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ABSTRACT 

This thesis investigates advanced control strategies for photovoltaic (PV) systems to 

address challenges arising from climate variations and operational conditions in both 

stand-alone and grid-connected configurations. The research is divided into four main 

chapters: an overview of PV generators, power electronics design, intelligent control 

techniques, and metaheuristic algorithms for maximum power point tracking (MPPT) 

under partial shading conditions (PSC). The study begins by analyzing the behavior of 

PV generators and their integration with DC/DC converters. Intelligent control methods, 

including Perturb and Observe (P&O) and Adaptive Neuro-Fuzzy Inference System 

(ANFIS), are employed to enhance MPPT efficiency under varying irradiance levels, with 

ANFIS demonstrating superior performance. Hybrid approaches combining Fuzzy Logic 

Control (FLC) and Artificial Neural Networks (ANN) are compared against Incremental 

Conductance (IC) methods for grid-connected systems, highlighting the hybrid 

controller’s ability to track maximum power dynamically without prior PV system 

information. For fault diagnosis, a neural network (NN) model achieves high accuracy in 

detecting PV faults. Lastly, metaheuristic MPPT controllers—Grey Wolf Optimization 

(GWO), PSO, and Adaptive PSO (APSO)—are evaluated under PSC. The APSO 

algorithm excels in achieving fast and efficient MPPT. Simulations conducted using 

MATLAB/Simulink validate the effectiveness of the proposed methods, showcasing their 

potential for real-world applications in renewable energy systems.       

Keywords: PV system, MPPT, partial shading condition , P&O  algorithm, IC algorithm, FLC, 

ANN, ANFIS, APSO, GWO. 

 

 

 



RESUME 

Cette thèse examine les stratégies de contrôle avancées pour les systèmes 

photovoltaïques (PV) afin de relever les défis liés aux variations climatiques et aux 

conditions opérationnelles, en configurations autonomes et connectées au réseau. Les 

recherches sont divisées en quatre chapitres principaux : une vue d’ensemble des 

générateurs PV, la conception de l’électronique de puissance, les techniques de contrôle 

intelligent et les algorithmes métaheuristiques pour le suivi du point de puissance maximale 

(MPPT) sous conditions de partielle ombre (PSC). L’étude débute par l’analyse du 

comportement des générateurs PV et leur intégration avec des convertisseurs DC/DC. Des 

méthodes de contrôle intelligent, notamment Perturb and Observe (P&O) et Adaptive 

Neuro-Fuzzy Inference System (ANFIS), sont appliquées pour améliorer l’efficacité du 

MPPT sous des niveaux d’irradiance variables, ANFIS montrant une performance 

supérieure. Des approches hybrides combinant le contrôle logique flou (FLC) et les réseaux 

neuronaux artificiels (ANN) sont comparées aux méthodes de conductance incrémentale 

(IC) pour les systèmes connectés au réseau, mettant en évidence la capacité du contrôleur 

hybride à suivre dynamiquement la puissance maximale sans informations préalables sur 

le système PV. Pour le diagnostic des pannes, un modèle basé sur les réseaux neuronaux 

(NN) atteint une précision élevée. Enfin, des contrôleurs MPPT métaheuristiques—

Optimisation par Loup Gris (GWO), PSO et APSO—sont évalués sous PSC. L’algorithme 

APSO se distingue par sa rapidité et son efficacité. Les simulations effectuées avec 

MATLAB/Simulink valident l’efficacité des méthodes proposées, démontrant leur potentiel 

pour des applications concrètes dans les systèmes d’énergie renouvelable. 

Mots-clés : Système PV, MPPT, condition d'ombrage partiel, perturbation et observation, 

conductance incrémentale, contrôleur à logique floue, réseau neuronal artificiel, système 

d'inférence floue neuronal adaptatif, optimisation adaptative des essaims de particules, 

optimisation du loup gris. 

 

 



 الملخص

) لمعالجة التحديات PVتتناول هذه الأطروحة استراتيجيات التحكم المتقدمة لأنظمة الطاقة الكهروضوئية (

الناجمة عن التغيرات المناخية وظروف التشغيل، سواء في الوضع المستقل أو المتصل بالشبكة. تنقسم 

الدراسة إلى أربعة فصول رئيسية: نظرة عامة على المولدات الكهروضوئية، تصميم إلكترونيات الطاقة، 

) تحت ظروف MPPTلتتبع نقطة الطاقة القصوى ( heuristicتقنيات التحكم الذكية، والخوارزميات الميتا

ها مع المحولات ). تبدأ الدراسة بتحليل سلوك المولدات الكهروضوئية ودمجPSCالتظليل الجزئي (

DC/DC) يتم استخدام تقنيات التحكم الذكية، بما في ذلك خوارزمية التذبذب والمراقبة .P&O ونظام (

تحت مستويات إشعاعية متغيرة،  MPPT)، لتحسين كفاءة ANFISالاستدلال العصبي الضبابي التكيفي (

جمع بين التحكم المنطقي الضبابي أداءً متفوقًا. يتم مقارنة منهجيات هجينة ت ANFISحيث تظهر تقنية 

)FLC) والشبكات العصبية الاصطناعية (ANN) مع طريقة الموصلية المتزايدة (IC لأنظمة (PV  المتصلة

بالشبكة، مما يبرز قدرة المتحكم الهجين على تتبع الطاقة القصوى ديناميكياً دون الحاجة إلى معلومات 

أخيرًا، يتم  .) دقة عاليةNNحقق نموذج الشبكة العصبية (. في تشخيص الأعطال، يPVمسبقة عن النظام 

تحت —APSOو GWO) ،PSOتحسين الذئب الرمادي (—heuristicالميتا MPPTتقييم خوارزميات 

PSC يبرز خوارزمية .APSO  بسرعة وكفاءة عالية. تؤكد المحاكاة التي أجريت باستخدام

MATLAB/Simulink ا للتطبيقات العملية في أنظمة الطاقة فعالية الطرق المقترحة وإمكاناته

، حالة التظليل الجزئي، الاضطراب والملاحظة، التوصيل MPPTالنظام الكهروضوئي،  الكلمات المفتاحية:المتجددة.

المتزايد، التحكم المنطقي المضبب، الشبكة العصبية الاصطناعية، نظام الاستدلال العصبي المضبب التكيفي، تحسين سرب 

 التكيفي، تحسين الذئب الرمادي.الجسيمات 
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GENERAL INTRODUCTION 

Various institutions and industrial facilities rely on diverse energy sources to meet their 

growing power demands [1]. Non-renewable energy sources such as oil, petroleum, gas, and 

uranium dominate energy markets [2]. However, several challenges arise with these sources, 

including limited availability, high costs driven by global demand, and uncertainties linked to 

geopolitical and technical factors [3-5]. Additionally, the extraction and use of fossil fuels 

release significant quantities of greenhouse gases, contributing to environmental degradation, 

affecting plant and animal ecosystems, and increasing respiratory diseases among humans, 

particularly those near industrial zones [6][7]. 

The shift from traditional energy sources to renewable energy is driven by rising costs, 

environmental concerns, and the need for sustainable solutions. Renewable energy, being 

environmentally friendly and diverse, offers alternatives like solar, wind, and biomass energy 

[8][9]. Regions with warm climates and abundant sunlight benefit significantly from solar 

energy, which is highly efficient, reliable, and requires minimal maintenance [10][11]. 

The solar energy is an important renewable energy when the principle of utilizing this 

energy type is the convert of received light from the sun into electrical energy using photovoltaic 

(PV) cells by a conversion phenomenon called the PV effect [12]. A group of cells connected in 

series forms an array and this provides more energy [13]. The values of PV cell effect of 

generate the maximum power, this parameters also effect of power in the load of PV system [14]. 

The PV array can be connected to an electrical grid, or isolated from the grid and connected to a 

direct current load [15]. 
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PV arrays often experience voltage mismatches with connected loads, necessitating DC-

DC converters to regulate voltage and current levels. Climatic factors such as temperature and 

shading significantly impact PV cell efficiency, requiring advanced converter designs [16-19]. 

Boost converters, built primarily with passive components, are among the most commonly used 

[20].  

The normal condition (NC) can’t give the advantages and disadvantages of various 

controls where all methods select optimal duty cycle (dc) without problems. In other hand, the 

partial shading condition (PSC) is the right test for evaluate any approach based on MPPT when 

the MPP divide into local and global values. The PSC affect to generate the needed peak power 

by the decreasing of its value [21]. In addition, there are many electrical faults that interfere with 

the performance of the PV system and lead to decreased power supply, as well as to decreased 

system integrity [22]. 

The first part of this work focuses on the maximum power point tracking (MPPT) of a PV 

system in stand-alone and connected to grid.  

This thesis emphasizes MPPT techniques for standalone and grid-connected PV systems. 

Raiker et al. (2021) introduced a P&O controller combined with current regulation [23]. Gupta et 

al. (2021) compared incremental conductance (IC) methods, validated through hardware tests, 

highlighting their effectiveness in fast MPP tracking [24]. Yilmaz et al. (2018) implemented an 

FLC-based system combined with a PI controller for battery charge management [25]. Bisht and 

Sikander (2022) proposed a novel FLC technique coupled with beta algorithms [26]. Ahmed and 

Nasserdine (2019) developed a hybrid ANN and sliding mode control method for grid-connected 

systems [27]. Brahim et al. (2022) integrated ANN-FLC methods to optimize PV voltage and 
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duty cycles [29]. Numerous studies, including Aldair et al. (2016), demonstrated the efficacy of 

ANFIS-based controllers, which outperform traditional approaches under varying irradiance 

conditions [30]. 

The obtained results were shown in [25-30] proved the effectiveness of intelligent 

controllers for choice the required dc of PV system in grid-connected and stand-alone system 

under fast variation in irradiance compared to traditional approaches which have big oscillations 

and bad performances. In our thesis, the ANFIS controller is proposed to follow the MPP under 

various irradiance degrees and a combined ANN-FLC with the connectivity to electrical grid. 

In the second work part, three approaches based on metaheuristic algorithms are applied to 

choice dc under PSC and abnormal conditions. D. S. Pillai et al. (2019) described the most fault 

whuich faces the PV system under PSC [31]. The fault diagnosis is divided into three main steps: 

select data, feature selection, and classification stage. Z. Chen et al. (2018) suggested a method 

based on random forest for select data and feature selection stages [32]. F. Harrou et al. (2019) 

gave a monitoring schemes based on k-NN algorithm to classify if PV system in normal or 

malfunction conditions [33]. Numerous MPPT approaches of PV system under PSC have been 

described in detail in literature [34-36]. H. Chaieb and A. Sakly proposed a new MPPT based on 

PSO controller, this obtained results of PSO method justified the effect of PSO based MPPT in 

atmospheric variations [37]. N. Priyadarshi et al. (2019) suggested the effectiveness of their used 

method, where the resolution of PSO problem resolved by ANFIS controller, and the error of 

ANFIS rectified by PSO method [38]. T. Imtiazet al. (2020) replaced the standard PSO technique 

by a precious approach fast called fast improved PSO (FIPSO) [39]. S. Mohanty et al. (2016) 

utilized a MPPT algorithm based on GWO, this algorithm can track the MPP under PSC quickly 

compared to IPSO technique [40]. Where the PSO controller has the problems in results because 
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the bad choice of PSO parameters, A. M. Eltamaly et al. (2020) proposed a MPPT based on 

APSO algorithm of PV system in different irradiation level [41]. 

The basic objective of this part is the prove the benefits of utilizing evolutionary 

approaches for select optimal dc to follow MPP under PSC generally and APSO especially. 

This present thesis consists of four chapters which are systematically coordinated and 

organized. In the starting chapter, different components of PV generator will describe. Various 

PV cells types will present in detail, the mathematical model of PV cell and module and theirs 

basic elements will depict in this chapter. The PSC and fault effects in PV system will also well 

describe. Second chapter studies in first point the modeling important DC/DC transformers, the 

DC/DC boost components will show in detail. Secondly will represent the overview of grid, the 

role of phase locked loop (PLL) and filter will study.  

Third chapter focuses on comparative study between P&O and ANFIS controllers in 

stand-alone system, and the effectiveness of combined ANN-FLC approach compared to IC 

controller. In the first part of the end chapter, the fault diagnosis of PV system will applied by 

three step, the data collect will evaluate by statistical parameters, and the principle component 

analysis (PCA) reduces the dimension size, the studied fault types will detect by NN type back-

propagation (BP), and the PSO controller compared to previous algorithms uses to follow MPP 

in many fault scenario. The evolutionary technique based on GWO, PSO, and APSO approaches 

based MPPT utilize for PSC, this work will finish by a general conclusion and some 

perspectives.       

 

 



OVERVIEW ON PV 
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I.1. Introduction 

       There appears to be no longer any room for debate about the critical nature of electricity and 

water just like basic human necessities. As our technology progresses, so does our demand for 

power, and the issue becomes ever greater in remote areas where traditional options can be 

prohibitively expensive [42][43]. 

       We all know that most of the energy we use today comes from burning fossil fuels like coal, 

oil, or nuclear power. Recent studies and predictions have warned us that massive resource 

extraction will surely deplete these reserves. Plus, everyone is convinced that this process poses a 

danger to the environment. Therefore, it has been necessary to seek out renewable energy 

sources, such as solar power, to replace this. As an added bonus, this energy source is not only 

free and unstoppable, but also very clean for the planet [44-46]. 

       Solar photovoltaic (PV) is a renewable energy source that might one day replace fossil fuels. 

Accordingly, academics are thinking about it in the context of satisfying potential energy 

demands in the future. There has been significant progress in both the reliability and price of PV 

module production processes recently [47]. 

       Partial shading and electrical faults are defined as the consequences that reduce a system's 

capabilities and isn't able to reversed by regular operation. In this case, too, the PV systems are 

involved [48]. In the context of PV module's assurance, any malfunction that happens while the 

module is normally operating is considered a PV module malfunction. It is believed that 

instability in the efficiency of certain modules is mostly caused by manufacturing flaws [49]. 

       After reviewing the basics of solar generator theory in present chapter, we dive into the 

modeling process of PV array characteristics. Additionally, we investigate instances of partial 

shadowing and problems impacting solar energy generation. 

I.2.  Solar energy 

       Considering that the sun and our planet are about 150 million kilometers apart and that light 

travels at a speed of around 300,000 km/s, it takes approximately eight minutes for the sun's 

beams to reach Earth [50][51]. 
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       When we face the sun directly, value of the solar constant that reaches the outermost regions 

of atmosphere is often close to 1360W/m2 [52]. 

The photon energy can be calculated as: 

E =
୦∗ୡ

ℷ
                                                                                                                                                         (I. 1)                                                                      

With: 

h = 6,62.10 − 34 j. sିଵ: Planck constant; 

c = 3.108 m. sିଵ: Propagation speed. 

ℷ: Light wavelength (m). 

 

Figure I.1 Spectral distribution of radiation [54].     

I.3.  PV system  

       The PV system is the technology that converts the sun power into electricity, the PV system 

consists of PV panel, boost converter, and control block, this technology using for supplying a 

DC load or connected to electrical grid.   
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I.3.1.  PV generator 

       The PV generator is a gadget that utilized in subject to turn solar energy into electrical 

power. This device is made up of a specific number of modules that are connected in parallel or 

series, depending on the global power needed [53]. 

   I.3.1.1. PV effect 

       In a process called the PV effect, PV cells convert the energy from the sun directly into 

electricity. To build PV modules, a collection of cells must be connected to generate sufficient 

electricity [53]. 

 

Figure I.2 Radiation ways [56]. 

   I.3.1.2. Solar radiation 

     The sun generates energy in the form of electromagnetic waves, with 30% of it reflected into 

space and 47% absorbed. In contrast, 23% of it is retained as an energy source used for the 

atmospheric evaporation cycle (see Figure I.1) [54] [55]. 

       Radiation from the sun extends across all regions of the electromagnetic spectrum. The most 

active part, going from the near ultraviolet to the infrared, comes mainly from the photosphere. 

Ignoring extreme ultraviolet radiation, this radiation can be expressed as a black element rose to 
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the characteristic temperature of the photosphere, estimated at 5780 Kelvin. Because most of the 

solar radiation is absorbed as it passes through the atmosphere, not all of it reaches the Earth's 

surface [56]. The Earth's surface receives radiation from three sides: directly from the sun, 

scattered from the atmosphere, and reflected from the Earth's interior (Figure I.2) [57][58]. 

 

Figure I.3 PV cell structure [61]. 

I.3.2. PV cell  

       A PN junction, which is represented in Figure I.3, is the basis of the classic solar cell. 

Phosphorus diffusion at the surface of a p-type doped silicon substrate causes the PN junction, 

which in turn produces an n-type doped area, which is essential for the fabrication of solar cells. 

This junction is important for the right migration of surplus electrons to the P substrate and 

excess holes to the N area, with positive and negative ions suitably staying on each side of the 

junction [59][60]. This forms an electric field over the junction, which serves as a barrier to the 

charges dispersing until equilibrium is established. As a consequence, the charge carriers are 

kept in the location where they are most prevalent [61]. It exists various types of PV cell:  

I.3.2.1. Single/ Mono-crystalline silicon solar cell 

       Mono crystalline solar cells are manufactured utilizing the Czochralski process. The 

Czochralski process involves cutting massive ingots of silicon into individual crystals. The 
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procedure of "recrystallizing" is more expensive as it needs careful processing during 

manufacture of the enormous single crystal. However, there are a number of issues that constrain 

the efficiency of solar cells manufactured of mono crystalline silicon. Depending on the 

wavelength and the kind of semiconductor used, the maximum efficiency of solar cells made of 

silicon may reach around 23%, while other semiconducting materials can reach up to 30%. The 

Figure I.4 shows the schema of mono crystalline silicon solar cell [62] [63]. 

 

Figure I.4 Mono crystalline silicon solar cell [62]. 

I.3.2.2. Polycrystalline silicon solar cell 

       Since the manufacturing cost is cheaper, this is starting to seem more appealing than mono 

crystalline. Despite its improved aesthetics, it is less efficient and consumes less energy overall. 

Produced with reduced energy expenditure and no need for an ideal crystal structure (see Figure 

I.5) [64]. 

I.3.2.3. Amorphous Silicon Thin Film (a-Si) Solar Cell 

       These cells may be made at low processing temperatures and hence employ low-cost 

polymers and other flexible substrates. During the production process, the rear of the substrate is 

coated with dipped silicon. These solar cell shapes feature dark brown tones on the reflection 

side and silver hues on the conductivity side. Unsustainable efficiency is a key shortcoming of 

these cells. Figure I.6 depicts the schematic of an amorphous silicon solar cell [65].   
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Figure I.5 Polycrystalline solar cell [64]. 

I.3.2.4. Cadmium Telluride (CdTe) Thin Film Solar Cell 

       From an economic point of view, cadmium telluride (CdTe) is one of the most essential 

varieties of thin-film solar cells, affordable and commercially feasible. Ap-n junction diode is 

created between the layers of cadmium sulfide. The manufacturing processes sectors follow: At 

first, CdTe-based solar cells are produced from polycrystalline materials and glass is used as the 

substrate. Secondly, the deposited layer is employed inseveral cheap methods, where the various 

layers of the CdTe solar cells are coated on the substrate. Its efficacy is normally between 9.5 

and 11%. However, owing to the dangerous nature of cadmium in human body, animals, and 

plants, it produces many environmental concerns. Further recycling and disposal of dangerous 

CDs also has a detrimental influence on our ecology (Figure I.7) [66] [67]. 

I.3.2.5. Copper Indium Gallium Di –Selenide (CIGS) solar cells 

       A kind of thin-film PV cell technology, copper-indium-gallium di-selenide (CIGS) solar 

cells has garnered significant attention due to its ability to provide cost-effective and very 

efficient solar energy conversion. Two electrodes and a thin layer of semiconductor material 

composed of copper, indium, and gallium dieseline make up the conventional structure of CIGS 

solar cells. As depicted in Figure I.8, the composition of the thin film may be optimized to 
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improve cell performance by adjusting the ratios of copper, indium, gallium, and selenium. 

Commercial modules use CIGS solar cells, which are similar to crystalline silicon cells, and 

attain an efficiency of around 20%, whereas laboratory efficiency approaches 23% [68-70]. 

 

Figure I.6 Amorphous silicon solar cell [65]. 

I.3.2.6. Nano crystal based solar cells 

       Next generation PV technology may find hope in Nano crystal based solar cells, often called 

quantum dot solar cells, due to their many unique benefits. One significant feature is their 

variable band gap, which enables for effective absorption of a wide variety of wavelengths 

throughout the solar spectrum [71]. One way to maximize the effectiveness of light absorption 

and energy conversion is to regulate the size of semiconductor Nano crystals. This allows one to 

customize the band gap to fit certain areas of the solar spectrum [72]. 

I.3.2.7. Polymer based solar cells 

       Solar cells composed of polymers provide numerous benefits and might be a feasible 

approach for generating energy in the long term. Their intrinsic pliability enables for the 

construction of lightweight, pliable, and even see-through solar panels, which is a big benefit. 

Integrating solar energy into curved surfaces, wearable electronics, and portable power devices 
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are just a few examples of the numerous possible uses for this adaptable energy source. It is 

feasible to modify device performance by changing the tunable characteristics of organic 

semiconducting polymers, which in turn increases light absorption, charge transport, and 

stability. Considering all the criteria, solar cells built of polymers appear to be an effective, low-

cost, and eco-friendly alternative for creating renewable energy. Plus, there are continuing trials 

to make them even better (Figure I.9) [73]. 

 

Figure I.7 CdTe solar cell [66]. 

I.3.2.8. Dye sensitized solar cells (DSCC) 

       Dye-sensitized solar cells (DSSCs) are considered cost-effective and versatile, collecting 

sunlight using thin film designs with transparent conductive substrates and coated with thin 

titanium dioxide nanoparticles (TiO2). The core of their function is a photosensitive dye, usually 

ruthenium-based or organic, which absorbs photons and triggers the production of pairs of 

electron holes. Excited electrons are ultimately forced into the TiO2 conductor and holes remain 

in the dye. External circuits promote electron transmission and generate current. DSSC features 

characteristics such as low light performance and transparency, enabling them to be used for 

several applications, including internal settings and building integration. Challenges such as 

efficiency improvement and stability improvements are abundant, which lead to continued 
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research to create breakthrough materials and device designs to make the DSSCs commercially 

viable at scale [74]. 

 

Figure I.8 CIGS cells [68]. 

I.3.2.9. Concentrated solar cells 

       The concentrated solar cells (CSCs) use optical devices that concentrate sunlight in compact 

areas of high-efficiency solar materials and improve the energy output per unit. This method is 

usually used to concentrate light in narrow regions of receivers such as lenses and mirrors, and 

high-efficiency solar cells successfully convert the focus light into electricity. Compared to 

conventional PV systems, CSCs have important efficiency and material costs advantages, 

making them particularly suitable for large-scale solar power plants and limited-space 

applications, but problems such as thermal management, optical efficiency and cost-effectiveness 

remain a research and development area. Efficiency research on concentrator technology and 

material research on the performance of high-efficiency solar cells on concentrator systems 

contribute to strengthening technology, ensuring greater use and improved sustainability [75]. 

I.3.3. PV cell electrical modeling 

Several mathematical modeling of PV cell include ideal, with one and two diodes, the 

current work focuses on PV cell with one diode. 
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Figure I.9 Polymer solar cell [73]. 

I.3.3.1. Ideal model 

The electronic circuit of P V cell is shown in Figure I.10, the output current of the PV cell 

is given by [76]:  

I = I୮୦ − Iୢ                                                                                                                                                 (I. 2) 

Where  

Iୢ = Iୱ ൤e
(౒శ౅∗౎౩)

౤∗ొ౩∗౒౩ − 1൨                                                                                                                               (I. 3)   

By replacing the equations I.3 in I.2 we find: 

I = I୮୦ − Iୱ ൤e
(౒శ౅∗౎౩)

౤∗ొ౩∗౒ − 1൨                                                                                                                      (I. 4)          

With 

Iୢ: Diode current; 

I: PV current; 
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Figure I.10 Ideal model of PV cell [76]. 

V: PV voltage; 

n: Ideality factor; 

F: Boltzman constant; 

Tୟ: Ambiant temperature; 

q: Electron’s charge. 

 

Figure I.11 Single diode model [77]. 

I.3.3.2. PV cell modeling with ohmic losses 

The PV cell is the basic component in PV system, for study the characteristics and 

performances of PV cell is obligatory its electronic circuit mathematically. For that, several 
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mathematical models of PV cell have been proposed. The PV cell with ohmic losses is utilized in 

current work with a single diode is shown in Figure I.11.  

The output current of the PV cell is given by [77]:    

I = I୮୦ − Iୱ ൤e
(౒శ౅∗౎౩)

౤∗ొ౩∗౒౩ − 1൨ −
(୚ା୍ୖ౩)

ୖ౩౞
                                                                                                    (I. 5)          

With: 

Vୱ =
୊∗୘౗

୯
                                                                                                                                                     (I. 6)       

Iୱ = Iୱ୬ ∗ ቀ
୘౗

ଶହ
ቁ

ଷ

∗ e
൤

൫౧ుౝ൯

౤∗ూ
ቀ

భ

మఱ
ି

భ

౐౗
ቁ൨

                                                                                                             (I. 7) 

Iୱ୬ =
Iୱୡ

e
୚౥ౙ

୬∗୚౩∗୒౏ − 1

                                                                                                                                    (I. 8) 

And the photocurrent (I୮୦) is calculated by equation I.9 

I୮୦ =
ୋ

ୋ౨౩ౙ
൫Iୱୡ + K୪(Tୟ − T୰ୱୡ)൯                                                                                                             (I. 9)   

Iୱୡ: Short circuit current;       

Rୱ: Series resistor; 

Rୱ୦: Shunt resistor; 

T୰ୱୡ: Standard temperature; 

G : Solar radiation; 

G୰ୱୡ : Standard solar radiation; 

K୪: Open circuit voltage temperature coefficients; 

E୥: Band gap energy. 
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When measuring cells under controlled circumstances,  it's can be defined a filling factor 

(FF) by: 

FF =
୚ౣ౗౮∗୍ౣ౗౮

୚౥ౙ∗୍౩ౙ
         

Where V୫ୟ୶, I୫ୟ୶ are the maximum values of PV cell voltage and current respectively.      

I.3.4. PV module 

The very low voltage and current produced by PV cells, together with their fragile 

thinness, make them impractical for use in most electrical applications when used alone (Figure 

I.12). Can be defined the PV module as the series and parallels communication of many cells 

[78] [79]. 

 

Figure I.12 PV module [78]. 

       Since most electrical appliances have conventional operating voltages (12, 24, 48 V, etc.), it 

is not possible to directly power them with only one PV cell. Manufacturers construct PV 

modules by connecting PV cells in parallel as well as series, which increases the power output 

and available electricity (see Figure I.13) [80]. 
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Figure I.13 Solar cell array with parallel and series connected [80]. 

       The electrical tension is raised to the required level by connecting the PV cells in series, and 

connecting them in parallel regularly to ensure the solidity of the cells and protect them from 

external dangers [80] 

 

Figure I.14 Radiation effect. 

The output power of PV generator is given by: 

P୔୚ୋ = V ∗ I                                                                                                                                              (I. 10) 
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P୔୚ୋ = Nୱୣ୰ ∗ V ∗ N୮ୟ୰ ∗ I                                                                                                                     (I. 11) 

I.3.4.1. Mathematical modeling of PV module 

The output of PV module can be calculated as fellow [79] [81]: 

I୮୴ = N୮ୟ୰ ∗ I୮୦ − N୮∗I଴ ቎e

൬౒శ౅∗౎౩∗
ొ౩౛౨

ొ౦౗౨
൘ ൰

౤∗౒౩∗ొ౩ − 1቏ −
൬୚ା୍∗ୖ౩∗

୒౩౛౨
୒౦౗౨

൘ ൰

ୖ౩౞∗
୒౩౛౨

୒౦౗౨
൘

                                      (I. 12)           

Where: 

N୮ୟ୰: Number of parallel string. 

Nୱୣ୰: Number of cells connected in series. 

I.3.4.2. Effect of solar radiation and temperature 

       Figure I.14 shows the curves of current-voltage and power-tension changes at standard 

temperature (25 ̊ C) and a study of the effect of solar radiation. The current Iୱୡ is directly 

proportional to the increase in radiation, and thus the maximum power value increases [82]. On 

the other hand, as shown in Figure I.15, when the radiation value is fixed at 1000 W mଶ⁄ , as the 

temperature increases, the open circuit voltage (V୭ୡ) decreases with a slight increase in the 

current Iୱୡ.  The temperature is inversely proportional to the maximum power value [83]. 

I.3.5. PV panel 

The PV panel can be linked in parallel or series, in series link (Figure I.16) as shown in 

equations I.11 and I.12 the voltage is increased contrary to the current that stays fixed [84] [85].      

V୔୚ = V୔୚ଵ + V୔୚ଶ + V୔୚ଷ + ⋯ + V୔୚୒ = ෍ V୔୚୒                                                                      (I. 13)

୒

ଵ

 

I୔୚ = I୔୚ଵ = I୔୚ଶ = I୔୚ଷ = ⋯ = I୔୚୒                                                                                              (I. 14) 

P୔୚ = V୔୚ ∗ I୔୚ = (V୔୚ଵ + V୔୚ଶ + V୔୚ଷ + ⋯ + V୔୚୒) ∗ I୔୚                                                       (I. 15) 
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Figure I.15 Temperature effect. 

In parallel link (Figure I.17) as shown in equations I.16 and I.17 the voltage is fixed 

contrary to the current that increases [86]. 

V୔୚ = V୔୚ଵ = V୔୚ଶ = V୔୚ଷ = ⋯ = V୔୚୒                                                                                         (I. 16) 

I୔୚ = I୔୚ଵ + I୔୚ଶ + I୔୚ଷ + ⋯ + I୔୚୑ = ෍ I୔୚୑

୑

ଵ

                                                                         (I. 17) 

P୔୚ = V୔୚ ∗ I୔୚ = V୔୚ ∗ (I୔୚ଵ + I୔୚ଶ + I୔୚ଷ + ⋯ + I୔୚୑)                                                          (I. 18) 
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Figure I.16 Series connected of PV panel [84]. 

The PV panel can be linked in parallel and series, in N series and M parallel link (see 

Figure I.18), the voltage and current which are calculated in equations I.13 and I.17 and are 

increased. So, the PV power is given in equation I.19 [86]. 

P୔୚ = V୔୚ ∗ I୔୚ = ෍ V୔୚୒

୒

ଵ

∗ ෍ I୔୚୑

୑

ଵ

                                                                                             (I. 19) 

 

Figure I.17 Parallel connection of PV panel [86]. 
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Figure I.18 Hybrid series and parallel connection of PV panel [86]. 

I.3.5.1. Effect of series connection 

The number of Nୱୣ୰ is increased when a larger voltage difference is needed. The current 

remains constant at different values of Nୱୣ୰. This increase affects the amplification of the power 

generated by PV array (Figure I.19) [86] [53]. 

 

Figure I.19 Series connection effect. 
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I.3.5.2. Effect of parallel connection 

As shown in Figure I.20, the I doubles with an increase in N୮ୟ୰, which is automatically 

increases the power by returning to Equation I.18[53]. 

 

Figure I.20 Parallel connection effect. 

I.4. Partial shading condition (PSC) effect 

Having constant illumination of PV panels all time isn't always practical due to factors 

like weather changes, cloud cover, shadows cast by buildings or arbors, and the fact that the 

trajectory of sun changes daily, as shown in Figure I.21. Shadow is one of main causes of power 

loss in PV systems. To prevent loss due to inversion bias on partly shaded cells, a regular PV 

module will include bypass semiconductors (Figure I.22) [87-90]. 

I.5. Fault effect 

As shown in Figure I.23 PV systems are exposed to many errors that reduce their 

efficiency and productive capacity, the most important of which are electrical faults. Some 

common types of PV system faults are defined in next points [91-93]. 
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Figure I.21 PSC on PV panel [87]. 

 

Figure I.22 PSC effect in PV array [88]. 

I.5.1. Line-to-line/ground fault (LLF∕LLG)  

The unintentional linking of two distinct areas in PV arrays is known as a LLF and LLG. 

The most common causes of line-line faults in real-world scenarios are damage to cable 

isolation, improper maintenance procedures, or damage around PV modules [94]. 
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I.5.2. Mismatch fault (MF) 

The MF presents other faults scenario like a shade fault (SF), and open circuit fault 

(OCF), the OCF can be defined as the disconnection between two or more PV arrays. Arc fault, 

shading, type and seniority of panels are classified as SF [95] [96].    

 

Figure I.23 PV panel fault locate [91]. 

I.6. Stand alone system 

       Independent of the electricity grid, independent PV systems are usually built to scale and 

meet specific DC and/or AC electricity needs. Independent PV systems may be as simple as 

connecting the DC load to the DC output of a PV module using a direct coupling mechanism 

[53]. 

A PV system's key advantages are its extended lifespan, continuous power delivery to the 

load while operating, and the minimal maintenance cost over the system's lifetime (see Figure 

I.24) [53]. 
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Figure I.24 Stand alone PV system [53]. 

I.7. Grid connected 

Installed on both business and residential structures, utility-interactive PV power systems 

have the potential to become a significant contributor to the nation's electrical generation. By 

connecting to the grid, PV systems may produce large amounts of high-quality electricity close 

to the point of consumption, cutting out transmission and distribution losses. These networks 

function in conjunction with the existing electrical infrastructure to facilitate the transfer of 

electricity into and out of the grid (Figure I.25) [97][98]. 

 

Figure I.25 PV system connectivity to grid [97]. 
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I.8. Conclusion  

In conclusion, the different PV cell types have been studied and described, the PV cell and 

varying in radiation and ambient temperature have shown and proved, the mathematical 

modeling of PV array has been done with the influence of connection series and parallels. The 

needed power has decreased and affected a causing of changing climatic and malfunctions in the 

PV panel when it may be augmented using several controls. 
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II.1. Introduction 

The previous chapter focused on the study of PV generator influence, where the power 

that supplies from PV array is related with solar radiation and temperature. Usually, the voltage 

and current of DC load aren’t disproportionate with PV voltage and current [99]. The boost 

converter can augment the first voltage with height efficiency and security a causing o its 

compact design [100] [101]. Secondly, for assure the no loss in power is necessary to adding a 

grid, the grid consists needs a inverter control has the Phase locking loop (PLL) for regulated of 

frequency and in order to eliminate the harmonics from grid voltage it’s necessary to added a 

LCL filter [102] [103]. For that, this chapter focuses on study many DC/DC converters and grid 

components. 

II.2. DC/DC converter 

The DC/DC converter is a device that converts direct voltage (DC) from one level to 

another (Figure II.1). DC/DC converters play an important role in controlling solar power 

generation, and these converters are needed to convert solar panel DC voltages into sufficient 

voltages to supply local load or the injection into the electricity network, the DC/DC converters 

is divided into boost, buck and buck-boost converters [99].  

 

Figure II.1 DC/DC converter [99]. 
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II.2.1. Boost converter 

Usually, the electrical grid or DC load needs a voltage higher than the output values of 

PV array. For that, it’s necessary to add a DC/DC boost converter in the object to maximize the 

value of voltage from the PV array into the load. The boost converter provides higher power 

output, improves overall system performance, and ensures optimal utilization of solar energy 

resources. It also facilitates flexible handling of different types of loads, increasing PV systems' 

reliability. As shown in Figure II.2 this converter consists of an inductor, two capacitors, diode, 

switching transistor, and control circuitry [104-106].    

 

Figure II.2  Boost converter [107]. 

II.2.1.1. Inductor 

Although inductors are often linked to alternating current (AC) circuits, they really serve 

an essential function in direct DC/DC boost converters. A boost converter uses an inductor to 

store energy while the switching transistor is ON and release it when it is OFF. In a DC/DC 

boost converter, energy is stored in the magnetic field when the inductor current increases while 

the switching transistor is active. On the other hand, when turned off, the inductor current keeps 

flowing to generate a voltage across its polarity-reversed terminals, which raises the voltage at 

the output. Furthermore, inductance impacts the boost converter's efficiency. The larger its value, 
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the lower the peak currents and the lower the switching losses, without forgetting its help in 

regulating the output voltage and facilitating the ripple of the current flowing through the output 

capacitor, provided that its value is chosen well [53]. 

II.2.1.2. Output Capacitor 

The output capacitor is a main component in the boost chopper, which plays a principal 

role in smoothing the output voltage by filtering out any change during the switching between 

ON-OFF, and the regulate the output voltage by reducing the ripple in voltage [53]. 

II.2.1.3. Diode  

           When the transistor is OFF, the diode provides a path for current flow. If the transistor is 

disconnected, the current of the inductor continues to circulate through the circuit, thus 

preventing the reverse voltage through the transistor [53]. 

II.2.1.4. Switching transistor 

Essential for adjusting the duty cycle, raising voltage, and switching power, the switching 

transistor is a key component of a DC/DC boost converter. In its "on" state, energy is stored 

when current flows from the input source to the inductor; in its "off" state, the output voltage is 

increased by releasing the stored energy. You may control the transistor's output voltage by fine-

tuning the duty cycle, which is the ratio of on-time to total switching length. The efficiency of 

the converter may be influenced by the attributes and selection of the transistor, which in turn 

impact switching losses and conduction losses. The switching transistor is a crucial part of the 

boost converter since it regulates the voltage in conjunction with the control circuitry [53]. 

II.2.1.5. Control circuitry 

The control circuit can be considered to be the brain of the boost converter, as it is 

considered the fundamental element in controlling the circuits of transistors to achieve the 

necessary output voltage level, and to adapt the appropriate value of the transistor duty cycle 

through the implementing control algorithms (the various control algorithms will be discussed in 

this third chapter of the thesis) [53]. 
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Figure II.3 Input and output voltages and currents in dc and Ts for a Boost [107]. 

 

Figure II.4 Boost converter “Sw” closes [107]. 
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II.2.1.6. Mathematical modeling of boost converter at “Sw” closes 

According to Figure II.3, the diode becomes reversely biased in t ∈ [0, dcTs] when Sw 

shuts. As shown in Figure II.4. L recharges and its current source starts to rise steadily. 

Throughout this period, we experience [107]:  

⎩
⎪
⎨

⎪
⎧Iେ୧୬ = C୧୬

dVc୧୬

dt
= (I − I୐)

Iେ୭୳୲ = C୭୳୲

dVc୭୳୲

dt
= −I୭

V୐ = L
dI୐

dt
= V

                                                                                                            (II. 1) 

And for: 

⎩
⎪
⎨

⎪
⎧

V୭ = Vc୭୳୲

I୭ =
V୭

R୭

I =
V

R୫୮

⟹

⎩
⎪⎪
⎨

⎪⎪
⎧

dVc୧୬

dt
=

1

C୧୬
ቆ

V

R୫୮
− I୐ቇ

dV୭

dt
= −

V୭

R୭. C୭୳୲

dI୐

dt
=

1

L
V

                                                                                     (II. 2) 

For modeling in state space:  ൜
ẋ(t) = A. x(t) + B. U(t)

y(t) = C. x(t) + D. U(t)
                                                                (II. 3) 

With U is the input [V(t)] and y presents the output [V୭(t)] and: 

x(t) = ቎

xଵ(t)

xଶ(t)

xଷ(t)
቏ = ቎

Vc୧୬(t)

Vc୭୳୲(t)

I୐(t)
቏ ⟹ ẋ(t) = ቎

xଵ̇(t)

xଶ̇(t)

xଷ̇(t)
቏ = ቎

V̇c୧୬(t)

V̇c୭୳୲(t)

İ୐(t)

቏                                                 (II. 4) 

And 

  

⎩
⎪
⎪
⎪
⎨

⎪
⎪
⎪
⎧

ẋ(t) =

⎣
⎢
⎢
⎢
⎡0 0 −

1

Cଵ

0 −
1

R୭. C୭୳୲
0

0 0 0 ⎦
⎥
⎥
⎥
⎤

. ቎

xଵ(t)

xଶ(t)

xଷ(t)
቏ +

⎣
⎢
⎢
⎢
⎡

1

R୫୮. Cଵ

0
1

L ⎦
⎥
⎥
⎥
⎤

 U(t)

y(t) = [0 1 0]. ቎

xଵ(t)

xଶ(t)

xଷ(t)
቏

                                                       (II. 5) 
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Figure II.5 Boost converter “Sw” opens [107]. 

II.2.1.7. Mathematical modeling of boost converter at “Sw” opens 

According to Figure II.5 when “Sw” is open during t∈ [DT, T], the saved voltage is 

released via L, which is then combined with the voltage from the supply to supply electricity to 

load. From this, we derive the following formulas [107]: 

⎩
⎪⎪
⎨

⎪⎪
⎧Iେ୭୳୲ = C୧୬

dV

dt
= ቆ

V

R୫୮
− I୐ቇ

Iେ୭୳୲ = C୭୳୲

dV଴

dt
= (I୐ − I୭)

V୐ = L
dI୐

dt
= (V − V଴)

                                                                                                          (II. 6) 

And 

⎩
⎪⎪
⎨

⎪⎪
⎧

dV

dt
=

1

C୧୬
ቆ

V

R୫୮
− I୐ቇ

dV଴

dt
=

1

C୭୳୲

(I୐ − I୭)

dI୐

dt
=

1

L
(V − V଴)

                                                                                                                        (II. 7) 
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In state space 

⎩
⎪
⎪
⎪
⎨

⎪
⎪
⎪
⎧

ẋ(t) =

⎣
⎢
⎢
⎢
⎢
⎢
⎡0 0 −

1

Cin

0 −
1

Ro. Cout

1

Cout

0 −
1

L
0 ⎦

⎥
⎥
⎥
⎥
⎥
⎤

. ቎

x1(t)

x2(t)

x3(t)
቏ +

⎣
⎢
⎢
⎢
⎡

1

Rmp. Cin

0
1

L ⎦
⎥
⎥
⎥
⎤

 U(t)

y(t) = [0 1 0]. ቎

x1(t)

x2(t)

x3(t)
቏

                                                           (II. 8) 

A new equation may be derived from equations II.7 and II.8 [108] [109]: 

V ∗ dc ∗ Tୱ = (V୭ − V) ∗ (1 − dc) ∗ Tୱ                                                                                           (II. 9) 

A formula expressing conversion ratio M(dc) looks like this: 

M(dc) =
V୭

V
=

1

1 − dc
                                                                                                                        (II. 10) 

For calculate the inductor and capacitors values of boost converter necessary to track next steps: 

R୫୮ =
V୫ୟ୶

I୫ୟ୶
                                                                                                                                           (II. 11) 

Output resistance Assume the system is ideal and the input power is equal to output power: 

Vଶ

R୫୮
=

V୭
ଶ

R୭
=

൤
V

(1 − dc)
൨

ଶ

R୭
                                                                                                                  (II. 12) 

R୭ =
R୫୮

(1 − dc)ଶ
                                                                                                                                   (II. 13) 

dc = 1 − ඨ
R୫୮

R୭
                                                                                                                                    (II. 14) 

V୭ = V୫୮ඨ
R୭

R୫୮
                                                                                                                                    (II. 15) 
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V୭_୫ୟ୶ =
V୫୮_ୱ

(1 − dc୫ୟ୶)
                                                                                                                         (II. 16) 

Inductor: 

L = ቀ 
୚∗ୢୡ

(୤ୱ_ୠ୭୭ୱ୲∗ୈ୧ౢ)
ቁ                                                                                                                               (II. 17)                                                                                                 

Di୪ = ỹ୍୐. I୐                                                                                                                                            (II. 18)            

Q = ൬
1

2
൰ ൬

1

2fs_boost
൰ ൬

Di୪

2
൰                                                                                                                (II. 19) 

Di୪ =
V୫୮ ∗ dc

L ∗ fs_boost
                                                                                                                                (II. 20) 

Dv୫୮ = ỹ୚୫୮ ∗ V =
୕

େ౟
                                                                                                                        (II. 21)   

Input capacitor: 

C୧୬ =
dc

8. L. ỹ୚୫୮fs_boostଶ
                                                                                                                  (II. 22) 

Output capacitor: 

C୭୳୲ =
dc

R୭ ∗ ỹ୚୭ ∗ f
                                                                                                                              (II. 23) 

C୭୳୲ =
ୢୡ(ଵିୢୡ)మ

ୖౣ౦∗ỹ౒౥∗୤ୱ_ୠ୭୭ୱ୲
                                                                                                                        (II. 24)                  

Where dc is the duty cycle, Delta i୪ and Delta v୭ present Inductor current ripple and 

Output voltage ripple respectively. 

II.2.2. Buck converter 

In PV systems, the DC/DC buck converter is widely used, especially in the 

implementation of storage systems. This enhances the efficiency of the considered system and 

regulates the voltage into the load or battery needed (Figure II.6) [110-112]. 
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Figure II.6 Buck converter [107]. 

II.2.2.1. Mathematical modeling of buck converter at “Sw” closes 

In order to learn about buck converter and derive its mathematical modeling (Figure II.7), 

we look at how the analogous circuit works for both Sw states. As shown in Figure II.8 “Sw” is 

closed for t ∈ [0, dc] [107]: 

⎩
⎪⎪
⎨

⎪⎪
⎧Iେ୧୬ = C୧୬.

dVc୧୬

dt
= ቆ

V

R୫୮
− I୐ቇ

Iେ୭୳୲ = C୭୳୲.
dV୭

dt
= (I୐ − I୭)

L.
di୐

dt
= (V − V୭)

                                                                                               (II. 25) 

And 

⎩
⎪⎪
⎨

⎪⎪
⎧

dVc୧୬

dt
=

1

C୧୬
ቆ

V

R୫୮
− I୐ቇ

dV୭

dt
=

1

C୭୳୲

(I୐ − I୭)

dI୐

dt
=

1

L
(V − V୭)

                                                                                                           (II. 26) 
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In state space 

⎩
⎪
⎪
⎪
⎨

⎪
⎪
⎪
⎧

ẋ(t) =

⎣
⎢
⎢
⎢
⎢
⎢
⎡0 0 −

1

Cin

0 −
1

Ro. Cout

1

Cout

0 −
1

L
0 ⎦

⎥
⎥
⎥
⎥
⎥
⎤

. ቎

x1(t)

x2(t)

x3(t)
቏ +

⎣
⎢
⎢
⎢
⎡

1

Rmp. Cin

0
1

L ⎦
⎥
⎥
⎥
⎤

 U(t)

y(t) = [0 1 0]. ቎

x1(t)

x2(t)

x3(t)
቏

                                                                 (II. 27) 

II.2.2.2. Mathematical modeling of buck converter at “Sw” opens 

In tt ∈ [dcTS, T], the equivalent circuit of buck converter where Sw open is shown in 

Figure II.9 [107]: 

⎩
⎪⎪
⎨

⎪⎪
⎧ Iେ୧୬ = C୧୬.

dVc୧୬

dt
=

V

R୫୮

Iେ୭୳୲ = C୭୳୲.
dV୭

dt
= (I୐ − I୭)

L.
dI୐

dt
= −V୭

                                                                                                               (II. 28) 

And 

⎩
⎪⎪
⎨

⎪⎪
⎧

dVc୧୬

dt
=

V

C୧୬. R୫୮

dV୭

dt
=

1

C୭୳୲

(I୐ − I୭)

dI୐

dt
= −

1

L
V୭

                                                                                                                              (II. 29) 

In state space 

⎩
⎪
⎪
⎪
⎨

⎪
⎪
⎪
⎧

ẋ(t) =

⎣
⎢
⎢
⎢
⎡
0 0 0

0 −
1

Ro. Cout

1

Cout

0 −
1

L
0 ⎦

⎥
⎥
⎥
⎤

. ቎

x1(t)

x2(t)

x3(t)
቏ +

⎣
⎢
⎢
⎡

1

Rmp. Cin

0
0 ⎦

⎥
⎥
⎤

 U(t)

y(t) = [0 1 0]. ቎

x1(t)

x2(t)

x3(t)
቏

                                                                 (II. 30) 
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Figure II.7 Buck converter voltages and currents [107]. 

 

Figure II.8 Buck converter “SW” closes [107]. 
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We can simply extract the formula for the mean inductor voltage. When everything is 

running well, the average inductor voltage is zero [113]: 

V୐(t) = dc. (V − V୭) + (1 − dc). (−V୭) = 0                                                                                 (II. 31) 

The value of V and V୭ in respect to the dc may be expressed by the following equation: 

dc. (V − V୭) = (1 − dc). (V୭)                                                                                                          (II. 32) 

The value of V and V୭ in respect to the dc may be expressed by the following equation: 

M(dc) =
V୭

V
= dc                                                                                                                                  (II. 33) 

The inductance value is given by: 

L = V୭ ∗
(V − V୭)

DI୐ ∗ fୱ ∗ V
                                                                                                                            (II. 34) 

The output capacitor can be calculated as eq.1: 

C୭୳୲ =
DI୐

8 ∗ fୱ ∗ DV୭
                                                                                                                              (II. 35) 

 

Figure II.9 Buck converter “Sw” open [107]. 
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II.2.3. Buck-boost converter  

To maximize efficiency in power transmission from photovoltaic panels to the load or 

battery bank, the buck-boost converter is an essential component (Figure II.10). The Figure II.11 

presents the tensions and currents signals for buck-boost converter [114-117]. 

 

Figure II.10 Buck-boost converter [53]. 

II.2.3.1. Mathematical modeling of buck-boost converter at “Sw” closes 

According to Figure II.12, we can be modeled this converter in the period [0, dcTs] as 

follow [107] [118] [119]: 

⎩
⎪
⎨

⎪
⎧Iେ୧୬ = C୧୬

dVc୧୬

dt
= ൫i୮୴ − i୐൯

Iେ୭୳୲ = C୭୳୲

dVc୭୳୲

dt
= −i୭

L.
di୐

dt
= V

                                                                                                                (II. 36) 

And 

⎩
⎪⎪
⎨

⎪⎪
⎧

dVc୧୬

dt
=

1

C୧୬
൫i୮୴ − i୐൯

dVc୭୳୲

dt
= −

1

C୭୳୲
i୭

di୐

dt
=

1

L
. V

                                                                                                                           (II. 37) 
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In state space, 

⎩
⎪
⎪
⎪
⎨

⎪
⎪
⎪
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⎢
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⎥
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⎤
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x2(t)

x3(t)
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⎣
⎢
⎢
⎢
⎡

1
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0
1

L ⎦
⎥
⎥
⎥
⎤

 U(t)

y(t) = [0 1 0]. ቎

x1(t)

x2(t)

x3(t)
቏

                                                                   (II. 38) 

 

Figure II.11 Tensions and currents of buck-boost converter [53]. 

II.2.3.2. Mathematical modeling of buck-boost converter at “Sw” opens 

According to Figure II.13 For t ∈ [dcTs, Ts] [107] [118] [119]: 
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⎩
⎪
⎨

⎪
⎧ iେଵ = C୧୬.

dVc୧୬

dt
= i୮୴

iେଶ = C୭୳୲.
dVc୭୳୲

dt
= (i୐ − i୭)

L.
di୐

dt
= Vc୭୳୲

                                                                                                           (II. 39) 

And 

⎩
⎪⎪
⎨

⎪⎪
⎧

dVc୧୬

dt
=

1

C୧୬
൫i୮୴ − i୐൯

dVc୭୳୲

dt
= −

1

C୭୳୲
i୭

di୐

dt
=

1

L
. V

                                                                                                                            (II. 40) 

In state space, 

⎩
⎪
⎪
⎪
⎨

⎪
⎪
⎪
⎧
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⎢
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⎢
⎡
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x3(t)
቏

                                                                            (II. 41) 

 

Figure II.12 Buck-boost converter at “Sw” closes [120]. 
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In buck boost converter, M is written as [53] [120] [121]: 

V ∗ dc ∗ Tୱ = V୭ ∗ (1 − dc) ∗ Tୱ                                                                                                        (II. 42) 

And it’s can be given by: 

M(dc) =
V୭

V
=

dc

1 − dc
                                                                                                                         (II. 43) 

The inductor is calculated by: 

L =
V ∗ dc

DI୐ ∗ fୱ
                                                                                                                                           (II. 44) 

The output capacitor is given by: 

C୭୳୲ =
V ∗ dcଶ

(1 − dc) ∗ R୭ ∗ fୱ
                                                                                                                 (II. 45) 

 

Figure II.13 Buck-boost converter “Sw” open [120]. 

II.3. PV system connectivity to grid 

In order to avoid the loss of electrical power in DC loads it’s necessary to link the PV 

system with grid. For that, as depicted in Figure II.14, it is obligatory to adding following 

components [122]: 
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- DC/AC inverter for converting the current into alternative type; 

- Inverter control utilizing PLL to regulate the frequency; 

- LCL filter for harmonics reduction in grid voltage. 

 

Figure II.14 Grid components [122]. 

II.3.1. PV inverter 

Connectivity to grid, an inverter also known as a DC/AC converter converts the direct 

current (DC) produced by the PV panel into AC, which may then be sent to the electrical grid. It 

consists of a transformer, a bridge that converts direct current into alternating current, and an 

MPPT control that monitors the modules' best working points. You may set the inverter to 

operate at a certain frequency, whether it's 50 Hz in current thesis [123]. The PV inverter's 

primary function is to convert a direct current (DC) power source into an alternating current 

(AC) signal [124]. 

Figure II.15 shows the topologies of PV inverter where a presents the central inverter, b is 

the string inverter, c depicts the multi-branch inverter, and the modular inverter is shown in 

section d [125-127]. 
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(a)                                    (b)                                     (c)                              (d) 

Figure II.15 PV inverter topologies [53]. 

II.3.1.1. Inverter control 

A grid inverter is a device utilized to link the photoelectric power to grid. DC voltage is 

managed via both reactive and active electrical power commands, which is connected to the 

electrical grid with the conversion device under altered climatic settings. To accomplish the 

power factor process, the grid is charged through nil reactive currents by using the vector 

command. Figure II.16 displays the controlling block design within the control system loops run 

twin controls of PI to arrange I୯  and Iୢ [128-131]. 

II.3.1.2. Phase locking loop (PLL) 

The phase PLL is used to derive the angle between the inverter's and the voltage across 

the grid transmissible. In subject to make the feedback variables—the grid's voltages and 

currents fit the control algorithms' base structure, the phase angle of the voltage generated by the 

grid is used [132]. To determine the necessary phase angle for the inverter baseline voltage to 

function, the corresponding reactive and active electrical control signals is put to use. In addition, 
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the PLL's primary function is to bring the grid and PV systems into harmony with one another. 

To using this component in considered system, the PLL consists of a phase detector, low-pass 

filter, and voltage-controlled oscillator [133] [134]. 

 

Figure II.16 Control block diagram for centralized inverter using DQ current control [131]. 

Figure II.17 shows the schematic illustrating an SRF PLL's control scheme. Here, the Q 

element ൫𝑉௤൯ is set to zero so that a triple-phase voltage 𝑉௔௕௖ may be transformed to 𝑉ௗ௤ 

according to formulas (𝐼𝐼. 46) to (𝐼I. 48) [132].  

This will bring the voltage into phase via the highest point voltage (𝑉௔). 

൥

𝑉௔

𝑉௕

𝑉௖

൩ = ቎

𝑉௠ 𝑐𝑜𝑠(𝜃)

𝑉௠ 𝑐𝑜𝑠(𝜃 − 120°)

𝑉௠ 𝑐𝑜𝑠(𝜃 + 120°)
቏                                                                                                              (II. 46) 
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൤
Vୢ

V୯
൨ = ൤

cos(θᇱ) sin(θᇱ)

− sin(θᇱ) cos(θᇱ)
൨ ൤

V஑

Vஒ
൨                                                                                                  (II. 48) 
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While θ and θ' are equal, V୯ goes zero, and the system is in synchrony with the grid signals; if (1) 

is substituted into (3), Vୢ followed by V୯ are determined via equations (II. 49) and (II. 50). 

Vୢ = V୫ ∗ sin(θ − θᇱ)                                                                                                                        (II. 49) 

V୯ = V୫ ∗ cos(θ − θᇱ)                                                                                                                        (II. 50) 

V୰ୣ୤ = Vୢ + jV୯                                                                                                                                      (II. 51) 

In addition, Figure II.18 further shows that a concentric extension of V୰ୣ୤ upon the q-axis 

is zero while V୰ୣ୤ is in alignment with the d-axis, meaning thus θ and θ' are actually identical. At 

this point, grid pitch and PLL are synced with one other (Figure II.18) [135]. 

 

Figure II.17 Structure of Basic PLL structure [132]. 

For triple-phase, the active power P can be calculated as [97]:                             

P =
ଷ

ଶ
ൣiୢvୢ − i୯v୯൧                                                                                                                               (II. 52)                             

And the reactive power Q is: 

Q =
ଷ

ଶ
ൣi୯vୢ − iୢv୯൧                                                                                                                               (II. 53)                            

With: 

Vୟ, Vୠ, Vୡ: Grid voltage; 
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Iୟ, Iୠ, Iୡ: Grid voltage; 

v୯, I୯: Voltage and current in q-axis; 

vୢ, Iୢ: Voltage and current in d-axis. 

 

Figure II.18 Stationary and rotating references frames [135]. 

II.3.2. Filter topologies 

Because semiconductor switching introduces harmonics into the produced current, the 

output filter dampens them. In PV system connectivity to grid, the filter is emplaced in inverter’s 

output and cad divided in to 3 orders [136].  

II.3.2.1. L filter 

When attenuation is enough for converters operating at high switching frequencies, the L-

filter is an appropriate first-order filter. Conversely, the converter-filter technology's dynamics 

are significantly reduced by inductance [137]. 

II.3.2.2. LC filter 

One second-order structure filter that outperforms the L-filter in terms of dampening is 

the LC-filter. In most cases, this straightforward topology works as expected and is trivial to 

implement. This filter's design strikes a balance between inductor and capacity values. When it 

comes to voltage accuracy, the large capacity is beneficial. A greater inductance value is 
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necessary to achieve the desired cut-off frequency, however. The grid impedance at the time of 

system connection determines the resonance rate of this filter (see Figure II.19) [138]. 

 

Figure II.19 LC filter [138]. 

II.3.2.3. LCL filter 

Outside of resonate frequency range, the LCL filter attenuates at a rate of 60 dB/decade. 

Large switching rates converters are therefore compatible with them. For grid-integrated PV 

applications, an LCL filter is ideal. To a reasonable extent, it may also lessen wave current. 

Ringing and destabilization in the system might occur if the filter not been carefully constructed 

according to transformer specifications [139] [140]. Figure depicts electronic schema of LCL 

filter. The electronic circuit of this filter is shown in Figure II.20, and its components can 

determine by [141] [142]: 

L୤ =
଴.ଵ∗୙మ

ଶ∗஠∗୤∗(
౎ౌ
య

)
                                                                                                                                        (II. 54)                            

C୤ =
଴.଴ହ∗(

౎ౌ
య

)

ଶ∗஠∗୤∗଴.ଵ∗୙మ                                                                                                                                     (II. 55)                         

With: 

R୔: Rated power; 

 U:  Output inverter voltage;  
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f: Grid frequency. 

 

Figure II.20 LCL filter [141]. 

II.4. Conclusion  

Various types of DC/DC converters have been studied and mathematically modeled. For 

DC/DC boost converter each component that makes this converter is mentioned and detailed. 

The boost converter is faced two principles problem. In the first, each elements of boost 

converter is needed to optimal values to its role smoothly. Secondly, the good choice of higher 

dc is obligatory where the solution of this problem is studied in next chapters. In secondly, we 

give an overview for role and benefits of various components of utility grid.   
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III.1. Introduction 

       One method to get the most out of a cell in a particular situation is Maximum Power Point 

Tracking (MPPT). The MPPT has various controls for selecting the required value of dc to 

follow the MPP [143] [144]. The hill climbing technique has been enhanced and made more 

efficient by incremental conductance [145]. This technique is built to work with an algorithm for 

MPPT capable of monitoring the MPP and adjusting the converter's duty cycle accordingly. 

Although it was the first to be used in an MPPT application, the procedure known as P&O is the 

most basic of many methods [146]. Altering the panel voltage up or down and then measuring 

the resulting power usage is how the P&O approach works [147]. 

       The I-V curve that characterizes of the PV cell is not linear. This quality shifts in response to 

variations in temperature and sunshine intensity, among other environmental variables. That is 

why the traditional approach has a hard time tracing the MPP. In contrary, the MPPT based on 

intelligent controls have high benefits compared to conventional approaches that related to 

mathematical modeling, the intelligent techniques are not interested in mathematical modeling of 

PV system [144]. 

         The FLC based on P&O or IC techniques relies of if-then rules, this method is not affected 

to any variation in climate, just need a accurately dataset [147] [148]. The second intelligent 

control using to track the MPP is the ANN, this approach focuses on collect the data that defined 

the PV system such as the solar radiation ,temperature, PV voltage and temperature, optimal dc 

and the training with selected method (in this state the BP algorithm is employed) [149] [150]. 

For augmenting the performances of FLC and ANN it’s mandatory to utilizing and hybrid 

techniques called ANFIS algorithm, this approach has higher efficiency and acceptable behavior 

especially in the changing of the solar radiation [151] [152].  

       After the study of various MPPT based on traditional and intelligent controls, in second 

section by employing MATLAB/SIMULINK software we simulate the ANN and FLC as 

comparative study with IC approach in stand-alone system, and study the comparison result 

between P&O and ANFIS methods in state of grid connected. 
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III.2. Perturb and observe (P&O) 

       Since the P&O algorithm is a genuine MPPT that does not rely on panels, it is being 

examined. Simple to implement, doesn't need frequent tuning, it relies on adjusting the power 

converter's duty cycle (the size of a perturbation step) to change the PV array's output voltage, 

and then monitoring the changes in the array's output power. We are getting close to the 

maximum panel power when DP is positive, therefore any disturbance must be in the same 

direction. If the output power drops, on the other hand, you have to do the perturbation in the 

other way around. If DP=0, then the MPP has been achieved. In Figure III.1, the typical P&O 

algorithm's flowchart is shown, with k standing for the interval [153] [154]. 

 

Figure III.1 P&O algorithm [154]. 
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The P&O method can be describe by the following equations [155]: 

DV = V(K) − V(K − 1)                                                                                                                        (III. 1) 

DP = P(K) − P(K − 1)                                                                                                                        (III. 2) 

       The dc is incremented when  DP < 0 and DV < 0, or when  DP > 0 and DV > 0. When  DP 

< 0 and DV > 0, or when  DP > 0 and DV < 0 ), the dc is decremented. (In other sense, the dc is 

incremented if DP and DV in some sign). 

 

Figure III.2 IC approach [156]. 
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III.3. Incremental Conductance (IC) 

       Among the several standard MPPT approaches, the IC method is very popular. The power-

voltage correlation’s gradient provides the basis for this. When the incline is zero, the power 

output is maximum, when the gradient is negative, the voltage must be decreased, and when the 

incline is positive, the voltage must be increased, in order to keep the PV array voltage and 

power at their optimal levels. The following equations describe the IC method [156-159]: 

In the MPP: 

dP

dV
= 0                                                                                                                                                      (III. 3) 

dP

dV
=

d(V ∗ I)

dV
= I.

dV

dV
+ V.

dI

dV
= 0                                                                                                    (III. 4) 

dI

dV
= −

I

V
                                                                                                                                                 (III. 5) 

As shown in the flowchart that described in Figure III.2 when the dc is decremented if  
ୢ୔

ୢ୚
>  0 , 

i.e.,  
୍

୚
> −

ୢ୍

ୢ୚
 . In other hand, where the ୢ୔

ୢ୚
<  0 , i.e.,  

୍

୚
< −

ୢ୍

ୢ୚
 the dc is incremented [160].   

Table III.1.  Fuzzy rule base [170]. 

     ∆E                  

E 

NBIG NSHO ZER PSHO PBIG 

NBIG ZER ZER PBIG PBIG PBIG 

NSHO ZER ZER PSHO PSHO PSHO 

ZER PSHO ZER ZER ZER NSHO 

PSHO NSHO NSHO ZER ZER ZER 

PBIG NBIG NBIG ZER ZER ZER 

III.4. Fuzzy logic controller (FLC) 

       FLC approach often divides challenging systems into many subsystems based on the 

system's understanding by human experts. In the meantime, a series of basic and easy-to-control 
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principles have been used to mimic the methods of human management in each local working 

zone. Afterwards, the global control rules are constructed by integrating all local control actions 

with the fuzzy membership function, i.e. the weight function. Visually, the conditional statement 

of “IF-THEN” in the quality language components of human experts associated with the basic 

models is applied to analysis and synthesis. In recent years, many systems of stability analysis 

and control synthesis approaches have emerged in fuzzy control theory, in which the Mamdani 

fuzzy model is commonly used [161-164]. 

 

Figure III.3 FLC generality [166]. 

       In renewable energy systems in particular, FLC has become a popular AI method for system 

control. The fact that mathematical modeling is not always necessary to apply FLC to systems is 

one of its advantages [165]. For PV system MPP monitoring, FLC is a preferred option because 

to its stability and endurance (Figure III.3) [166]. 

III.4.1. Fuzzification 

       In this context, "fuzzification" refers to the process of giving each variable a degree of 

uncertainty. Determining the quantity of these fuzzy sets follows an evaluation of the system's 

behavior. In order to keep select the required dc for the tracking of the MPP when solar 

irradiance fluctuates rapidly and significantly. For that, this research splits the domain of 

existence into seven periods for each of the three variables: error (Er), change in error (∆E), and 

the output ∆dc [167]. 
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(a) 

 
(b) 

 

(c) 

Figure III.4 Membership function (a) input Er, (b) input ∆Er and (c) output dc [170]. 

III.4.2. Inference 

       The reasoning for our choice to focus on two or more follow-ups ultimately prompted us to 

form this classification. The fuzzy method includes two phases: the rough phase, where a big 

search step is used to expedite the search, and the fine phase, where a low search step is used to 

minimize oscillations and enhance system efficiency [168]. 
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III.4.3. Defuzzification 

       Defuzzification involves converting linguistic variables into numbers. The fuzzy output of 

the previous rule is combined with the Max function to form a single fuzzy set. This set is 

defuzzified and multiplied by the scale factor to obtain a single sequence value. The 

methodology used for the final stage of the design of the fuzzy controller is the gravity center 

method. It calculates the growth of the duty cycle [168] [169]. 

III.4.4. MPPT based FLC 

       Using two inputs and one output, here are the steps to MPPT based on FLC  take in order to 

employ this technique [170]: 

 Step 1: Determine the power P by reading V(K) and I(K):                  

P(K) = V(K) ∗ I(K)                                                                                                                        (III. 6) 

 Step 2: Determine the change in voltage (dV) and in power (dP):                                               

ቄ                                                                                                                     (III. 7)ୢ୔(୏)ୀ୔(୏)ି୔(୏ିଵ)
ୢ୚(୏)ୀ୚(୏)ି୚(୏ିଵ)

  

 Step 3: Calculate: 

൝                                                                                                                 (III. 8)
∆୉୰(୏)ୀ୉୰(୏)ି୉୰(୏ିଵ)

୉୰(୏)ୀ 
ୢ୔(୏)
ୢ୚(୏)  

 Step 4: Convert inputs error (Er), error change (∆Er), and outputs ∆dc(i) from numerical 

values to degrees of ambiguity (Figure III.4); 

 Step 5: Apply the IF-THEN MAMDANI rules (see Table III.1); 

 Step 6: Unify all rule output through a process called grouping; 

 Step 7: Convert the aggregated output to numeric values.  

III.5. Artificial neural network (ANN) 

       ANN depicts the reproduction of the biological neural network that fundamentally links 

many parameters to particular data points. When combining parameters in an ANN model, no 

complicated mathematical formulae are necessary. As a result, ANN can link several parameters 
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to large amounts of unknown data points with less theoretical effort than conventional methods. 

An ANN undergoes supervised learning, also known as training, with the use of imported data. 

Similar to the human brain, ANN is composed of several types of neurons [171]. The "weight" is 

a fractional value that connects these neurons. The repercussions are adjusted throughout the 

training process to forecast the precise outcomes and weight amounts become constant until the 

mistake surpasses the allowable value [172]. The two-layer ANN model's basic form is shown in 

Figure III.5 [173]. On the right side of the neural network diagram, you can see how the inputs 

may be assimilated into the network over time. A larger subset of the total input-output 

parameter data sets is used to train the neural network; this subset is known as the training data 

set [172]. On the other hand, validation datasets containing other data points are used to evaluate 

the trained NN. The NN's input-output parameters and training data points are loaded. Until a 

satisfactory error occurs, the network is constrained. After the appropriate error occurs, you can 

verify the qualified network by importing input parameters from the validation data set and 

predicting the output parameters associated with the input parameters [174-177]. 

 

Figure III.5 ANN architecture [173]. 

       The back propagation (BP) approach is used. The dc is computed and ANN is trained for 

various combinations of PV voltage and current values. To achieve the desired values, the layers 

weights are adjusted during the NN training. As part of the training process, weights are fine-

tuned so that they closely follow the goal values. For evaluate of ANN's performance, is 

mandatory to employing the MSE, which is calculated as [178][179]: 
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MSE =
1

N
෍(Target୧ − Output୧)

ଶ                                                                                                (III. 9) 

For applying ANN as a MPPT it may be following steps (Figure III.6): 

a) Data collection: In considered system for 2 inputs (PV voltage and current) and one 

output (dc) it’s employed 2000 samples for any data. The mathematical relations of 

inputs and output datas are calculated as [172]: 

T୭୮୲ = (T୫ୟ୶ − T୫୧୬) ∗ rand + T୫୧୬                                                                                            (III. 10) 

G୭୮୲ = (G୫ୟ୶ − G୫୧୬) ∗ rand + G୫୧୬                                                                                          (III. 11) 

I୭୮୲ =
G୭୮୲

1000
ቀI୫୮ + K୪൫T୭୮୲ − 25൯ቁ                                                                                             (III. 12) 

V୭୮୲ = ቀV୫୮ + K୭ୡ൫T୭୮୲ − 25൯ቁ                                                                                                    (III. 13) 

dc୭୮୲ = 1 −
V୭୮୲

V୭୳୲
                                                                                                                                (III. 14) 

b) Selection of network structure: In this step, we are utilizing 2 hidden layers, each layer 

has 10 neurons. 

c) Training and testing the network: The BP algorithm is applying with 1000 epochs. 

III.6. Adaptive neural fuzzy inference system (ANFIS) 

  Combining ANN and FLC is an ANFIS approach that is used to address the optimization 

problem. With this method, PV systems and other nonlinear renewable energy applications may 

be easily managed. All five levels fuzzification, rules, normalization, consequent, and addition 

are shown in Fig. III.7. It all starts with the two-rule Takagi-Sugeno system. A function z is 

produced from two parameters, xୟ୬୤ and yୟ୬୤ [180] [181].  

       ANFIS is generally a multilayer back propagation system in which each device plays a 

specific role in the input signal (node function). In this system, the output z is based on the input 

xୟ୬୤ and yୟ୬୤ of the PV voltage and the PV current. In the rule base there are Takagi and Sugeno 
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types of unclear rules if-then, in PV system z presents the dc [182] [183][185]. 

Rule 1: IF xୟ୬୤ = A1, yୟ୬୤= B1 THEN zଵ= mଵxୟ୬୤ + gଵyୟ୬୤ + u୧                                            (III. 15) 

Rule 2: IF xୟ୬୤ = A2, yୟ୬୤= B2 THEN zଶ = mଶxୟ୬୤ + gଶyୟ୬୤ + uଶ                                          (III. 16) 

Figure III.6 ANN architecture [172]. 

The ANFIS control consists of five layers, can describe as follows (Figure III.7) [184] [185]: 

 First layer: This layer present the fuzzification step, where a group of membership 

function A୧ form a node. The membership of input xୟ୬୤ and output yୟ୬୤ ∈ [0 1] can be 

calculated:

ቄ                                                                                                           (III. 17)
୅భ,౟ୀஜ୷౟షమ(୷౗౤౜) ୤୭୰ ୧ୀଷ,ସ 

୅భ,౟ୀஜ୶౟(୶౗౤౜)  ୤୭୰ ୧ୀଵ,ଶ 
 

 Second layer: Can be defined the nodes output in this layer as the product of their inputs: 

Aଶ,୧ = w୧ = μxୟ୬୤୧
(xୟ୬୤)μxୟ୬୤୧

(yୟ୬୤)       i = 1,2                                                           (III. 18) 

 Third layer: There is a normalization procedure performed by each fixed node in this 

layer. It is possible to express the output of every node as: 

Aଷ,୧ = s୧ =
s୧

sଵ + sଶ
                                                                                                               (III. 19) 

 Fourth layer: Every node is computed and fitted to used rule consequent by: 

Aସ,୧ = s୧z୧ = s୧(m୧xୟ୬୤ + g୧yୟ୬୤ + u୧ )                                                                            (III. 20) 
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where {m୧, n୧, u୧} is the collection of parameters calculated by the learning process and 

s୧ is the output of the preceding layer. There are two prevalent learning strategies for 

ANFIS: the hybrid control technique and the back propagation approach. 

 Last layer: Only one fixed node, denoted by Σ, exists. This node is responsible for 

adding up all the signals that come in. From here on, the model's general output may be 

expressed as: 

Aହ,ଵ = ෍ s୧z୧
୧

=
∑ s୧z୧୧

∑ s୧୧
                                                                                                      (III. 21) 

 

Figure III.7 ANFIS-MPPT [184]. 

III.7. Result and discussion 

In this chapter, we use two types of simulations, stand-alone and grid connected PV 

system by utilizing four MPPT approaches by employing MATLAB/Simulink software. 

III.7.1. Simulation with stand-alone PV system   

In this stage, a MPPT based on ANFIS algorithm is simulated and compared to P&O 

control in fixed and variable solar radiation. To evaluate the effectiveness proposed MPPT under 

stand-alone system, the Figure III.8 shows the simulation of this technique. The values of PV 

array and boost converter components is described in Table II.2. 
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Table III.2 Components of considered stand-alone PV system. 

Description Value 

Maximun power (𝑷𝒎𝒂𝒙) 37.26 𝑊 

Maximun voltage (𝑽𝒎𝒂𝒙) 16.56 𝑉 

Peak current (𝑰𝒎𝒂𝒙) 2.25 𝐴 

Voltage of open-circuit (𝑽𝒐𝒄) 21.24 𝑉 

Current of short-circuit (𝑰𝒔𝒄) 2.55 𝐴 

Output voltage(𝑽𝒐) 30 V 

Input capacitor (𝐂𝐢𝐧) 65.3219 µF 

Output capacitor (𝐂𝐨𝐮𝐭) 278.228µF 

Inductance  (𝐋) 1.71438 mH 

Switching frequency (𝐟𝐬_𝐛𝐨𝐨𝐬𝐭) 10 kHz 

The Figures (III.9 to III.14) show the simulation results under stand-alone system of PV 

voltage, PV current, and PV power, output voltage, output current, and output power with fixed 

irradiance.  The two methods used (P&O and ANFIS) give an output power of 36.0974 watts and 

efficiency equals 99.32 %. In standard conditions, we can’t prove the benefits of ANFIS based 

MPPT because the two algorithms have some behavior where follow the MPP.  
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Figure III.8 Stand-alone PV system with MATLAB/Simulink. 

 

Figure III.9 PV voltage in stand-alone system with fixed radiation. 
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Figure III.10 PV current in stand-alone system with fixed radiation. 

 

Figure III.11 PV power in stand-alone system with fixed radiation. 
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Figure III.12 Output voltage in stand-alone system with fixed radiation. 

 

Figure III.13 Output current in stand-alone system with fixed radiation. 
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Figure III.14 Output power in stand-alone system with fixed radiation. 

Figure III.15 shows the profile of irradiance where its values varies between 600, 800, 

950, and 1000 W mଶ⁄ . 

 

Figure III.15 Solar irradiance profile in stand-alone system. 
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Figure III.16 PV voltage in stand-alone system with variable radiation. 

 

Figure III.17 PV current in stand-alone system with variable radiation. 
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Figure III.18 PV power in stand-alone system with variable radiation. 

 

 

Figure III.19 Output voltage in stand-alone system with variable radiation. 
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Figure III.20 Output current in stand-alone system with variable radiation. 

Figure III.21 Output power in stand-alone system with variable radiation. 
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The Figures (III.16-III.21) depict the simulation results in variable irradiance, where the 

P&O algorithm faces various problems in solar irradiance varying. The P&O has big oscillations 

where the changing of radiation levels compared to proposed ANFIS control. In 600, 800, and 

950 W mଶ⁄  the ANFIS control has efficiency of 97.34, 98.12, and 99.04 %. In contrary, the P&O 

algorithm has efficiency of 96.95, 97.88, and 88.98 %.   

Table III.3 PV system connectivity to grid parameters. 

Description Value 

Maximum power (𝐏𝐦𝐚𝐱) 213.15 W 

Maximum voltage (𝐕𝐦𝐚𝐱) 29 V 

Peak current (𝐈𝐦𝐚𝐱) 7.35 A 

Voltage of open-circuit (𝐕𝐨𝐜) 36.3 V 

Current of short-circuit (𝐈𝐬𝐜) 7.84 A 

Number of series cell (𝐍𝐬𝐞𝐫) 12 

Number of parallels cell (𝐍𝐩𝐚𝐫) 42 

Switching frequency (𝐟𝐬_𝐛𝐨𝐨𝐬𝐭) 5 KHZ 

Grid frequency (𝐟) 50 HZ 

Inductance of boost (𝐋) 1000 mH 

Capacity  of boost (𝐂) 2000 mF 

Inductance of filter (𝐋𝐟) 500 µH 

Capacity of filter (𝐂𝐟) 18.37 µF 

Rated power (𝐏) 2.55 W 

III.7.2. Simulation with PV system connectivity to grid 

In this part, according to Figure III.22 the employing of ANN is the prediction of optimal 

voltage and current. The main role of FLC method is the control of dc in order to generate an 

active power of 100KVA in the grid.   

Table III.3 gives the datas of considered PV system with connected to grid. The Figures 

(III.23-III.28) give the simulation results of PV power, output boost voltage, grid voltage and 

current, active and reactive power in constant radiation respectively. 
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Figure III.22 Grid connected PV system employing MATLAB/Simulink. 

 

Figure III.23 PV power in PV system connectivity to grid at fixed radiation. 
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Figure III.24 Output boost voltage at fixed radiation. 

 

Figure III.25 Grid voltage at fixed radiation. 

V
ab

c 
(V

) 
V

d
c 

(V
) 



CHAPTER III: INTELLIGENT CONTROLS OF A PV SYSTEM 

 

 77 

 

Figure III.26 Grid current at fixed radiation. 

 

Figure III.27 Active power at fixed radiation. 
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Figure III.28 Reactive power at fixed radiation. 

As shown in previous figures, the proposed FLC-ANN give an active power of 

100 KVA where the IC gives 89 KVA. In contrary, the reactive power is around 9200 

VAR by using two studied MPPT. As shown in Figure III.29, the solar irradiance varies 

between 300, 700, 950 and 1000 W mଶ⁄ . The next Figures (III.30-III.35) depict the 

simulation results of PV power, output boost voltage, voltage and current in grid, active 

and reactive power respectively in variable irradiance. 

 

Figure III.29 Solar radiation profile in grid connected PV system. 
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Figure III.30 PV power in PV system connectivity to grid at variable radiation. 

Figure III.31 Output boost voltage at variable radiation. 
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Figure III.32 Grid voltage at variable radiation. 

 

Figure III.33 Grid current at fixed radiation. 
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Figure III.34 Active power at fixed radiation. 

 

Figure III.35 Reactive power at fixed radiation. 
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              As represented in Figure III.34, where irradiance solar equals 300 W mଶ⁄ , the active 

power is around 31868 VA by employing ANN-FLC comparing to IC which equals around 

27305 VA. Where the radiation solar equals 700 W mଶ⁄ , by utilizing ANN-FLC based MPPT the 

active power is 70748 VA where its value is around 61920 VA. The active power values are 

around 95340 and 82644 VA by utilizing ANN-FLC and IC algorithm respectively at irradiance 

of 950 W mଶ⁄ . 

III.8. Conclusion  

In this chapter, we described various conventional and intelligent control of PV system 

and theirs effect in stand-alone system and with connected to grid. In stand-alone PV system, we 

were simulated and prove the effectiveness of ANFIS method which can follow the MPP 

smoothly. In contrary, the P&O control has high difficulty at variation in climate, this difficult 

affect to decreasing of efficiency. In grid connected, where the radiation changes in different 

levels the active power losses by using IC. By using ANN-FLC control, we can provide higher 

active power compared to use IC approach. The basic problem where work with FLC, ANN, and 

ANFIS is the mandatory of selecting precisely of database.  
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IV.1. Introduction 

PV system has many electrical faults, is necessary to proposed methods for detection the 

fault local. One of these methods based on statistical parameters in feature selection and NN type 

BP in classification section [186-188]. This chapter focuses on studying MPPT based on various 

metaheuristic algorithms for PV systems under PSC and the malfunction of the considered 

system. In contrast to previously studied intelligent controls, these approaches do not require 

large amounts of system command data. The P.V characteristic in PSC gives various LMPP and 

one GMPP [198-191]. For that, metaheuristic approaches can search the global solution 

smoothly compared to ANFIS, ANN, FLC, P&O, and INC techniques using the random 

selection of best solutions [192]. The GWO depends on the motion of greys in wild during the 

hunt process [40] [193]. PSO algorithm can find the best solution using by updating the 

movement and velocity of particles [194] [195]. The APSO has some behavior of PSO technique 

with adapting of PSO algorithm [196-198]. 

 

Figure IV.1 Different faults occurring in PV System. 

IV.2. Diagnosis method 

The studied PV system faces a various electrical fault a causing of varying in atmosphere, 

or bad implementation or other causes. Figure IV.1 describe five types of faults where (1) 
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represents SF, (2) is OCF, (3) and (4) present LLF and LGF respectively, (6) depicts converter 

switch fault [199-201].  

As shown in figure IV.2, this work proposed a diagnosis method based on three steps: 

 Collection of data from Simulink; 

 Feature selection using statistical parameters and the dimension reduction by using PCA; 

 Locate of fault using NN type BP. 

 

Figure IV.2 Proposed diagnosis method of PV system. 

IV.2.1. Collection of data 

For data collection 500000 datas of each PV system state (NC, LL fault, LG fault, SF, OCF, 

switching converter fault (SCF)), each 495000 datas have 99 signals, each signal has 5000 

samples. 

IV.2.2. Feature selection 

In feature selection stage, the statistical parameters considered are given by the following 
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Equations [202] [203]: 

- Minimum:                              

 Min = min(Xc)                                                                                                                                     (IV. 1)                          

- The peak-to-peak value:        

PPV =
1

2
[max(Xc) − min(Xc)]                                                                                                          (IV. 2) 

- The effective value:            

RMS = ට
ଵ

୒
∑ ൫Xc(i)൯

ଶ୒
୧ୀଵ                                                                                                                       (IV. 3)                

- The standard deviation:      

SD = ටଵ

୒
∑ ൫Xc(i) − Xc൯

ଶ
୒
୧ୀଵ                                                                                                                (IV. 4)             

- The crest factor:                     

CRF =
୔୔୚

ୖ୑ୗ
                                                                                                                                               (IV. 5)                                    

- The impulse factor:            

IMF =
୔୔୚

భ

ొ
∑ |ଡ଼ୡ(୧)|ొ

౟సభ

                                                                                                                                   (IV. 6)                           

- Kurtosis:                         

KUR =
భ

ొ
∑ ൫ଡ଼ୡ(୧)ିଡ଼ୡ൯

రొ
౟సభ

ቂ
భ

ొ
∑ ൫ଡ଼ୡ(୧)ିଡ଼ୡ൯

మొ
౟సభ ቃ

మ                                                                                                                      (IV. 7)  

With 

 Xc: Signal;  

Xc: Mean of signal;  

N: Total number of coefficients. 
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Principal Component Analysis (PCA) is a statistical technique used to reduce the 

dimensionality of large datasets while retaining the most significant information. It achieves this 

by transforming the original variables into a smaller set of uncorrelated variables called principal 

components, which are ranked according to the amount of variance they capture. By focusing on 

the components with the highest variance, PCA simplifies data interpretation and enhances 

computational efficiency, making it an effective tool for feature selection in fault diagnosis and 

other machine learning applications. 

V.2.3. Locate of fault 

The classification part focuses on used NN type BP is one of the successeful method for 

classify the fault class [204-206]. In this work, the training process requires 70% of 

datacollection, 15% in validation part, and 15% for test process. By using MATLAB software, 3 

hidden layers is utilized each layer has 10 neurons and a 1000 iterations . 

 

 

 

 

 

 

 

 

 

 

Figure IV.3 NN performance. 

             Figure IV.3 shows the utilized NN performance where the best MSE is 1.0455*10^(-14). 

The NN can classifier the locate of fault smoothly with a test accuracy of  98.2% (Figure IV.4). 
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IV.3. Metaheuristic method based MPPT 

In this chapter, three metaheuristic algorithms were proposed in order to follow the MPP 

under different fault scenarios and variation climatic. The PSO algorithm was used to select the 

optimal dc under NC and four fault scenarios. The APSO algorithm was proposed to track the 

MPP under PSC and CSC conditions by a comparative study with a GWO, PSO, ANFIS, FLC 

and P&O approaches.  

 

 

Figure IV.4 Confusion maatrix. 

IV.3.1. Grey wolf optimization (GWO) 

In 2014, Mirjalili, an academic, presented GWO, a novel meta-heuristic optimization 

algorithm. It mimics the pack hierarchy and predatory behavior of grey wolves, whereby 

members follow orders from the pack leader and use techniques including encircling, hunting, 

and attacking to bring in their prey. Based on the outcomes, this is a massive search algorithm 

that prioritizes the top three grey wolves [207]. This optimization process is more flexible and 

has a greater global search capacity since GWO does not have an elimination mechanism. In 
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other words, if a grey wolf is moving to a worse area than it is now, it still needs to arrive. 

Generally speaking, it is simple to use, requires few parameters, and can be implemented with 

ease. Numerous researchers have focused on it, and their efforts have yielded numerous findings. 

The GWO technique is divided into three stages [207] [208] (Figure IV.5):  

IV.3.1.1. Encircling  

Finding the prey’s location is the primary focus of the first stage of GWO. The method 

starts by roaming the search space as if the prey's location were unknown, thinking it would be 

close to the best answer. As part of their hunting strategy, after they pinpoint the location of their 

prey, they surround it. The area around solutions is scouted by grey wolves [207]. 

D୮ = หR. G୮(k) − G୥୵୭(k)ห                                                                                                      (IV. 12) 

G୥୵୭(k + 1) = X୮(k) − H. D୮                                                                                                (IV. 13) 

With 

H = 2αሬሬ⃗ . rଵሬሬሬ⃗ − αሬሬ⃗                                                                                                                              (IV. 14) 

R = 2. rଶሬሬሬ⃗                                                                                                                                        (IV. 15) 

 

Figure IV.5 Grey wolf’s hierarchy (dominance increasing from down to top) [207]. 

Where the alpha wolves represent the best candidate solutions in the population, the beta 

serves as a backup leader in the hierarchy, the Deltaa wolves are the third-best solutions, the 

Omega represent the rest of the population. 
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IV.3.1.2. Haunting   

Mathematically, the wolves' haunting behavior is replicated by supposing that a, β, and δ 

have a better understanding of the prey's location. Consequently, as shown in Figure IV06, the 

remaining wolves ϋ follow the best answer provided by a, β, and δ. These equations characterize 

the wolf pack's hunting behavior [207]: 

൞

Dୟ୪୮୦ୟ = หCଵ୥୵୭Gୟ୪୮୦ୟ − G୥୵୭(k)ห

Dୠୣ୲ୟ = หCଶ୥୵୭Gୠୣ୲ୟ − G୥୵୭(k)ห

Dୢୣ୪୲ୟ = หCଷ୥୶୭Gୢୣ୪୲ୟ − G୥୵୭(k)ห

                                                                                                     (IV. 16) 

ቐ

Gଵ୥୵୭ = Gୟ୪୮୦ୟ(k) − HଵDୟ୪୮୦ୟ

Gଶ୥୵୭ =  Gୠୣ୲ୟ(k) − HଶDୠୣ୲ୟ

Gଷ୥୵୭ = Gୢୣ୪୲ୟ(k) − HଷDୢୣ୪୲ୟ

                                                                                                             (IV. 17) 

G୮(t + 1) =
ୋభౝ౭౥ାୋమౝ౭౥ାୋ୥୵୭య

ଷ
                                                                                                      (IV. 18)      

IV.3.1.3. Attacking  

When their prey stops moving, the wolves know it's time to start attacking, marking the 

conclusion of the hunting phase [207]. 

 

Figure IV.6 Position updating in GWO [207]. 
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In PV system, the dc is characterized as a gray wolf in order to apply the GWO-based 

MPPT. Thus, may be altered in the manner shown below [40] [209] [210]: 

dc୧(k + 1) = dc୧(k) − H. dc                                                                                                    (IV. 19) 

Therefore, the GWO algorithm's fitness function is expressed as after this: 

P൫dc୧(k)൯ > P൫dc୧(k − 1)൯                                                                                                              (IV. 20) 

Where P present the power, i is the current wolves number, k is iteration number.  

IV.3.2. Particle swarm optimization (PSO) 

As an alternative to conventional genetic algorithms, Kennedy and Eberhart created 

particle swarm optimization (PSO), a parallel optimization method. The coordinated motions of 

swarms of insects, schools of fish, or flocks of birds serve as an inspiration for these algorithms. 

Particle swarm algorithms seek for optimization solutions in the same way that these creatures 

move in swarms to locate food or escape predators [211]. 

Particles refer to the algorithmic units, whereas swarms denote the population as a whole. 

Based on its best neighbor and its own experience here, the recollection of the best place it 

encountered a particle selects its next step in this algorithm. You may describe this neighborhood 

geographically, like the distance between two particles' places in the real world, or 

sociometrically, like an individual's position in a swarm. The three inclinations that will 

determine the particle's new velocity and directions are: the tendency to pursue one's own route, 

the tendency to return to one's best position obtained, and the tendency to travel towards one's 

best neighbor. Data that is either discrete or continuous may be processed using particle swarm 

techniques. Various knowledge extraction tasks have been carried out using particle swarm 

techniques. The new position and velocity are calculated as follow (Figure IV.7) [212-215]: 

x୧(k + 1) = x୧(k) + v୧(k + 1) Y෡୧                                                                                                     (IV. 21) 

v୧(t + 1) = w. v୧(t) + Cଵrଵ[P୆ୗ୘ − x୧(k)] + Cଶrଶ[G୆ୗ୘ − x୧(k)]                                           (IV. 22)  

With: 
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w: Inertia weight. 

(Cଵ, Cଶ): Cognitive and social constants; 

(rଵ, rଶ) ∈ [0 1]: Random numbers; 

(G୆ୗ୘,P୆ୗ୘): Particles. 

 

Figure IV.7 Particle motion while optimization. 

For utilizing the PSO as a control technique it’s necessary to track following step [216] [217]:  

-  Initialization of the coefficients Cଵ and Cଶ, the inertia coefficient w; 

- The formation of the starting population randomly and the computation of the fitness of 

each particle (Pୠୣୱ୲୧): the best location of particle i in the present population; (P୥ୠୣୱ୲): the 

best position in all populations (the best of the best); 

-  Calculation of the new speed and new location of each particle; 

-  Calculation of the best fitness of the original population and compare with the prior one 

to determine the best of all the populations (P୥ୠୣୱ୲); 

-  Increase of the number of iterations k = k + 1; 

-  If a halting requirements is fulfilled then advance to the next step. Otherwise, move to 

the 3rd step; 

-  The location reported in (P୥ୠୣୱ୲) is the ideal solution. 
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Figure IV.8 PSO flowchart. 

In PV system, the PSO is widely employed for track the MPP especially in the conditions of 

partial and complete shading or in presence of any exterior fault. For that, to control the dc is 

obligatory to utilize its flowchart that is presented in Figure IV.8 [217].  

IV.3.3. Adaptive particle swarm optimization (APSO) 

When the PSO parameters are inaccurate, the PSO algorithm struggles to find the optimal 

dc, particularly in the initial state, because these values influence the selection of the next 

position x୧(k + 1) and the required speed of this displacement, v୧(k + 1). Following the same 

basic idea as the PSO approach, the APSO method outperforms both the PSO and MPP methods 

in terms of weather agnostic performance and robustness to variations in solar radiation [218]. 
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IV.3.3.1. Adaptive inertia weight 

The weight of inertia w determines the value of the particle's movement speed, as it is 

directly proportional to it. The higher the value of w, the greater the speed, and vice versa. But 

this made it difficult to come up with an accurate global solution. Therefore, the relationship w 

must be mixed linearly and non-linearly as shown in Equation IV.23 [219] [220]. 

w = ቐ

w
୫ୟ୶                                                                                                         ଴ ஸ 

ే

౐
 ஸ ଴.ଵ,

w୫୧୬ +
(୵ౣ౗౮ି୵ౣ౟౤)

ୣష౭ౣ౟౤ ାୣ
షభ.మశ

మబే
౐

                                               else
                                                 (IV. 23)                     

Where k and T present current and maximum iteration number.  

IV.3.3.2. Adaptive acceleration coefficients 

Usually, in traditional PSO the Cognitive and social constants Cଵ and Cଶ are fixed. 

Although it is often left constant in most previous work, adaptive adjustment may generally 

improve algorithm performance by increasing the particles' capacity to find the ideal solution. 

We use the non-linear approach together to have Cଵ progressively fall from 2.5 and Cଶ gradually 

rise from 0.5. This increases search variety, ensures that particles swiftly achieve the global 

optimum solution, and prevents them from sliding into the local optimal by making it more likely 

that particles will find the ideal solution based on their own experience in the early iteration 

phase. In the subsequent iterative process, the particles' high local search capacity and population 

experience make them more likely to choose the best solution, which allows for finer-grained 

adjustments to the global optimal solution's accuracy and faster convergence. Equations 4 and 5 

demonstrate the particular methods of adjusting the acceleration coefficients Cଵ and Cଶ, 

respectively [221-223]. 

Cଵ = 0.5 ∗ (Cଵ୫ୟ୶ − Cଵ୫୧୬) ቀ
୏

୘
ቁ

ଶ

+ Cଵ୫୧୬                                                                                    (IV. 24)  

Cଶ = 0.5 ∗ (Cଶ୫ୟ୶ − Cଶ୫୧୬) ൬
K

T
൰

ଶ

+ Cଶ୫୧୬                                                                                   (IV. 25) 
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In PV system, the APSO have some behavior like a PSO for selecting the optimal dc but 

with dynamic values of PSO parameters.   

IV.4. Simulation results of studied metaheuristic method 

Table IV.1 represents values of all parameters which defines the employed PV array and 

boost converter in this section. In ANFIS method, 250 epochs is used in this process. For PSO 

approach, Cଵand Cଶare equal 2, w is 0.99. 1000 iterations for the GWO, PSO and APSO 

techniques.  

Table IV.1 Characteristics of PV cell and boost converter. 

Description Value 

Maximun power (P୫ୟ୶) 320.399 W 

Voltage at maximun power  (V୫ୟ୶) 40.1 V 

Current at maximun power (I୫ୟ୶) 7.99 A 

Voltage of open-circuit (V୭ୡ) 49.5 V 

Current of short-circuit (Iୱୡ) 8.6 A 

fs_boost 5 KHZ 

Inductor boost L 781 µH 

Input capacitor C୧୬ 25F 

Output capacitor C୭୳୲ 118µF 

IV.4.1. Simulation under different fault system 

In this part, by employing 4 modules in series and 2 in parallel, we were suggested the 

effectiveness of PSO algorithm to control the required dc compared to ANFIS, ANN and IC 

algorithms. 
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IV.4.1.1. Without faults 

Figure IV.9 depicts the simulation results of output power where the PV system doesn’t 

face any problem. The PSO algorithm gives a required power near of a 2000 watt, ANFIS and 

ANN controls also give some value with short problem in theirs curbs. The IC has big 

oscillations. 

 

Figure IV.9 Output power without faults. 

IV.4.1.2. Shade fault (SF) 

Figure IV.10 proves the good behavior of PSO algorithms under SF which gives a value 

of 1920.7 watts in for output power. The ANFIS and ANN methods give an output power of 

1911.4 watts. In contrary, the IC has big oscillations and generates less power in output. 
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Figure IV.10 Output power under SF. 

IV.4.1.3. Open circuit fault (OCF) 

In OCF, the PSO approach can give a 1236.6 watt as output power smoothly. The ANSIF 

control generates 1209 watt compared to ANN which gives power of 1902.8 watt in output. In 

this state also, the IC algorithm produces the load by less power with oscillations in its curb and 

an overshoots (see Figure IV.11).  
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Figure IV.11 Output power under OCF. 

IV.4.1.4. Line to line fault (LLF) 

As shown in Figure IV.12, where utilized the PSO algorithm based MPPT the output 

power value is near to 1628 watt. In other hand, the ANFIS and ANN can be generating a 1623 

and 1620 watt respectively. Without any variation, the IC approach give the lees power. 
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Figure IV.12 Output power under LLF. 

IV.4.1.5. Line to ground fault (LGF) 

In LGF state, all used approaches based MPPT follow the MPP without any oscillations. 

The PSO control generates an output power value near to 1212 watt. The ANFIS and ANN 

techniques produce the load by a power of 1199 and 1194 watt respectively.  The IC technique 

gives an output power of 1154 watt (Figure IV.13). 
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Figure IV.13 Output power under LGF. 

IV.5.2. Simulation under PSC 

Figure IV.14 describes the four state of studied PV system under PSC and CSC. In this section, 

we employed the APSO algorithms for selecting the required dc. 
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Figure IV.14 State of PV system (a) NC, (b) PSC1, (c) PSC2, (d) CSC. 

IV.5.2.1. Normal condition (NC) 

While the first solution uses an alternate signal form to provide 1922.5 W, APSO, 

ANFIS, and FLC easily provide the required power.  

Within a time range of 0.05936 to 0.069041 seconds, the PSO method experiences a brief 

power failure of 133.91 W.  

The greatest power loss estimate is 125.3 W, and the oscillation period of GWO is 

between 0.01412 and 0.17124 seconds.  
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In contrast to other approaches, P&O has longer oscillation duration of 0.013813 to 

0.32988 seconds and a maximum power loss of 120.6 W. A perfect score of 99.97% is achieved 

by all methods ( see Figure IV.15).  

 

Figure IV.15 Output power under NC. 

IV.5.2.2. Partial shading condition 1 (PSC1) 

In this mode, the P&O can produce 1662.5 watts with a brief oscillation and mediocre 

efficiency. FLC and ANFIS also have brief oscillations, and 1690.5 watts may be created. Output 

power utilizing MPPT based on PSO or GWO comes at 1737 watts, the GWO monitors the MPP 

with numerous oscillations and a lengthy period of 0.3868 seconds. The ideal option in this 

scenario is adopting APSO, which operates without oscillation or other difficulties and has 

improved efficiency. The signal of output power applying current approaches is presented in 

Figure IV.16. 
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Figure IV.16 Output power under PSC1. 

IV.5.2.3. Partial shading condition 2 (PSC2) 

The behavior of approaches tested for this situation is depicted in Figure IV.17 The P&O 

method produces an output power of 1420 watts with a small disturbance before 0.32472 

seconds. In addition, the signal of power takes an overshoot of 8.24% at an instant of 0.01364 

seconds. When applying the FLC approach, the output power is created with a brief oscillation 

like a P&O but without overshoot and a value of 1425 watts. ANFIS functions like the FLC, but 

with an output power of 1443 watts. The next technique is MPPT based on the GWO algorithm, 

which has oscillations from start to end of 0.09116 seconds and 1451 watts in the output power. 

The PSO and APSO algorithms produce excellent results, although with a brief oscillation in the 

beginning with an output power of 1458.5 and 1478 watts, respectively. 
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Figure IV.17 Output power under PSC2. 

IV.5.2.4. Completely shading condition (CSC) 

The P&O in this situation may create 1350 watts with brief overshoot and oscillations 

with terrible efficiency, after 0.3343 seconds the signal of output power employing P&O starts to 

settle. The FLC strategy delivers 1370 watts with a brief oscillation in the beginning, The ANFIS 

technique creates 1380 watts without any overshoot or oscillations but the reaction time may be 

noticed. The MPPT based on PSO, GWO, and APSO may be supplied 1400 watts but with 

changes in the form of signals. PSO method has some oscillations compared to APSO, in the 

time period between 0.009255 and 0.39264 seconds the GWO operates with lengthy oscillations. 

The APSO algorithm monitors the MPP with excellent results (see Figure IV.18). 
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Figure IV.18 Output power under CSC. 

The simulation findings validate the usefulness of MPPT based on APSO which has 

excellent behavior under diverse variable conditions. The PSO and GWO algorithms also may 

offer output power numbers extremely near when employing APSO but with numerous issues 

particularly in the beginning. Table IV.2 displays the efficiency of each strategy under various 

settings. 

Table IV.2. Efficiency of different MPPT studied. 

Techniques P&O FLC ANFIS GWO PSO APSO 

NC 99.97 % 99.97 % 99.97 % 99.97 % 99.97 % 99.97 % 

PSC1 98.32 % 98.72 % 98.72 % 99.57 % 99.57 % 99.66 % 

PSC2 97.98% 98.46 % 98.48% 98.52 % 98.60 % 98.65 % 

CSC 94.88% 95.83 % 95.87 % 95.96 % 95.96 % 95.96 
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IV.6. Conclusion 

In this chapter, we propose firstly an approach based on NN type BP to diagnosis fault of PV 

system. This approach has successful results for detect and locate the electrical fault in PV 

system. Secondly, the metaheuristic algorithms can track the MPP under PSC and malfunction 

system conditions smoothly without need a big system datasets. For that, we were proposed the 

PSO algorithm based MPPT of PV system under various electrical faults. The APSO control is 

proposed of PV system under PSC and CSC conditions as comparative study with PSO, GWO, 

ANFIS, FLC and P&O controls. The obtained results proved the successful and effectiveness of 

metaheuristic method comared to classical and intelligent techniques.     
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 GENERAL CONCLUSION AND PERSPECTIVE 

This thesis highlights the potential of advanced control strategies to improve the efficiency 

and reliability of photovoltaic (PV) systems, addressing the challenges posed by environmental 

variations and operational conditions.  

Solar energy, as a sustainable resource, has proven to be a viable alternative to fossil fuels, 

offering simplicity in implementation and compatibility with diverse energy demands. However, 

issues such as partial shading conditions (PSC) and electrical faults pose significant obstacles to 

optimal energy generation. 

The research presented in this thesis is structured around four key objectives. First, the 

fundamental components of PV systems were analyzed, emphasizing the impact of 

environmental factors, particularly PSC, on power generation. 

 The study demonstrated the superiority of intelligent MPPT techniques, such as ANFIS, over 

traditional methods like Perturb and Observe (P&O), particularly in stand-alone systems under 

varying climatic conditions. Second, a combined ANN-FLC control method was proposed for 

grid-connected systems, effectively predicting optimal voltage and ensuring robust performance 

compared to incremental conductance (IC) methods. 

Third, fault diagnosis in PV systems was addressed through a systematic approach involving 

data selection, feature extraction using wavelet transform and PCA, and classification via neural 

networks. This process enabled accurate detection of system faults and informed the 

implementation of advanced MPPT techniques, such as PSO and APSO, to maintain system 

performance.  

Finally, the effectiveness of metaheuristic algorithms including Grey Wolf Optimization 

(GWO), particle swarm optimization (PSO), and adaptive PSO was validated through 

simulations under PSC. Among these, APSO demonstrated the highest efficiency, overcoming 

the limitations of traditional PSO methods. 
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The findings of this research were validated using MATLAB/Simulink simulations, 

showcasing the practical applicability of the proposed techniques. By integrating intelligent and 

metaheuristic approaches, this work provides a comprehensive framework for enhancing the 

performance and resilience of PV systems. Future research could explore real-time 

implementations and the integration of emerging technologies to further advance renewable 

energy solutions. 
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