances while reducing their disadvantages
when used separately. The developed optimizer avoids the common disadvantages of conventional
MPPT techniques and provides a simple and robust MPPT monitor to handle PS in PV systems
effectively. Several tests were conducted thoroughly under STC, PSCs, and rapid irradiance change
to examine the robustness and performance of the proposed approach in tracking the GMPP, using
eight shading profiles in conjunction with two PV array configurations, 4S, 8S, 10S, 12S, and 4S2P.
The proposed hybrid algorithm is benchmarked against PSO, CS, and PO algorithms. A
performance comparison is carried out against well-known Sl-based MPPT algorithms. The
findings demonstrate its outperformance regarding convergence speed, power fluctuations during
the search process, and steady-state and dynamic efficiencies. According to the results, the average
steady-state efficiency exceeds 99.79%, whereas the average convergence time is less than one
second. It also offers a convergence time reduction of at least 14% compared to other techniques.
The suggested algorithm can track the GMPP under all test scenarios, regardless of the GMPP
position. Our algorithm features a reset function embedded within the system to restart the search
process at any change in weather conditions. The proposed approach comes with high performance
due to the deep cooperation between PSO and CS, where the roles are exchanged between
exploitation at the PSO level and exploration at the CS level. SHA is an Elitism-based MPPT
algorithm since a performance evaluation of participating particles is done during the search
process, where only the best-performing elements are kept. In contrast, the worst ones are destroyed
and replaced with new particles. Based on the simulation findings, the suggested method is highly
recommended for monitoring GMPP under all weather conditions. Because of the multiple benefits
of this hybrid algorithm, this study will likely get significant attention from the PV community,

academics and industry professionals.
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General conclusion

The generated energy from photovoltaic systems is considered one of the most efficient and
well-desired renewable energy sources for small and large-scale power generation, because of its
wide range of applications and long-term economic advantages. However, the PV array voltage
and current characteristics are highly nonlinear and are severely affected by changing weather
circumstances. Moreover, when the irradiation is not equally distributed, local and global maxima
are introduced in the I-V and P-V curves. This issue prevents conventional MPPT techniques from
obtaining the correct GMPP since these algorithms primarily focus on local search and thus cannot
ensure the optimal global solution, leading to considerable power losses. Consequently, optimizing
an algorithm that continually tracks the maximum power produced by PV arrays and extracts the
GMPP from the PV system in real-time is vital. When environmental conditions change, the PV
system's GMPP also changes to a new position, which imposes a new challenge; hence, tracking
the MPP is inevitable.

To address this issue, the current study offers a novel approach to optimize the power
generated from PV systems affected by PS circumstances. In this regard, this thesis emphasized
improving the efficiency of PV systems subjected to partial shading effect through hybridizing two
metaheuristic algorithms. These latter approaches are highly intelligent and self-learning
algorithms with multiple interacting agents for finding the best solutions to complex optimization
problems, simulating intelligent processes and comportment observed from nature. The main
objective of this hybridization is to enhance the features of the involved Swarm Intelligence (SI)

algorithms while reducing their shortcomings when used separately.

Particle Swarm Optimization (PSO) and Cuckoo Search Algorithm (CSA) are powerful
optimization techniques that address various engineering optimization problems with several
peaks. They prove many benefits in extracting the GMPP under PSCs. However, when used
separately, they may demonstrate some difficulties, such as converging to a local optimum rather
than the global maximum, especially under certain complicated PS scenarios, or when their tuning

parameters are not adjusted precisely to follow the weather variations.

To overcome these limitations, this task is achieved thanks to the hybridization of these two
well-known metaheuristic algorithms resulting in single and robust hybrid algorithm named Smart

Hybrid Algorithm (SHA). The proposed algorithm is embedded into the MPPT function to
130
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optimize the PV system’s output power. Thus, the approach put forward in this work offers a
number of significant improvements over the conventional techniques as well as many SlI
techniques found in the literature. Both algorithms work closely to ensure a high balance between
exploitation and exploration. The Lévy flight search pattern is embedded into the SHA to boost its
performance instead of the random searching technique at the exploration phase of the search
process. Thus, this collaboration enables harvesting the GMPP delivered by the PV system under
uniform and complex PSCs and alleviates each algorithm's drawbacks when used individually.

A comprehensive evaluation is carried out to justify our algorithm's viability. Several tests
were conducted thoroughly under STC, PSCs, and rapid irradiance change to examine the
robustness and performance of the proposed approach in tracking the GMPP, using eight shading
profiles in conjunction with two PV array configurations, 4S, 8S, 10S, 12S, and 4S2P. The
proposed SHA is benchmarked against PSO, CS, and PO algorithms. A performance comparison
is carried out against several well-known Sl-based MPPT algorithms. The findings demonstrate its
outperformance regarding convergence speed, power fluctuations during the search process, and
steady-state and dynamic efficiencies. According to the results, the average steady-state efficiency
exceeds 99.79%, whereas the average convergence time is less than one second. It also offers a
convergence time reduction of at least 14% compared to other techniques. The suggested algorithm
can track the GMPP under all test scenarios, regardless of the GMPP position. Besides the points

mentioned above, the proposed approach comes with these focal merits:

The main contribution of the proposed approach is hybridizing two swarm intelligence-
based MPPT techniques to extend their performances while reducing their disadvantages when

used separately.

- The proposed method for tracking the GMPP has yet to be described in any earlier

technical publication on power optimization of PV systems under PSCs.

- The developed MPPT technique avoids the common disadvantages of conventional MPPT
techniques and provides a simple and robust MPPT tracker to handle partial shading in PV systems
effectively.

- Our optimizer features a reset function that detects any variation in weather circumstances

to restart the search process for the new GMPP
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- The SHA is independent of the number of iterations, as is considered in many iterative
algorithms. These latter algorithms may reach the maximum number of iterations without
converging to the real GMPP, resulting in premature convergence under some complex

circumstances; however, the SHA is always in a standby position seeking the real GMPP.

- SHA is an Elitism-based MPPT algorithm since a performance evaluation of participating
particles is done during the search process, where only the best-performing elements are kept. In
contrast, the worst ones are destroyed and replaced with new particles.

- The SHA does not require prior knowledge of PV module characteristics.

Based on the simulation findings, the suggested method is highly recommended for monitoring
GMPP under all weather conditions. Because of the multiple benefits of this hybrid algorithm, this
study will likely get significant attention from the PV community, academics, and industry

professionals.
Scope for future work

We believe that the main contributions of our work can be extended to further research
related to the outcomes of this thesis. Several avenues for improvement or extensions can be

addressed to continue enhancing this work.

In our next contribution, we intend to add the GWO technique as a third method, conduct
the necessary analysis, inject our optimizer into a grid-connected PV system, and perform
experimental validation of the simulation results to authenticate its effectiveness in real-world

partial shading scenarios.
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