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Abstract: 

      Photovoltaic (PV) systems hold immense potential for clean energy generation, but their 

performance and reliability are often hampered by hidden faults. This research explores 

innovative fault detection and control techniques to unlock the full potential of PV systems. We 

delve into: Identifying and analyzing common PV faults, including mismatched modules, 

shading, inverter issues, and connection failures, highlighting their impact on energy output and 

system lifespan. Implementing advanced detection methods, ranging from traditional data 

analysis to cutting-edge artificial intelligence (AI) and machine learning algorithms, for early 

and accurate fault diagnosis. Developing proactive control strategies, such as smart module 

bypass diodes and adaptive inverter control, to mitigate fault effects and maximize energy 

production. Evaluating the effectiveness of these techniques through simulations and real-world 

system deployments, quantifying improvements in reliability, performance, and energy yield. 

keywords : Fault Isolation, Fault Detection , Diagnosis, PV System , MPPT control  

Résumé : 

      Les systèmes photovoltaïques (PV) ont un immense potentiel pour la génération d'énergie 

propre, mais leurs performances et leur fiabilité sont souvent entravées par des défauts cachés. 

Cette recherche explore des techniques innovantes de détection et de contrôle des défauts pour 

libérer le plein potentiel des systèmes PV. Nous nous plongeons dans : L'identification et 

l'analyse des défauts PV courants, y compris les modules non appariés, l'ombrage, les 

problèmes d'onduleurs et les défaillances de connexion, en mettant en évidence leur impact sur 

la production d'énergie et la durée de vie du système, La mise en œuvre de méthodes de 

détection avancées, allant de l'analyse traditionnelle des données aux algorithmes de pointe en 

intelligence artificielle (IA) et en apprentissage automatique, pour un diagnostic précoce et 

précis des défauts, Le développement de stratégies de contrôle proactives, telles que les diodes 

de contournement intelligentes des modules et le contrôle adaptatif des onduleurs, pour atténuer 

les effets des défauts et maximiser la production d'énergie, L'évaluation de l'efficacité de ces 

techniques par le biais de simulations et de déploiements de systèmes réels, en quantifiant les 

améliorations en termes de fiabilité, de performances et de rendement énergétique. 

Mots-clés : Isolation de Défaut, Détection de Défaut, Diagnostic, Système PV, Commande 

MPPT. 

 



 
      

 ملخص: 

تحمل إمكانيات هائلة لتوليد الطاقة النظيفة، لكن أداؤها وموثوقيتها غالبًا ما يتعرضان للتقليل   (PV) نظم الطاقة الشمسية      

الأخطاء الخفية. تستكشف هذه الأبحاث تقنيات الكشف عن الأعطال والتحكم المبتكرة لإطلاق القدرة الكاملة لنظم الطاقة  بسبب  

، بما في ذلك الوحدات غير المتطابقة، والظلال، ومشاكل  PV تحديد وتحليل الأعطال الشائعة في نظم  :الشمسية. نتعمق في

تنفيذ أساليب كشف متقدمة، تتراوح    .المحولات، وفشل الاتصالات، مع التركيز على تأثيرها على إنتاج الطاقة وعمر النظام

 .من التحليل التقليدي للبيانات إلى خوارزميات الذكاء الاصطناعي وتعلم الآلة الحديثة، للتشخيص المبكر والدقيق للأعطال

وحدات والتحكم التكيفي في المحولات، للتخفيف من تطوير استراتيجيات التحكم الاستباقية، مثل الثنائيات المنحرفة الذكية لل

تقييم فعالية هذه التقنيات من خلال المحاكاة ونشر النظم العملية، وقياس    .آثار الأعطال وتحقيق الحد الأقصى لإنتاج الطاقة

 .التحسينات في الموثوقية والأداء وعائد الطاقة

 MPPT.، تحكم  PVنظام ، عزل الأعطال ، تشخيص ،كشف الأعطال  الكلمات المفتاحية :
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Notations 

𝑥(𝑡): Observed signal 

𝑦(𝑡): Output signal 

𝑢(𝑡): Input signal 

𝑦𝑚(𝑡): Measured signal 

 𝑟(𝑡): Residuals 

𝑦̂(𝑡): Estimated signal 

𝑓(𝑡): Fault signal 



 
      

𝑑(𝑡): Disturbance signal 

𝑒(𝑡): Error signal 

𝜃𝑛: Nominal parameter vector 

𝜃̂ :Estimated parameter vector 

𝐴 ∈ 𝑅𝑛×𝑛: State or evolution matrix 

𝐵 ∈ 𝑅𝑛×𝑚: Input matrix 

𝐶 ∈ 𝑅𝑝×𝑛: Output or observation matrix 

𝒟𝑥: Disturbance action matrix 

ℱ𝑥: Fault action matrix 

ℱ𝑦: Fault action matrix 

𝐿: Observer gain matrix 

𝑊: Parameter matrix 

𝑤𝑇: Network weight matrix 

g: Nonlinear function of the networks 

𝑑𝑘: Desired network output  

F: Neuron transfer function          

Voc: Open-circuit voltage point  

Isc: Short-circuit current point 

𝑇: Temperature [°C] 

𝐺: Solar irradiation [W/m2] 

𝐼: Current supplied by the cell [A] 

𝑉: Voltage at the cell terminal [V] 

𝐼𝑝ℎ: Current equivalent to the received solar radiation on the cell [A] 



 
      

𝐼0: Reverse saturation current of the diode [A] 

𝑉𝑡: Diode thermal voltage [V] 

𝑅𝑠: Cell series resistance [Ω] 

𝑅𝑠ℎ: Cell shunt resistance [Ω] 

𝑎1:Diode ideality factor of D1 

𝑎2: Diode ideality factor of D2 

α: Learning coefficient 

∝: Duty cycle 

Iout: output current 

Ve : Input voltage 

Vs: Output voltage 

L: inductor 

C: capacitor 

Fs: Switching frequency 
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GENERAL INTRODUCTION 

Solar energy constitutes a significant source of sustainable and clean energy, with 

photovoltaic systems being the primary means of converting sunlight into electrical energy. 

With the increasing use of solar energy in various applications, there is a growing need to focus 

on enhancing the reliability and performance of photovoltaic systems through the utilization of 

effective fault detection and control techniques. Photovoltaic systems face numerous challenges 

that impact their reliability and performance, necessitating research into improving their 

operation and accurately identifying faults to avoid negative effects on their performance. 

Consequently, subsidiary questions arise to delineate the research path in this field, aiming to 

understand available fault detection techniques and how to enhance the performance of 

photovoltaic systems through effective fault control. Building upon this, the following 

hypotheses can be formulated as the basis of the research: 

1. The reliability and performance of photovoltaic systems can be improved through the 

application of effective fault detection and control techniques. 

2. Implementing fault detection and control techniques will contribute to reducing 

maintenance costs and increasing the service life of photovoltaic systems. 

This topic was chosen for study due to the increasing demand for solar energy as a clean 

and sustainable alternative to traditional energy sources, along with the urgent need to improve 

the reliability and performance of photovoltaic systems to achieve maximum efficiency. This 

study aims to investigate and evaluate fault detection and control techniques in photovoltaic 

systems, as well as develop accurate predictive models for potential faults in these systems and 

provide recommendations to enhance their reliability and performance. 

 The significance of this study lies in reinforcing the reliability and performance of solar 

energy as a sustainable alternative to traditional energy sources and achieving reductions in 

maintenance costs and increased efficiency in the use of photovoltaic systems. The study's 

boundaries focus on presenting recommendations and results based on data and information 

available in scientific literature, with an emphasis on fault detection and control techniques in 

photovoltaic systems rather than other factors such as system design. The difficulties of this 

study lie in obtaining accurate and comprehensive data on faults occurring in photovoltaic 

systems and analyzing and interpreting the complex data related to the performance of 

photovoltaic systems and potential faults. The study consists of main chapters including 
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introduction, literature review, research methodology, data analysis, results and discussion, and 

conclusions and recommendations. 
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CHAPTER I  

I.1. Introduction: 

Among the various renewable energy sources, solar energy utilization, through the use 

of photovoltaic (PV), is one of the most important sources of electrical energy production 

around the world.  Over the past few years, photovoltaic installations have experienced rapid 

growth worldwide. At the end of 2020, the cumulative installed capacity exceeded 760.4GW. 

[1] With reference to IRENA, [2]photovoltaics (PV) is the leading energy technology in terms 

of annual growth rate (over 35% in 2010–19). [3] 

In recent years, there has been an exponential growth in photovoltaics across the world. 

This brings many problems associated with the quality of the systems due to several factors. 

The most crucial component in PV systems is the photovoltaic module whose diagnostics can 

be sometimes relatively difficult. The main problem is that all the modules look very similar 

although their quality is totally different. Defects on the modules are usually not visible by the 

naked eyes and also their causes should be found by the special methods. As a result, there are 

many installations that necessarily requires the regular monitoring. The Present-day statistics 

depicts the rate of degradation for power ratings in crystalline silicon photovoltaic modules by 

0.8%/y.1 By observing the challenges involved with the PV modules and their operation, work 

can be carried toward the improvement in reliability and the service life of PV modules. 

I.2. Photovoltaics: 

Photovoltaics (PV) is a technology that converts light into electricity using 

semiconducting materials that exhibit the photovoltaic effect.These materials, typically silicon, 

generate an electric current when exposed to sunlight, making them a key component in solar 

panels used for renewable energy generation.The photovoltaic effect is the phenomenon of 

converting light into electricity. PV systems employ solar modules, each comprising a number 

of solar cells, which generate electrical power. PV installations may be ground-mounted, 

rooftop-mounted, wall-mounted, or floating. PV systems range from small, roof-top mounted 

or building-integrated systems with capacities from a few to several tens of kilowatts, to large 

utility-scale power stations of hundreds of megawatts. PV cells are used in photovoltaic systems 

and include a large variety of electrical devices. PV systems can supply electricity in locations 

where electricity distribution systems do not exist, and they can also supply electricity to an 
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electric power grid. [3] PV arrays can be installed quickly and can be any size. The 

environmental effects of PV systems located on buildings are minimal. The first practical 

application of photovoltaics was to power orbiting satellites and other spacecraft ,but today the 

majority of photovoltaic modules are used for grid-connected systems for power generation. 

I.2.1. Photovoltaics effects: 

The photovoltaic effect, first discovered by A. Becquerel in 1839,[5] involves 

converting light into electricity, known as the photovoltaic effect. This process uses photons 

from light to release electrons, generating a direct electric current. Solar electricity emerged in 

the 1930s, with silicon photovoltaic cells being developed in 1954, [6] enabling the use of solar 

energy. Initially employed for space vehicles in the 1960s, solar power expanded to electrify 

remote areas by the 1970s. Advancements in the 1980s led to megawatt-scale power plants and 

solar-powered consumer products in the 1990s. Prices dropped significantly in the 1990s due 

to improved production techniques and increased manufacturing volumes. Global photovoltaic 

module production surged from 5 MWp in 1982 to over 18 GWp in 2013. Algeria's Condor 

Electronics began producing photovoltaic panels in varying power outputs from 70 W to 285 

W at competitive prices in July 2013. [7] 

 

 

 

 

 

 

 

 

 

 

Figure I.1: the photovoltaic effect. 
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I.2.2. Photovoltaics technologies: 

Photovoltaic (PV) technology converts sunlight into electricity using semiconductor 

materials exhibiting the photovoltaic effect. [8] 

PV cells, or solar cells, are the fundamental units of PV systems, typically producing 1 

to 2 watts of power each and made from materials like silicon, gallium arsenide, or cadmium 

telluride. These cells are grouped into modules or panels, which can be used individually or 

linked to form arrays for applications ranging from small-scale devices like calculators to large-

scale utility electricity generation. [8] PV systems can be mounted on various surfaces and can 

either be fixed or use solar trackers to follow the sun's path. Primary PV technologies include 

first-generation crystalline silicon cells, second-generation thin films, and third-generation cells 

with emerging materials. [9] 

I.2.2.1. Crystalline silicon: 

Crystalline silicon is a type of photovoltaic technology used in solar cells. It is the most 

common type of solar cell used in commercially available solar panels, representing more than 

85% of the world PV cell market sales in 2011.Crystalline silicon solar cells are made from 

monocrystalline (single-crystal) silicon or multicrystalline silicon. [10][11] 

The first-generation  involves wafer-based cells constructed from crystalline silicon 

(Si), incorporating materials as monocrystalline Si and polycrystalline Si. Notably, [12] the 

highest efficiency for Si-based wafer cells reached 26.7%.[12] Significant advancements have 

also been made in PV modules, reaching 24.4% efficiency. In 2019, Si-wafer-based PV 

technologies constituted approximately 95% of total production. [13] 

The figures below show the structures of Crystalline silicon types. 
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Figure I.2: monocrystalline and polycrystalline solar cells. 

I.2.2.2. Thin films: 

Thin-film solar cells, which are the second-generation of solar cells, consist of copper 

indium gallium selenide (CIGS), cadmium telluride (CdTe), amorphous silicon    (a-Si), and 

amorphous silicon: hydrogenated (a-Si:H) cells. [12] This technology is easy to implement due 

to its simpler fabrication process compared to wafer-based silicon (Si) solar cells. However, 

their efficiency is still lower than that of the first-generation cells. The most efficient thin-film 

solar cells have achieved a record of 23.35% efficiency, specifically in the case of CIGS cells. 

Thin-film solar cell technology is the second most widely used technology in the world after 

wafer-based Si, contributing to about 7% of the photovoltaic (PV) market. CdTe and a-Si:H 

solar cells are easier to produce than CIGS, while the stability of CIGS- and CdTe-based cells 

is higher than that of a-Si:H cells. [11] 
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Figure I.3: a typical structure of CIGS solar cell. 

I.2.2.3. Emerging technologies: 

The third generation of photovoltaic technology comprises emerging technologies such 

as organic, dye-sensitized solar cells (DSSC), quantum dot (QD), perovskite, and multi-junction 

cells. These emerging technologies are known for their affordability. Among the different types 

of third-generation PV technology, perovskites in the form of thin films have the highest 

efficiency rate of 25.2%. [13] 

 

 

 

 

 

 

 

 

 

 

Figure I.4: A typical structure of multi-junction solar cells. 
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I.3. Solar energy: 

Solar energy received on Earth's surface in one hour equals the energy needs for one 

year. With the sun emitting energy at 1367 W/m2, understanding its spectral factor is crucial 

for designing photovoltaic (PV) systems. Solar cells should absorb energy in the visible range, 

which contains the highest energy density. Sunlight consists of direct, diffuse, and albedo 

radiation, collectively termed global radiation. [6]  

The atmosphere may absorb, scatter, or leave light unaffected, influenced by factors like 

the ozone layer, CO2, water vapor, and atmospheric particulate matter. [1]  

 The air mass affects energy absorption on the ground, with the AM0 irradiance level 

dropping to 1000 W/m2 due to atmospheric conditions. AM1.5 serves as the standard test 

condition in solar cell design. [14] 

I.3.1. Solar radiation: 

Solar radiation refers to the energy emitted by the Sun as electromagnetic waves, 

encompassing visible and ultraviolet light as well as infrared radiation. [5]  

 

 

 

 

 

Figure I.5: the extraterrestrial solar spectrum (ETS) at the average distance between the 

wavelength. 

I.3.1.a. Solar spectrum: 

The graph (figure I.6) illustrates the modeled spectral irradiance for various air mass 

(AM) and zenith values: Plot of spectral irradiance for different values of AM and zenith 

(latitude¼36°, longitude¼5°, and tilt angle¼36°): 
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Figure I.6: Plot of spectral irradiance for different values of AM and zenith (latitude¼36°, 

longitude¼5°, and tilt angle¼36°) . 

Renewable energy applications that harness solar radiation for terrestrial purposes primarily 

utilize photons, also known as "optical radiation," which fall within the spectral range of 

approximately 300-4000nm. [5] Solar irradiance refers to the intensity of solar energy that 

impacts a hypothetical unit surface and is measured in W/m2. It represents an instantaneous 

value of energy and does not account for accumulated energy over time. Meteorologists 

typically use pyranometers as the primary instrument for measuring solar irradiance. 

Reference solar cells are also used for measuring global solar irradiance denoted by G. [8] 

 The following  figure I.3.3 provides a sample of the insolation recorded over the duration of 

2020.[9] The daily extraterrestrial radiation on a horizontal surface (Go) is expressed as follows:  

                       

(1.1) 

 

Where d, φ, and δ are the day of the year, the latitude, and the declination, respectively. ωs, the 

sunset hour angle for the horizontal surface ωs, is given by 

 𝜔𝑠 = cos−1(− 𝑡𝑎𝑛(𝜑) 𝑡𝑎𝑛(𝛿))                                                         (1.2)                   

The duration of daylight, Sο, is the time span between sunrise and sunset, and it is one of the 

extraterrestrial variables in the classical Angstrom (1924) equation, which can be estimated 

from various sources. [15][16]                                                            
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      cos(𝑆𝑜) = − tan(𝜑) tan(𝛿)                                                                 (1.3)                 

                         

 

 

 

 

 

 

 

Figure I.7: The insolation measurements for the year 2020. 

I.3.1.b. Extraterrestrial radiation and the length of the day:  

The daily clearness index Kt is the ratio of the daily global radiation on a horizontal 

surface to the daily extraterrestrial radiation on a horizontal surface: 

 𝐾𝑡 =
𝐺  

𝐺𝑜 
       (1.4)   

 Figure 1.8: presents a graphical representation of extraterrestrial radiation (Go) and the 

calculated clearness index (Kt). 
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I.3.2. Operating Principles of a cell: 

 I.3.2.1. Semiconductor materials : 

Solar photovoltaics utilize semiconductors, materials with resistivity values between 

conductors and insulators (typically ranging from 10−4 to 0.5 ohmmeter). [18] 

Examples include silicon, germanium, and selenium. Unlike conductors, 

semiconductors aren't good conductors of electricity but exhibit decreased resistance with 

increasing temperature, known as a negative temperature coefficient. In semiconductors, the 

valence band is mostly filled with electrons, while the conduction band is nearly empty, with a 

small energy gap between them (around 1 eV), termed the forbidden energy gap. This small 

gap allows for the movement of valence electrons into the conduction band with minimal energy 

input. [7] 

I.3.2.2. Classification of Semiconductors : 

Semiconductor materials can be categorized into two primary types which is: Intrinsic 

semiconductor (pure) and  Extrinsic semiconductor (impure): 

a) Intrinsic semiconductor : 

An intrinsic semiconductor, also known as a pure semiconductor, is a semiconductor 

material that does not contain any significant dopant species. At room temperature, electron-

hole pairs are created in an intrinsic semiconductor. When a potential is applied across it, 

conduction commences through free electrons and holes caused due to the breaking of covalent 

bonds through thermal energy. Therefore, the current flow in the intrinsic semiconductor is a 

combination of electron and hole. The number of free electrons in the conduction band is equal 

to the number of holes in the valence band in an intrinsic semiconductor. The current caused 

by electrons and holes is equal in magnitude, and the total current in an intrinsic semiconductor 

is the sum of hole and electron current.[18] 

b) Extrinsic semiconductor : 

      At room temperature, intrinsic semiconductors exhibit low conductivity due to the limited 

number of free charge carriers (electrons and holes). To enhance the conductivity of intrinsic 

semiconductors, a small amount of impurity, known as a dopant, is intentionally added. This 

doped semiconductor is then classified as an extrinsic semiconductor. The dopants can be 
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electron donors (n-type dopants) or electron acceptors (p-type dopants), which increase the 

number of free charge carriers in the semiconductor, thereby improving its conductivity. [19] 

The process of the addition of impurities to the intrinsic semiconductor is called doping. 

In this process, either the number of electrons increases or the number of holes increases 

depending on the type of impurity added. Two types of impurities are added: (1) pentavalent 

and (2) trivalent. Addition of pentavalent impurity produces free electrons, while in case of 

trivalent impurity, additional holes are generated. [18] 

          I.3.3. Types of Extrinsic Semiconductors: 

 a) P-type semiconductor: 

- In p-type semiconductors, holes are the majority carriers, and electrons are the minority 

carriers. 

- Common dopants for p-type semiconductors include boron or gallium. 

- Doping with electron acceptor atoms transforms an extrinsic semiconductor into a p-type 

semiconductor. 

 

 

 

 

 

 

Figure I.9: p-type semiconductor:  

b) N-type semiconductor: 

-In n-type semiconductors, electrons are the majority carriers, and holes are the minority 

carriers. 

-Common dopants for n-type semiconductors include phosphorus or arsenic. 
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-When doped with electron donor atoms, an extrinsic semiconductor becomes an n-type 

semiconductor. 

 

 

 

  

 

 

Figure I.10: n-type semiconductor. 

I.4. Formation of  Photovoltaics:  

Photovoltaics involves converting light into electricity using semiconducting materials 

that demonstrate the photovoltaic effect, generating voltage or electric current when exposed to 

light. A photovoltaic cell comprises p-type and n-type semiconductors forming a junction. 

When light hits the cell, it transfers energy to electrons, allowing them to flow as an electric 

current. Manufacturing involves processing polysilicon, adding boron to create a p-type 

semiconductor. PV cells include crystalline silicon, thin-film, and organic types, each with 

distinct pros and cons. [8][9][14] 

 

 

 

 

 

 

 

 

Figure I.11: the Structure of photovoltaic. 
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I.5. Photovoltaic systems : 

I.5.1. Stand-alone (off-grid) PV systems : 

Stand-alone photovoltaic (PV) systems, also known as off-grid systems, are electrical 

systems that consist of an array of one or more PV modules, conductors, electrical components, 

and loads, and are not connected to the power grid. [15]These systems are used in remote areas, 

where extending the power line to the grid is impractical or uneconomical, and in situations 

where users wish to be independent from the power provider.Stand-alone PV systems typically 

include solar panels, charge controllers, batteries, inverters, and other balance-of-system 

components.These systems are designed to provide reliable power for various applications, 

such as residential, commercial, and industrial uses. As it shown in the figure below (figure 

I.4.2) 

 

 

 

 

 

  

Figure I.12: Stand-alone (off-grid) PV systems. 

 

 

 

 

 

 

Figure I.13:Schematic of Stand-alone PV system. 
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I.5.1.1. Grid-connected PV systems : 

Grid-connected photovoltaic (PV) systems are electricity-generating solar systems that 

are connected to the utility grid. These systems consist of solar panels, one or several inverters, 

a power conditioning unit, and grid connection equipment. They range from small residential 

and commercial rooftop systems to large utility-scale solar power stations. When conditions are 

right, the grid-connected PV system supplies excess power to the utility grid, which can be 

consumed by other users .A grid-connected PV system does not require a battery system, 

making it simpler and more cost-effective than stand-alone systems. However, it does require 

a connection to the utility grid, which means that the system will not function during power 

outages unless it has a battery backup system.[15] 

 

Figure I.14: Schematic representation of a grid-connected PV system . 

I.5.1.2. Hybrid photovoltaic systems: 

            Hybrid photovoltaic (PV) systems are versatile renewable energy systems that can 

connect to the grid like traditional solar arrays or operate independently during power outages. 

These systems typically incorporate solar panels, a hybrid inverter, and a battery bank, allowing 

them to intelligently switch between using solar power, battery storage, and grid power. This 

flexibility enables homeowners to manage their energy usage,avoid peak electricity prices, and 

even provide backup power during grid outages. Hybrid PV systems can be a cost-effective and 

environmentally sustainable option, offering the benefits of both grid-tied and off-grid systems. 

They are designed to comply with relevant standards and can be tailored to meet specific energy 

needs, making them a practical choice for various applications, including residential, 

commercial, and industrial use.[19] 
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Figure I.15: Hybrid photovoltaic systems. 

 I.5.3. Regulator : 

            Charge regulators are integral components of a photovoltaic system, aiming to manage 

battery charging and discharging for optimal longevity. Their primary function involves 

curtailing current as the battery nears full charge, preventing the formation of small bubbles on 

the positive electrodes. [17] The charge regulator serves two primary purposes: 

•Battery Protection: By controlling the charging process, the charge regulator prevents 

overcharging, which can damage the battery and shorten its lifespan. 

•Optimization: The charge regulator ensures that the battery is charged efficiently, maximizing 

its capacity and performance. 

 

 

 

 

 

 

Figure I.16: Basic structure of an autonomous solar energy system. 
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I.6. Photovoltaic  module: 

I.6.1. Composition of a photovoltaic  module : 

         A photovoltaic (PV) solar module typically consists of six primary components, as 

depicted in figure I.6.1: 

- Aluminum frame: Provides structural support and rigidity to the module. 

- Sealant: Used to fix the module and ensure watertightness. 

- Class: Offers protection to the PV cells and module. 

- Ethylene-vinyl acetate (EVA) layer: Resists weather and moisture, encapsulating the PV cells. 

- Photovoltaic cells: The semiconductor devices that convert sunlight into electricity. 

- White Tedlar sheet: Enhances the mechanical strength of large modules, particularly in terms 

of durability and resistance to environmental factors. [19] 

 

 

 

 

 

 

 

 

 

 

 

 

Figure I.17: Composition of a photovoltaic solar module. 



Chapter I                                                                              Photovoltaic System:Generalitie 

18 
 

I.6.2. Series and Parallel Connection of a PV Module : 

 I.6.2.1. Series connection  : 

         When identical cells or modules are connected in series, the current of the branch remains 

constant, while the voltage increases proportionally to the number of cells or modules connected 

in the series configuration. This means that the voltage of the entire series branch is the sum of 

the voltages of each individual cell or module, resulting in a higher overall voltage output. 

 

 

 

 

 

 

 

 

Figure I.18: Charge-Solar-SolarPanelsSeriesWired. 

 

 

 

Figure I.19: Resulting characteristic of a grouping of ns cells in series. 
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I.6.2.2. Parallel connection : 

          In  a parallel connection of photovoltaic (PV) modules, the voltage remains the same, 

while the current increases proportionally to the number of modules connected in parallel. This 

configuration is used to increase the current output of the system. [40] 

 

 

 

 

 

 

 

Figure I.20: Parallel Connection of PV Cells. 

 

 

 

 

 

 

 

Figure I.21: Resulting characteristic of a grouping of n p cells in parallel. 

I.6.2.3. Safeguarding  of a PV module : 

           Protection of a photovoltaic (PV) module involves several measures to ensure safety and 

prevent damage to the system and its components. Some key aspects of PV module protection 

include: 
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- Current protection: Fuses or circuit breakers are used to protect against overcurrent, which 

can cause thermal effects and damage to cables and other components. These devices should 

be listed for DC use and have the appropriate voltage and interrupt ratings. 

- Insulation monitoring: Insulation monitoring devices are used to detect any loss of insulation 

resistance, which can be critical for PV systems that do not require either conductor to be 

earthed. 

-Fire protection: Since PV modules are installed outdoors and can be installed on roofs, fire 

protection is critical. This includes the use of double or reinforced insulation to prevent the 

appearance of dangerous voltage on accessible parts. 

- Array protection: At the array level, fuse-links or other overcurrent protection devices are used 

to protect DC cable systems against overloads and short-circuit currents. 

- Environmental protection: PV systems are exposed to the elements, so ambient temperature 

and other outdoor conditions should be considered when designing protection systems. 

          Here's a visual representation of a PV module with protection devices :PV Module 

Protection This image shows a PV module with a fuse, a bypass diode, and a junction box for 

protection against reverse current, overcurrent, and environmental factors. The specific 

protection devices and their ratings will depend on the system's design and local electrical 

codes. [19] 

 

 Figure I.22: Series/parallel wiring of photovoltaic modules with their protection diodes. 

 



Chapter I                                                                              Photovoltaic System:Generalitie 

21 
 

I.7. Characteristics of a photovoltaic generator : 

I.7.1. Current-Voltage Characteristics : 

          The current-voltage (I-V) characteristics of a photovoltaic (PV) generator describe the 

relationship between the output current and voltage of a PV cell, module, or array. These 

characteristics are influenced by factors such as solar irradiance, temperature, and the PV 

device's design. Here are some key aspects of PV I-V characteristics: 

- Short-circuit current (Isc): The maximum current generated when the PV device's terminals 

are short-circuited, with zero voltage. [2] 

-Open-circuit voltage (Voc): The maximum voltage generated when the PV device's terminals 

are open-circuited, with zero current. 

- Maximum power point (MPP): The operating point on the I-V curve where the product of 

voltage and current is maximized, representing the highest power output. 

- I-V curve shape: The I-V curve is nonlinear, with a characteristic "knee" shape, and the MPP 

is typically located near the bend in the curve 

- Effect of solar irradiance: The amount of solar radiation hitting the PV device controls the 

output current (I). [2] 

- Effect of temperature: Increasing temperature reduces the voltage (V) of the PV device. 

- I-V curve scaling: When PV devices are connected in series, the voltage increases, and when 

connected in parallel, the current increases. [2] 
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Figure I.23: Influence of illumination on I(V) and P(V). 

I.8. Impact of Irradiance and Temperature: 

I.8.1. Impact of Irradiance: 

             The influence of irradiance on photovoltaic (PV) performance is significant, as it 

directly affects the output current and power generated by solar cells. When all other parameters 

are constant, higher irradiance leads to greater output current, which in turn increases the power 

produced by the PV module. This relationship can be expressed mathematically, where an 

increase in irradiance results in higher current and power output . 

Irradiance affects PV performance in the following ways: 

- Current and Power Output: As irradiance increases, the PV module generates higher current 

and power, as illustrated by the I-V and P-V curves. 

- Temperature Effects: While irradiance increases power output, higher temperatures can 

reduce the open-circuit voltage (Voc) of a PV module, which in turn reduces the power output. 

The PV module's temperature coefficient must be considered when designing a solar PV 

system.  

-Landscape and Obstructions: The characteristics of the landscape, such as elevation and 

obstructions like trees or hills, can affect irradiance levels, which in turn influence PV 

performance. 
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- Inverter Output: Variations in irradiance and temperature can impact the inverter output, 

which is a critical component of a PV system. 

 

 

  

 

 

 

Figure I.24: The influence of temperature on the I (V) and P(V) characteristics. 

I.8.2. Influence of temperature : 

The temperature exerts a substantial influence on the performance of photovoltaic cells, as 

evidenced by experimental observations. The short-circuit current experiences a minimal 

change with temperature, while the open-circuit voltage is markedly affected, with a decrease 

of approximately -0.4% per Kelvin (K) . Consequently, temperature has a considerable impact 

on the efficiency of photovoltaic cells, leading to power losses ranging from 9% to 15% for a 

temperature increase of 30°C. [3] 

 

 

Figure I.25:The influence of temperature on the P(V) and I(V)characteristics. 
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I.8.3. Orientation of solar panels : 

       When choosing the orientation of solar panels, consider the following:  

a- Direction: In the northern hemisphere, panels ideally face south, and in the southern 

hemisphere, they face north to capture the most sunlight throughout the day. [5] 

b- Angle: The panel tilt angle typically approximates the location's latitude to maximize annual 

energy production, with adjustments for seasonal variations. [2] 

c- Shading: Avoid shading from nearby objects or structures, as it can significantly reduce 

energy production. [6] 

d-Tracking Systems: For increased efficiency, consider advanced tracking systems that adjust 

panel orientation to follow the sun's path throughout the day. [6] 

 

 

 

 

 

 

Figure I.26: Orientation of solar panels. 

I.8.4. Use of photovoltaic energy: 

Photovoltaic systems find application in agricultural irrigation by powering solar 

pumps, drawing water from wells or other sources. This provides a cost-effective and reliable 

solution in areas lacking grid power or where installation is expensive. Particularly useful in 

remote locations, solar pumps can fill livestock watering tanks or refill drinking water storage 

tanks in self-sufficient homes, meeting water needs beyond power line reach. [15][18] 
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Figure I.27: An application of photovoltaic systems. 

I.9. Advantages and disadvantages of PV (photovoltaic) energy:  

I.9.1. Advantages of PV (photovoltaic) energy: 

Table I.1 :  Advantages. 

PV systems do not emit greenhouse gases, pollute 

groundwater, or deplete natural resources. 

Clean energy 

Generating your own electricity can significantly 

reduce your energy bills. 

Lower energy bills 

PV systems require minimal maintenance, with no 

moving parts and long-lasting components. 

Low maintenance 

PV systems are unobtrusive and operate quietly. Quiet operation 

Solar energy is available every day and will be 

accessible as long as the sun exists. 

Renewable energy source 
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I.9.2. disadvantages of PV (photovoltaic) energy: 

Table I.2 :  disdvantages. 

The initial investment for PV systems can be relatively 

high, although it is decreasing as the industry expands. 

High startup cost 

Solar energy output can be affected by weather 

changes, such as cloudy days, which can temporarily 

reduce electricity production. 

Weather dependency 

Some PV systems use batteries for energy storage, 

which increases the footprint, cost, and complexity of 

the system. 

Energy storage requirements 

PV systems need to be used with efficient appliances 

to reflect cost-effectiveness. 

Efficiency needs improvement 

Photovoltaic technology is an emerging field, and the 

lack of relevant information can limit its development. 

Lack of knowledge and skills 

 

Conclusion:  

            While photovoltaic (PV) energy offers numerous benefits, including renewability, 

environmental friendliness, low operational expenses, and a lengthy lifespan, it also presents 

drawbacks such as initial high costs, dependency on weather conditions, space prerequisites, 

energy storage demands, and potential environmental impacts. Nevertheless, PV energy 

remains a promising and expanding energy source, capable of curbing greenhouse gas 

emissions and addressing climate change. As technology advances and expenses decline, PV 

energy is expected to become increasingly accessible and prevalent in the future. 
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CHAPTER II  

II. Introduction: 

Photovoltaic systems can experience various types of malfunctions affecting all 

components such as modules, cabling, protections, converters, and inverters. These issues are 

primarily due to external operating conditions.[63] Failures in photovoltaic systems can be 

attributed to shading effects, module soiling, inverter failure, [64] and mismatch caused by 

manufacturing discrepancies or aging of PV modules. [65] The most significant catastrophic 

failures in PV arrays include line-to-line (LLF), ground (GF), and arc (AF) faults. [7]  

In this chapter we We will discuss that   the advanced monitoring techniques have been 

developed for photovoltaic systems, aiming to predict failures and optimize system 

performance. Some fault detection algorithms rely on simulating the electrical circuit of PV 

generators, while others utilize electrical signal methods like time domain reflectometry or 

maximum power point tracking analysis. Predictive models for power production compare 

measured and modeled outputs, with various monitoring systems incorporating statistical 

analysis and artificial intelligence methods. [4] [58] 

II.1. Fault detection and diagnosis methods : 

II.1.1. Types of faults :  

a- LL Fault: a defect in the PV array that develops between two sites with different potentials. 

The points could be on separate strings or on the same string, as it shown in figure II.1. [59] 

 

 

 

 

 

 

Figure II.1: Faults created between the panels. 
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Figure II.2: Voltage and Current of the PV Array under LL Fault. 

b-LG Fault : Between a location in the first string and the earth, [59] an LG fault is produced. 

As its illustrated in figure II.3 and figure II.4. 

 

 

 

 

 

 

 

Figure. II.3:  LG Fault. 

 

Figure II.4: Voltage and Current of the PV Array under LG Fault. 

c-LLG Fault : Between two places in the first two strings and the ground, an LLG fault is 

formed. [59][58] 
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Figure II.5:  Double line to ground (LLD) fault. 

 

Figure II.6: Voltage and Current of the PV Array under LLG Fault. 

d-Bypass Diode Fault :  One of the panels in the first string has a short-circuited bypass diode. 

 

 

 

 

 

Figure II.7: Bypass Diode Fault. 

 

Figure II.8: Voltage and Current of the PV Array under Bypass Diode Fault. 
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 II.1.2. Diagnostic Methods : 

Numerous fault diagnosis techniques (FDD) approaches have been presented in the 

literature. These techniques can be characterized by three key features: selectivity (i.e., the 

capacity to discriminate between distinct defects), the ability to promptly  

discover malfunctions, and the required input data (climatic and electrical data). [20] 

Table II.1: Diagnostic Methods. 

Method for 

detection  

 description 

Visual 

&Thermal 

Methods 

Used for detecting discoloration, browning, surface soiling, hot spots, 

breaking, and delamination 

Electrical 

Methods 

Utilized for detecting and diagnosing faulty photovoltaic modules 

(PVM), strings, and arrays including arc faults, grounding faults, diode 

faults. [22] 

 

The majority of electrical-based FDD techniques use a PVS model of some kind to 

identify different kinds of failures. Only electrical methods will be examined and discussed in 

this section. Electrical techniques can also be categorized into five groups. [23] 

Table II.2: Electrical-based FDD methods. 

Electrical-based FDD methods 

Statistical and 

signal 

processing 

approaches 

(SSPA) 

I-V 

characteristics 

analysis(IVCA) 

 

Power losses 

analysis (PLA) 

voltage and 

current 

measurement 

(VCM) 

artificial 

intelligence 

techniques 

(AIT) 

 

Once the necessary knowledge is enumerated, the diagnostic procedures for a particular 

industrial system are classified. Numerous methods have been created to aid in the diagnosis of 

faults. These many techniques will be shown, [24] by being divided into three classes: reasoning 

mode-based functional and hardware modeling diagnostic techniques, physical modeling 

diagnostic techniques, and external signature analysis diagnostic techniques. 
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Model-based techniques rely on basic physical concepts and quantitative or qualitative models 

that take into account the interactions and structure of the system's components. [25]  

Expert knowledge and reasoning are the foundation of knowledge-based techniques. 

[9][10][11] 

System characteristics are extracted from stored data using database-based methodologies. 

[26][27] 

Instead than creating a model to represent the behavior of the system being studied, the study 

concentrates on the direct creation of residues. [28] 

Table II.3: Different diagnostic methods. 

 

II.1.3. Model-based methods: 

Diagnostic techniques based on models are prevalent in the literature. Their use has 

grown significantly, especially when it comes to important sectors like heavy industry, 

transportation, and energy systems. [8][10][13][14] This FDI (Fault Detection and Isolation) 

strategy includes methods for fault localization, fault detection, and residual generation, as was 

previously addressed. The strategy is shown in Figure (II.9). [26] 

 

 

 

 

Decision 

model 

 

Analytically-Based 

Parametric estimation 

State watcher 

Parity space 

 

Knowledge-based 

System expert 

Qualitative (fuzzy) 

 

Has data-based 

Fuzzy logic 

Neural network 

Neuro-fuzzy 
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Figure II.9: Fault Detection and Isolation (FDI) Procedure. 

• Parametric estimation :  

 Whether it is based on knowledge or representation, a mathematical model of a system 

comprises a collection of parameters, the numerical values of which are typically unknown. 

Techniques for parametric estimating enable defining the  

parameter vector that the model employed, derived from a collection of system measurements.  

           The physical properties of the system are altered when a failure arises, which causes the 

parameters to significantly deviate from their nominal values. Stated differently, any discernible 

departure of the parameters from their stated values points to a problem. For this reason, it's 

fascinating to look for a parametric estimator to diagnose industrial systems. As a result, it is 

possible to compare the estimated and actual system parameters. [27][28] 

 

 

 

 

 

 

 

Figure II.10: Principle of residual generation through parametric estimation. 
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• State observation: 

Whether a control law is being implemented or a system needs to be diagnosed, the 

problem of state estimation is important. Observers who gauge the system's outputs using 

quantifiable variables—that is, the inputs and outputs—are the foundation of residual 

generation. The discrepancy between the measured and estimated outputs is known as the 

residual. [29][30] 

 

 

 

 

 

 

Figure II.11: general principle of an observer, which includes a state model of the system 

closed by the estimation error. 

Where: 

 𝐴 ∈ 𝑅𝑛×𝑛 : The state or evolution matrix, 𝐵 ∈ 𝑅𝑛×𝑚 is the input vector. 

𝐶 ∈ 𝑅𝑝×𝑛 :The output or observation vector. 

𝒟𝑥  :Represents the action of perturbations 𝑑(𝑡). 

ℱ𝑥 and  ℱ𝑦 :The fault action matrices 𝑓(𝑡) to be detected. 

𝐿 :The observer gain matrix.[30][31] 

• Parity space : 

The Parity Space method is a valuable technique used in fault diagnosis, particularly in 

dynamic systems. It involves creating residuals that are insensitive to structured disturbances, 

aiding in fault detection and isolation. This method utilizes geometric procedures to determine 

null subspaces efficiently, enhancing fault diagnosis robustness. The Parity Space approach is 
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widely studied and applied in various fields, such as control engineering and aerospace systems, 

showcasing its effectiveness in recognizing faults and avoiding accidents. [27][32] 

 

 

 

 

Figure II.12: Parity space diagnostic. 

II.1.4. Knowledge-Based Methods: 

When it is not physically possible to simulate the devices that connect the problems' 

causes, several techniques are used. They are predicated on test results. Neural networks, fuzzy 

logic, pattern recognition, and expert or knowledge-based systems are a few of these techniques. 

[33][34] 

• Pattern Recognition :   

This method combines techniques that enable a shape to be automatically classified 

according to how similar it is to a reference shape. Put otherwise, it is imperative to determine 

which category of recognized objects—that is, shapes—the observed object—also called a 

shape—belongs to. Using 𝑞 parameters, or features, which stand for the elements of a feature 

vector, a shape is determined. [35][36] 

 

 

 

 

  

 

  

Figure II.13: Pattern Recognition-Based Diagnostic System Diagram (Fuzzy logic). 

There are three main steps involved in developing a pattern recognition-based diagnostic 

method:  
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- Creation of a training database.  

- Selection and parameterization of a classifier.  

- Effective utilization of the classifier during the operational phase. 

• Expert system : 

Even though the investigated area is complex and prevents all feasible elements of the 

conditions, an expert system is needed to supply responses connected to a particular state. As a 

result, a repair professional bases their diagnosis on only a portion of the whole picture. They 

deepen their diagnosis by offering pertinent extra information about the system to be diagnosed, 

show all potential conclusions, and develop new assumptions based on the set of accessible 

signs. [37] 

 

 

 

 

 

 

 

 

 

 

Figure II.14: General structure of a diagnostic expert system. 

II.2. Chopper (DC-DC Boost): 

A DC-DC converter that boosts the input DC voltage to a predetermined output voltage 

is called a boost chopper, sometimes referred to as a step-up chopper. It functions by changing 

a constant voltage into a greater magnitude voltage. The components of the boost converter are 

an inductor, a diode, a capacitor, and a solid-state switch (similar to a transistor) coupled in a 

certain way. Pulse width modulation (PWM) is used to control the switch in order to adjust the 

output voltage. When the switch is on and conducting, as well as when the switch is off and the 

diode is on, are the two primary modes of operation for the boost converter. In practical boost 

converters, it is crucial to keep the duty cycle within a specific range in order to avoid instability. 
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Figure II.15: Principle Diagram of a Chopper. 

II.2.1.Chopper boost modeling : 

1• A study on the modeling and control of a boost chopper linked to an AC drive system, 

focusing on digital control aspects within a hybrid electric system. 

2• Research detailing the modeling and controller design for a non-inverting buck-boost 

chopper, presenting a successful switching strategy and a state-space model for decision-

making.  

 

 

 

 

 

Figure II.16: Parallel (Boost) Chopper. 

 

Figure II.17: Modeling of Chopper(DC-DC boost),Matlab/Simulink. 
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II.2.2 Command MPPT: 

The MPPT (Maximum Power Point Tracking) control is a method that allows the PV 

generator to operate at its maximum power regardless of the weather conditions of irradiation 

and temperature. The principle of this control is based on the automatic variation of the duty 

cycle α of a DC-DC converter to the appropriate value in order to continuously maximize the 

power output of the PV panel. 

Choppers are employed as power interfaces, with the MPPT regulator controlling them 

to adapt the chopper's output voltage to the voltage needed by the load. One may think of a 

number of approaches to get the most power out of a solar panel based on this rule and the kind 

of controller being used. [21] 

Measuring the effectiveness of the control responsible for controlling the power converter is 

possible thanks to the efficiency of the operational point (𝜂𝑀𝑃𝑃𝑇). 

 

𝜂𝑀𝑃𝑃𝑇 =
𝑃𝑝𝑣

𝑃𝑚𝑝𝑝
       (2.1). 

II.2.3 Classification of MPPT Controls According to the Search Type : 

 

  

 

 

 

 

 

 

 

 

Figure II.18: MPPT techniques. 

In our project we used P&O (Perturb and observ) method. 
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1-P&O (Perturb and observ) method: 

           The P&O technique is commonly preferred for its simplicity and straightforward 

implementation. This method involves taking the voltage Vpv and current Ipv as inputs and 

determining the duty cycle value α as output. The core concept of this approach, as indicated 

by its name and depicted in Figure II.19, is to disturb the Vpv voltage while adjusting the duty 

cycle α. Subsequently, the algorithm calculates the power generated by the panel P(n) and 

compares it to the previous power P(n-1). If the power increases, it signifies proximity to the 

Maximum Power Point (MPP), maintaining the duty cycle variation in the same direction. 

Conversely, a decrease in power indicates moving away from the MPP, prompting a reversal 

in the duty cycle variation direction, as demonstrated in Figure II.20. [39] 

 

 

 

 

 

 

 

 

Figure II.19: PV-characteristic curves of P&O MPPT technique V-I-P curve. 

2-Pertutber and Observer (P&O) Algorithms with Variable Step Size : 

The P&O algorithm's step size (𝑑𝛼) selection affects both the algorithm's convergence 

time to the maximum power point and the oscillation that occurs around it. To obtain an 

appropriate balance between precision and speed, P&O algorithms with configurable step sizes 

between two or more variables exist. The algorithm suggested by is one of these. This algorithm 

compares the absolute amount of power variation with a threshold, and then adjusts the step 

size between two values, C1 and C2. [40] 
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Figure II.20: Partial Flowchart of Variable P&O Algorithm. 

II.2.4. Command MPPT Modeling: 

The modeling of Maximum Power Point Tracking (MPPT) techniques involves 

simulating and optimizing the performance of photovoltaic systems under varying conditions. 

Several studies focus on enhancing the efficiency of MPPT algorithms through modeling: 

• A study presents a step-by-step modeling of a photovoltaic system with different MPPT 

techniques, emphasizing the algorithm's role in finding the maximum power output. 

• Modified MPPT techniques and their impact on improving both steady-state and dynamic 

performance of PV systems under changing climatic conditions. [40] 

• Research on MPPT algorithms based modeling and control for photovoltaic systems under 

variable climatic conditions highlights the importance of efficient control strategies. [40][41] 
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Figure II.21: Diagram of  Nemuric Mppt control.[66] 

 

Figure II.22: modeling of MPPT control, Matlab/Simulink. 
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The figure below represents the algorithm we followed in our research  

 

 

 

 

 

 

 

 

Figure II.23: P&O (Perturb and Observ ) algorithm. 

II.3. Photovoltaic Panel Defects: 

In a photovoltaic system, there exist four distinct sorts of loss. [35] 

- Long-term, inefficient defects: These happen when there is a physical malfunction and the 

system is not linked for an extended period of time. [29] 

-Short flaws that have zero efficiency: These happen when the inverter briefly disconnects, 

briefly cutting off the system. [29] 

- Defects in shading: These happen when a shadow crosses across something, such as cables, 

buildings, trees, clouds, etc.  

- Flaws causing efficiency loss when there is no shading: occurs as a result of various defects 

and errors in maximum power point tracking (MPPT). [32] 

II.3.1. Shading Fault: 

Shading faults in photovoltaic (PV) systems can significantly impact their performance 

eading to power losses and hotspots across shaded cells, [1]faults are not always visible and 

can be caused by various factors, including localized shading, dirt, or manufacturing defects 

detecting and mitigating shading faults is essential for maintaining optimal performance and 
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preventing potential electrical faults and decreased energy generation capacity.Various 

detection methods have been developed to identify and mitigate the effects of shading on solar 

panels, including EL images, infrared (IR) technology, and the new ultraviolet (UV) 

fluorescence technique.The impact of shading on PV systems is significant, with studies 

showing that shading can compromise the output of a PV system by up to 20%.Therefore, 

effective fault detection and management strategies are crucial to ensure the reliability and 

efficiency of solar power generation. [42] 

II.3.1.1. Partial-Shading Fault:  

The impact of partial shading on the performance of the system. Partial shading can lead 

to power losses and the creation of hotspots across shaded cells, significantly affecting the 

efficiency of the PV system. [44] 

Partial shading occurs when a portion of the photovoltaic (PV) array experiences some 

degree of shading, a phenomenon that naturally arises due to transient clouds. Additionally, 

nearby obstructions can cast shadows, leading to diminished power output. Consequently, 

shading conditions are a critical consideration in PV system design and planning. The resultant 

power reduction necessitates classifying power output scenarios into either partial shading 

conditions or malfunctioning panels. 

Certain studies, such as [60], treat partial shading as a failure mode. This simplified 

perspective obviates the need to distinguish between partial shading and faulty solar panels. 

Conversely, partial shading has been examined in isolation [61], revealing the impact of bypass 

diodes activated under shading conditions, which result in non-linear I-V curves with distinctive 

features. However, this study does not specify appropriate classification criteria nor does it 

relate shading to fault conditions. The findings are significantly influenced by the panel 

configuration and the placement of bypass diodes. 

A study conducted in the UK [62] explores fault classification under partial shading 

conditions. This method involves measuring the error frequency in specific segments of the 

solar plane, defined by solar elevation on the y-axis and solar azimuth on the x-axis, based on 

the sun’s position. Small, five-minute intervals of this plane are analyzed in isolation. A fault 

is classified as partial shading if the error frequency in the segment surpasses an empirically 
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determined threshold. The frequency is calculated by comparing the number of fault-free 

instances within a segment to the number of faults occurring within that segment. 

 

 

 

 

Figure II.24: Partial shading on the PV Panel. 

II.3.2. Bypass Diode faults : 

               A bypass diode is a crucial component in photovoltaic (PV) systems that protects 

partially shaded PV cells from fully operating cells in full sun within the same array. [45] It is 

used to ensure that the shaded PV cells do not consume power and instead divert the current 

flow of the two good cells through itself, maintaining the operation of the other two PV cells 

by creating a parallel path. This ensures that when a cell or panel becomes shaded or faulty, the 

bypass diodes provide an alternate current, preventing hot spots and power loss. The bypass 

diode prevents hot spots by regulating the current from the sunlight, and when used with an 

MPPT charge controller, it can increase power production under shady conditions in certain 

situations. [46] 

 

 

 

 

Figure II.25: Bypass Diode Fault Configuration. 

II.3.2.1. Module Fault :  

Il electrical problems connected to a module's connection within a PV string are 

included in the module fault category. These electrical malfunctions consist of a shorted-
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circuiting module, a parallel-connected module, and an impedance as well as the module's 

polarity being reversed. [47] 

II.3.2.2. Bypass diode anti-reverse fault : 

It can lead to significant issues, such as power loss and potential safety hazards. When 

an anti-reverse diode breaks down or malfunctions, it can create a path for current flow, causing 

faults in the serial circuit and affecting the overall performance of the system . The anti-reverse 

diode is linked to four other fault types in addition to the bypass diode: reversed polarity, open 

circuit, arbitrary impedance, and short circuit. The figure below(figure II.26) describe the 

module fault configuration. [46][48] 

 

 

 

 

 

 

 

 

Figure II.26: Module Fault Configuration. 
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Figure II.27: Installation of a PV field with a faulty reverse diode. 

II.3.2.3. Bypass diode connection Fault:  

This has to do with the problem of higher connection resistance between two PV 

modules. This connection resistance is nearly nonexistent in a typical state. However, in a few 

unusual circumstances, such corrosion of the connector or a loose screw, its value can be raised.     

In severe situations, a disconnected module from the PV string may be represented by an infinite 

resistance. The figure below(figure II.28) describe the bypass diode dis-connected fault. 

[49][50] 

 

 

 

Figure II.28: Bypass diode dis-connected. 

II.3.3. Decrease in shunt  resistance (Rsh) :  

A decrease in shunt resistance (Rsh) in photovoltaic (PV) modules can lead to 

significant power losses, particularly in low light conditions. This is because a low shunt 

resistance provides an alternate current path for the light-generated current, reducing the 

amount of current flowing through the solar cell junction and reducing the voltage from the 

solar cell. The effect of a low shunt resistance is particularly severe at low light levels, as there 

will be less light-generated current, and at lower voltages, where the effective resistance of the 

solar cell is high. [32] 

II.3.4. Increase in series  resistance (Rs) :  

An increase in series resistance in a solar cell can lead to a decrease in the fill factor 

(FF) and, in extreme cases, a reduction in the short-circuit current (Isc). [21]The main impact 

of series resistance is to reduce the fill factor, although excessively high values may also reduce 

the short-circuit current. The series resistance in a solar cell has three causes: the movement of 

current through the emitter and base of the solar cell, the contact resistance between the metal 

contact and the silicon, and the resistance of the top and rear metal contacts. 
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The formula for the effect of series resistance on the IV curve is an implicit function, 

which requires numerical methods to solve, and the voltage across  the diode is varied to 

generate the plot, avoiding the need to solve an implicit equation. [41] As it shown in the figure 

below (figure II.29). 

 

 

 

 

 

 

Figure II.29: Increasing series resistance fault . 

Conclution: 

In this chapter, we discussed and explained some possible faults and their causes in the 

solar panel, in addition to how to diagnose faults and the various diagnostic methods and 

principles. We also delved into modeling the DC-DC converter, then explored various types of 

MPPT control and their modeling, detailing the P&O type used in this study, as well as 

mentioning and diagnosing the faults that will be simulated in the next chapter. 
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         CHAPTER III 

III. Introduction: 

For industrial photovoltaic (PV) systems, it is crucial to have a monitoring system that 

can detect, isolate, and identify any failures that may occur. Consequently, the diagnosis of PV 

systems is an essential area of research to enhance production and enable predictive or fast 

corrective maintenance after each breakdown. [7] 

This ensures improved utilization of the installation and fewer service 

interruptions.There are various faults that can affect the performance of PV panels, [8] with 

environmental conditions and panel degradation being major contributing factors. These faults 

include diode bypass issues, [7] increased series resistance, and shading over the panel, all of 

which can impact the power output of the PV panel. This chapter aims to design a model in 

MATLAB/Simulink that allows the detection, classification, and localization of eight types of 

faults occurring in PV cells, series resistance, shunt resistance, and bypass diodes. [10] The 

model will simulate both normal (healthy) and faulty conditions of the PV panel. The proposed 

techniques for PV panel diagnosis are based on the analysis of several characteristic quantities, 

such as power, voltage, and current.[51] 

III.1. Modeling and simulation:  

Photovoltaic module modeling is a critical aspect of designing and analyzing solar 

energy systems. The process involves creating mathematical models of PV modules that can 

predict the performance of the module under various conditions. The models can be developed 

using various software tools, including Matlab/Simulink, [52] and involve defining the 

fundamental components of a PV module and modeling their behavior using mathematical 

equations. The models can be used to investigate the solar PV array operation from different 

physical parameters and working conditions, optimizing the design of solar energy systems. 

[53] 

III.1.1. Photovoltaic module modeling:  

To optimally utilize photovoltaic (PV) modules, it's essential to employ dependable 

modeling techniques that forecast the behavior of PV systems under conditions distinct from 

those detailed in the manufacturer's datasheets. Accurate models can facilitate: 
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• The study of solar cell behavior. 

• Monitoring the performance of PV systems. 

• The analysis of losses in solar PV systems. 

• The forecasting of produced PV output power. 

• The development and testing of maximum power point tracking algorithms. 

• The fault diagnosis of PV systems. 

These models help to ensure the optimal performance of PV systems under various 

conditions, such as different weather patterns, temperature fluctuations, and aging effects. [54] 

III.1.2. Solar cell modeling: 

The most commonly used equivalent circuit for solar cells is the single diode model, 

also known as the five parameters model (𝑅Sh, 𝑅𝑆, a, 𝐼Ph and 𝐼0), as depicted in Figure bellow 

[14]. The circuit shown in Figure bellow can be described by the following equation: 

𝐼 = 𝐼Ph − 𝐼0 [exp
𝑎

𝑞(𝑉+𝐼𝑅𝑆)
𝐵𝑇𝐶 − 1] −

𝑉 − 𝐼𝑅𝑆

𝑅Sh
                                    (3.1) 

where: 

𝐼Ph: the light-generated current, i.e., the short-circuit current neglecting the parasitic resistances. 

 𝐼0: the dark saturation current due to recombination. 

 q: the electron charge. e=1.6*10–19C. 

 𝑅𝑆: a series resistance. 

 B: the Boltzmann’s constant. (1.3854*10–23JK 1). 

Tc: the solar cell temperature (in K). 

𝑅Sh :a shunt resistance. 

a : an ideality factor. The light-generated current is directly proportional to the solar irradiance. 
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Figure III.1: Solar cell equivalent circuit-five-parameters model. 

The figure below displays a standard I-V curve of a solar cell. Every solar cell is defined 

by its peak power output (𝑃𝑚𝑝), fill factor (FF), and efficiency (η). So 

 𝐹𝐹 =
𝐼𝑚𝑝×𝑉𝑚𝑝

𝐼sc×𝑉oc
“ 𝑎𝑛𝑑 “ 𝜂 =

𝐼𝑚𝑝×𝑉𝑚𝑝      

𝑆×𝐺
                            (3.2) 

Where : 

𝐼𝑚𝑝: maximum current.     

𝑉𝑚𝑝 : maximum voltage. 

S : the effective surface of the solar cell. 

G : the incident solar irradiance. 

𝐼sc : short circuit current. 

𝑉sc : open circuit voltage. 

III.1.3. PV module characteristics :  

 

 

 

 

Figure III.2: Schema of photovoltaic module. 
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Table III.1: Electrical characteristics of the JARRETT PV module. 

Pmax : Maximum power.  

Vmp : Voltage at Maximum power. 

Imp : Current at Maximum power. 

Voc : Open Circuit Voltage. 

Isc : Short Circuit Current . 

The total number of cells connected in series. 

Number of bypass-diodes. 

50 W 

17.4 V 

2.93 A 

21.8 V 

3.14 A 

36  

2 

 

 

 

 

 

 

 

Figure III.3: I-V Characteristic of a PV module under STC (25 Cand1000W/m2). 

 

 

 

 

 

 

 

Figure III.4: P-V Characteristic of a PV module under STC (25 Cand1000W/m2). 

 



Chapter III             Modeling and simulation of healthy and faulty PV systems detection 

50 
 

III.2. PV module faults : 

While maintaining consistent solar radiation over the panel with each cell operating at 

its Maximum Power Point (MPP) is ideal. In actuality, PV panels frequently encounter a 

number of anomalous circumstances that have a detrimental impact on both their efficiency and 

overall output power. Eight PV module defects are selected for this investigation and are 

mentioned in Table III.2.  

Table III.2: Different type of faults chosen for the diagnosis.  

 

Symbol Fault type 

F1 By-pass diode disconnected. 

F2 By-pass diode short circuited. 

F3 Shading of a cell of the submodule 1 and another of the submodule 2 of 

the panel at 50% 

F4 Shading of one cell in submodule of the panel at 50%. 

F5 Shading of one cell in submodule of the panel at 100%. 

F6 Shading of a cell of the submodule 1 and another of the submodule 2 of 

the panel at 100%. 

F7 Decrease the shunt resistors (Rsh = 5 Ω) module. 

F8 Increase the serie resistors (Rs = 0.9 Ω) module. 
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III.3. Fault Diagnosis PV System : 

 

Figure III.5: I-V Curves of different type of faults. 

III.3.1. Interpretation of results : 

Under standard test conditions (STC) (25°C and 1000 W/m²), the PV panel utilized in 

this study is a JARRETT module. This panel consists of 36 PV cells and two bypass diodes, as 

depicted in Figure III.2. It has a power rating of 50 W and is made of polycrystalline silicon. 

The electrical characteristics are detailed in Table III.1. The I(V) and P(V) curves 

demonstrating the panel's electrical performance are shown in Figures III.3 and III.4 using 

Simulink/Matlab. 

The figure III.5  illustrates the various faults studied in this thesis, where the healthy 

model is compared with the other models. We observe the changes in current and voltage for 

each fault 

Results are taken from the simulation and compared to the health status curve (healthy), 

then apply each fault separately and note the difference and changes that occur to the IV curves 

in each fault as its illustrates above. 

The I-V curve may show an unusual flattening, with the current dropping off sharply at 

lower voltages than expected. 
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The short-circuited diode allows current to bypass entire sections of the array, resulting  in 

lower voltage and reduced current through the operational cells (F2). 

The I-V curves indicate that the array is experiencing partial shading (F3, F4: irradiation 

decrase 50%, F5, F6: irradiation decrease 100%), 

 The hot spots confirm that specific cells within panels are shaded, causing those cells to 

dissipate energy as heat.. 

Lower shunt resistance (F7)  allows more leakage current to bypass the load, reducing 

the net current available for power generation, thus decreasing the overall power output. 

The I-V curve shows a less steep slope (F8) near the short-circuit current (Isc) and a 

significant voltage drop as current increases. The knee of the curve becomes less sharp and 

more rounded. 

  The increased series resistance causes a larger voltage drop within the cell as current 

flows, reducing the overall voltage available at higher currents. 

III.4. DC-DC boost Simulation : 

The simulation of DC-DC boost converters with solar panels is essential for optimizing 

the performance of solar PV systems, ensuring efficient energy conversion, and maximizing 

power output under varying climatic conditions 

 

 

 

 

 

Figure III.6: Diagram of a Boost Chopper Powered by a Photovoltaic Generator. 

III.4.1. Dimensioning and Calculation of the Components Constituting the Boost 

Chopper Used : 

We shall dimension the values of the components that make up the boost chopper for 

two distinct duty cycles, with a power of P=50W and an input voltage of Ve =12V. 
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Calculation of Components : 

To obtain an output voltage Vs=145V at the output of the boost chopper that powers a 

resistive load Rch : We have: 

-Input voltage Ve = 21.8V. 

-Output power P = 50W. 

-Duty cycle ∝ :  

∝=1-(Ve/Vs)                                                      (3.3) 

-∝=1-(12/80); ∝= 0.85; 

1. Calculate the output current: 

            Iout = P / Vs                                                       (3.4) 

• Iout = 50W / 80V = 0.625 A 

           ILmax= (Vs/Ve)*2*Iout,                                    (3.5) 

• Ilmax= 8.33A 

2. Calculate the inductor value: 

          L = (Ve/Ilmax)* ∝ *1/fs                                (3.6)                          

• Assuming a switching frequency fs = 5 kHz and a maximum inductor ripple 

current of 30% of the average inductor current, we can calculate the minimum 

inductor value 

• L = 100μH 

3. Calculate the capacitor value: 

                 C = (Vs * ∝) / (8 * L * fs^2 * ΔVs)              (3.7) 

• C = 470μF; 

In summary, to obtain an output voltage of 80V from a 12V input with a 50W resistive load, 

the key component values are: 

- Inductor L = 100mH  
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- Capacitor C = 470μF 

 

Figure III.7: Generation of the Control Signal for α=0.85 and fs=5000.Matlab,Simulink. 

 

Figure III.8: Block Diagram of the Boost Chopper for α=0.85, Matlab/Simulink. 
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To obtain an output voltage Vs=365 V at the output of the boost chopper that powers a resistive 

load Rch : We have: 

-Input voltage Ve = 21.8V. 

-Output power P = 50W. 

-Duty cycle ∝ :  

∝=1-(Ve/Vs)                                                   

-∝=1-(12/180); ∝= 0.94; 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure III.9: Generation of the Control Signal for α=0.94 and fs=5000.Matlab,Simulink. 

 

 



Chapter III             Modeling and simulation of healthy and faulty PV systems detection 

56 
 

 

 

Figure III.10: Block Diagram of the Boost Chopper for α=0.94, Matlab/Simulink.    

 

Figure III.11: Voltage Curve DC-DC boost . 
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III.5. Fault of PV System with MPPT control: 

III.5.1 PV System with MPPT control healthy model: 

 

Figure III.12: Diagnosis PV system. Healthy model with MPPT controller.Matlab,Simulink. 

 

Figure III.13:  The Power of PV Healthy model with MPPT controller. Matlab,Simulink. 
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III.5.2 PV System with MPPT control faulty model diode by-pass disconnected:  

 

Figure III.14:  The Power of PV faulty model with MPPT controller F1. Matlab,Simulink. 

III.5.3. PV System with MPPT control faulty model diode by-pass short-circuited: 

 

Figure III.15:  The Power of PV faulty model with MPPT controller F2. Matlab,Simulink. 
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III.5.4. PV System with MPPT control faulty model Shading of a cell of the submodule 1 

and another of the submodule 2 of the panel at 50%: 

 

         Figure III.16:  The Power of PV faulty model with MPPT controller F3. 

Matlab,Simulink. 

-The “Zoom“  represent the occur moment of the shading fault. 

III.5.5. PV System with MPPT control faulty model Shading of one cell in in submodule 

of the panel at 50%: 

 

Figure III.17:  The Power of PV faulty model with MPPT controller F4. Matlab,Simulink. 
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-The “Zoom“  represent the decreasing the power to 25[w]. 

III.5.6. PV System with MPPT control faulty model Shading of one cell in submodule of 

the panel at 100%: 

 

Figure III.18: The Power of PV faulty model with MPPT controller F5. Matlab,Simulink. 

III.5.7. PV System with MPPT control faulty model shading of a cell of the submodule 1 

and another of the submodule 2 of the panel at 100%: 

 

Figure III.19: The Power of PV faulty model with MPPT controller F6. Matlab,Simulink. 
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III.5.8. PV System with MPPT control faulty model Decrease the shunt resistors (Rsh = 

5 Ω) module: 

 

Figure III.20: The Power of PV faulty model with MPPT controller F7. Matlab,Simulink. 

III.5.9. PV System with MPPT control faulty model Increase the serie resistors (Rs = 0.9 

Ω) module: 

 

Figure III.21: The Power of PV faulty model with MPPT controller F8. Matlab,Simulink. 
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III.5.10. Interpretation of results:  

    a-DC-DC boost : 

the figure III.11illustrates  the voltage curve DC-DC boost of tow differents states wich 

is when duty cycle  α=0.85 and  α=0.94 and Vin = 21.8V. 

A boost converter is a kind of DC-DC converter that uses an inductor as an energy 

storage device to step up the input voltage to a higher output voltage.  

By storing energy in the magnetic field of the inductor and transferring it to the load via a 

switching circuit, the boost converter works. 

The results of the simulation and the calculations are nearly exact. The simulation 

indicates that by adjusting the duty cycle, the chopper's output voltage may be adjusted from 

21.8V to any desired value. The passive components fluctuate in value as the output voltage 

rises, thus choosing the right values for the capacitance and inductance requires accuracy and 

care. As it shown in α=0.85 the output voltage Vout=145V and in  α=0.94 the output voltage 

Vout=365V. 

Although a boost converter's theoretical output voltage is linearly proportional to the duty cycle, 

non-idealities and losses can cause actual converters to display variations from this relationship.  

To achieve efficient power conversion, one should take into account a boost converter's 

efficiency, which is often above 80%. 

    b-MPPT control of healthy model: 

By comparing the measured power produced by the PV panel with MPPT (Pm=50%) 

to the maximum power produced without MPPT (Pmpp), the efficiency of MPPT controllers is 

assessed.  

           The photovoltaic (PV) system's operational conditions are being successfully adjusted 

by the MPPT algorithm to track the maximum power point (MPP) with great accuracy, as seen 

by the system's high duty cycle of 0.85. In order to maximize power generation, the MPPT 

system effectively converts the input voltage (Ve) of 21.8 V to the output voltage (Vs) of 145 

V. The system can be precisely and quickly adjusted to maintain the MPP, which guarantees 

smooth  operation and improved control over the power conversion process.  
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This is made possible by the switching frequency (fs) of 5 kHz. The MPPT system is 

more stable and efficient when the switching frequency is high.The notable rise in voltage from 

21.8V (Ve) to 145V (Vs) indicates how well the MPPT algorithm works to maximize the PV 

system's power output. The system is able to retain high power conversion efficiency while 

achieving a significant voltage boost through effective duty cycle adjustment and MPP 

operation. 

A high duty cycle, the right switching frequency, and the voltage change from Ve to Vs 

together show that the MPPT system is working as efficiently as possible to take the maximum 

amount of power from the sun's rays. The PV system's overall performance is improved by this 

effective power conversion process, which guarantees that the system can provide its maximum 

power output in a variety of environmental circumstances. 

    c-MPPT control of faulty model: 

    -Diode by-pass disconnected: 

In a flawed MPPT model with partial shade, a duty cycle of 0.85, a switching frequency 

of 5 kHz, and certain voltage values (Ve and Vs) could lead to less than ideal performance.  

The MPPT algorithm's performance under partial shade conditions may be affected by the 

characteristics  P=50, which could have an impact on how well the algorithm adjusts the 

operational parameters. 

-Paratial shading fault: 

The efficiency of MPPT algorithms can be considerably impacted by partial shading, 

making it difficult to track the maximum power point (MPP) precisely in a variety of irradiance 

situations. Partial shade can cause variations in the photovoltaic (PV) system's output power, 

(50% ,Pmp=5W ; 100%, Pmp=0W) ;which can affect how well the MPPT algorithm maintains 

optimal power generation. 

    -Resistance fault: 

    -Shunt Resistance: 

 When there are shunt and series resistance faults present, the MPPT system may operate 

less well if certain voltage values (Ve and Vs), a high duty cycle (0.85), and an adequate 

switching frequency (5 kHz) are used. Inaccurate tracking of the maximum power point by the 
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MPPT algorithm may result in decreased power generation and PV system efficiency.in our 

research it downs to 8W 

    -Serie Resistance: 

The MPPT system's capacity to precisely adjust the operating parameters can be 

hampered by the presence of a series resistance defect, which can interfere with regular system 

performance.  

The defect could cause variations in the power output, decreased efficiency, and difficulties in 

keeping the system operating at the MPP in a variety of environmental circumstances. 

Conclusion: 

  This chapter revolves about simulation study, thresholding techniques were employed 

to detect and diagnose eight types of faults in a photovoltaic panel. The comparison involved 

evaluating various characteristics (such as power, voltage, and current) of both the normal and 

faulty I-V curves of the PV panel. Additionally, the simulation work included an explanation 

of MPPT control, its operation, and the outcomes. [55]  Upon reviewing the simulation findings, 

it became evident that the threshold method was unable to differentiate all faults effectively, 

prompting the need for a more efficient classification approach. 
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CHAPTER IV 

IV. Introduction : 

Throughout the earlier chapters, we have formulated the essential measures to 

accomplish our objective and enable the deployment of our electronic gadget, a "solar regulator 

based on a microcontroller for maximum power control and output voltage regulation." The 

size and technical specifications of the components that are available in the laboratory of 

Eloued's Faculty of Science and Applied Sciences serve as the basis for the system 

implementation. We will examine two experimental configurations of a full PV system in this 

chapter: (Detection Device + PV array + load)  

IV.1. Tools Employed: 

IV.1.1. Chopper components: 

a-Transistor: 

           The transistor must be sized to support the maximum current delivered to the load. We 

choose two MOSFETs «50T65FSC-LB43106GE» and «SFA66UP30DN-T11A19G001 » 

 

 

 

 

 

 

Figure IV.1 : for the «50T65FSC-LB43106GE» and «SFA66UP30DN-T11A19G001 » 

mosfets. 

b-Coil : 

This element is the most delicate to determine. Indeed, an inductance that is too low does not 

allow the power card to function, while an inductance that is too high would cause significant 

power losses due to Joule effect. We choose coil of “100mh” 
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Figure IV.2: 100mh Coil. 

c-Capacitor: 

The concept of a "chopper boost capacitor" relates to the use of capacitors in boost 

chopper circuits. In these circuits, capacitors play a vital role in storing and releasing electrical 

energy to achieve voltage boosting. The capacitor in a boost chopper circuit helps stabilize the 

voltage across the load, smooth out the output voltage, and reduce voltage ripples. It is an 

essential component that ensures a constant and reliable output voltage for the load. By 

selecting capacitors with appropriate characteristics, such as low equivalent series resistance 

(ESR), losses can be minimized, leading to improved efficiency and performance of the boost 

chopper circuit. In our project we used «470µF-400V »Capacitor. 

 

 

 

 

 

 

 

 

Figure IV.3: «470µF-400V »Capacitor. 
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d-Diode: 

The diode used must be fast and able to withstand the maximum current supplied to the 

load. We have chosen a Schottky SBT80-10LS diode. 

 

 

 

 

 

Figure IV.4 : « Schottky SBT80-10LS » diode. 

e-Driver:  

          Gate drivers are essential components in power electronics systems as they provide the 

necessary voltage and current to switch power devices on and off effectively. These drivers 

play a crucial role in ensuring the proper operation, efficiency, and reliability of power 

electronics systems by accurately driving the gates of semiconductor devices. Gate drivers are 

designed to optimize the performance of power switches in various applications like converters, 

inverters, motor drives, and more, making them a key interface between control circuits and 

high-power electronics components . we used «EVISUN B0515S-1W 2048» driver. 

 

 

 

 

 

Figure IV.5:«A3130-1736»  driver. 

f-Relay driver: 

To drive a relay in a boost chopper circuit, you typically need a relay driver that can 

handle the voltage and current requirements of the relay coil. This driver would receive the 
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control signals from the chopper circuit and provide the necessary power to activate the relay 

at the appropriate times in the circuit operation. It's essential to choose a relay driver that can 

handle the voltage spikes and current demands inherent in chopper circuits to ensure reliable 

operation. 

 

 

 

 

 

 

 

 

Figure IV.6: «EVISUN B0515S-1W 2048» Relay driver. 

g-Resistor: 

In a boost converter, the load resistor (R) represents the electrical load connected to the 

converter, and it is crucial for determining the necessary voltage and current provided by the 

converter to the load. Additionally, resistors can be used in feedback networks to regulate the 

output voltage or current of the boost converter. 

 

 

 

 

 

 

Figure IV.7: Resistor. 
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Figure IV.8: Boost-DC Chopper prototype. 

IV.2. The solar panel: 

We made use of the 7.4V, 54W lab bench solar panel that is shown in Figure (IV.9).  

 

 

 

 

 

 

 

 

 

 

 

 

Figure IV.9: Characteristics the PV array. 

IV.3. Current Sensor: 

To precisely detect AC or DC current signals, the ACS712s sensor relies on the Hall 

effect. It can handle up to 5 amps of maximum current. Through an analog interface, the current 

signal can be read. 

Control circuit 

Inductance

ceb 
Resistaance 

Current 

sensor 

Voltage 

sensor 

Capacitor 
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Figure IV.10: ACS712s current sensor. 

IV.4. Voltage Sensor: 

a three-pin voltage sensor (VCC, GND, SIGNAL). Up to 25V can be handled by it. This 

module may reduce the input power voltage from the red terminal by five times and operates 

on the resistance point pressure principle.  

 

 

 

 

 

 

 

Figure IV.11: Voltage sensor. 

IV.5. Photoresistor: 

A photoresistor, also referred to as a photocell or light-dependent resistor (LDR), is a 

passive electronic element that alters its resistance according to the intensity of light it is 

exposed to. When in darkness, a photoresistor exhibits high resistance, whereas in light, its 

resistance diminishes notably. These devices find widespread use in applications like light-

sensitive detector circuits, light-triggered switches, and dark-triggered switches. 
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Figure IV.12: Photoresistor. 

IV.6. The Microcontroller (ARDUINOBOARD): 

IV.6.1. Definition: 

            Arduino NodeMCU (LoLin) refers to the integration of the Arduino platform with the 

NodeMCU development board, specifically the LoLin version. The NodeMCU LoLin V3 is a 

development board based on the ESP8266 microcontroller chip, offering WiFi connectivity and 

enhanced capabilities for IoT projects. It can be programmed using Arduino IDE, allowing 

users to leverage the strengths of both platforms for projects requiring wireless communication, 

IoT functionalities, and more advanced applications beyond what a standard Arduino board can 

provide.The NodeMCU LoLin V3 features GPIO pins, a micro USB port, a status LED, and a 

USB to UART converter, making it suitable for interactive and programmable projects at a low 

cost. It supports Lua scripting and can also be programmed using C++ with the Arduino IDE, 

providing flexibility in development approaches. The NodeMCU LoLin V3 is open-source and 

offers a cost-effective solution for projects requiring WiFi connectivity and IoT capabilities. 

IV.6.2. Characteristics : 

         The Arduino NodeMCU (LoLin) is a development board that combines the Arduino 

platform with the NodeMCU module, specifically the LoLin version. Here are the 

characteristics of the NodeMCU (LoLin) based on the provided sources: 

• Microcontroller: Espressif ESP8266 (ESP-12F). 

• Processor: Tensilica Xtensa 32-bit LX106. 

• Compatible with Arduino IDE for easy programming. 

• GPIO pins for connecting sensors, actuators, and other peripherals. 
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• USB interface for power and programming. 

• Integrated voltage regulator for stable operation. 

• Support for Lua scripting in addition to Arduino programming. 

• Compact size and lightweight design for prototyping IoT projects. 

 

IV.6.3. Why Arduino NodeMCU (LoLin) : 

- Integrated Wi-Fi module for easy wireless connectivity. 

- Arduino IDE compatibility for simple programming. 

- GPIO pins for versatile project development. 

- Lua scripting support for additional programming flexibility. 

- Compact design ideal for prototyping IoT projects. 

- Cost-effective solution for IoT applications. 

- Community support and resources available for guidance and troubleshooting. 

IV.6.4. Arduino software interfaces : 

. Arduino IDE (Integrated Development Environment): This is the official software used to 

write code for Arduino boards. It includes a text editor for writing code, a message area, a text 

console, a toolbar with buttons for common functions, and a series of menus. 

. Web-based Arduino Create: An alternative to the Arduino IDE, Arduino Create is a platform 

that allows you to write code, access libraries, and upload sketches to your Arduino board 

directly from a web browser. 

. Third-party IDEs: Some developers prefer using third-party Integrated Development 

Environments like Visual Studio Code or PlatformIO for a more feature-rich coding experience 

when working with Arduino boards. 

These interfaces provide the necessary tools for writing, compiling, and uploading code to 

Arduino boards, making it easier for users to create projects and develop applications. 
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Figure IV.13: Arduino Uno Board . 

IV.7. Results: 

IV.7.1. Chopper Results : 

IV.7.1.1. Steps of Work: 

In our experimental validation work we followed the following steps to achieve the 

results required . 

 

1. Designing the Circuit 

a. Define Specifications: 

- Input voltage (Vin)Ascertain the input voltage's range. 

- Output voltage (Vout) Ascertain the output voltage's range. 

- Load current  (Iout): Find out how much current the load can draw at its maximum. 

b. Calculate Duty Cycle (D): 

c. Select Switching Frequency (𝑓𝑠): 

fs=25khz 
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d. Inductor Selection (L) : 

- The inductor value using: L= 100H 

2. Selecting Components 

a. Inductor 

- Choose an inductor with the calculated inductance and a current rating higher than the peak 

inductor current. 

b. Capacitors 

- Choose capacitors with low ESR (Equivalent Series Resistance) and suitable voltage ratings. 

C = 470 µf. 

c. Switching Device (MOSFET) 

- Select a MOSFET that can handle the input voltage, output current, and has a low on-

resistance RDS (on). 

d. Diode 

- Use a fast recovery diode or a Schottky diode with a current rating higher than 𝐼𝑜𝑢𝑡Iout and 

a reverse voltage rating higher than Vout . 

3. Building the Circuit: 

a. Schematic Design: 

- Draw the circuit schematic, including all components. 

b. PCB Layout 

- Design the PCB layout or use a breadboard for initial testing. 

- Ensure proper placement of components to minimize noise and losses (short and wide traces 

for high-current paths). 
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Figure IV.14: A, B: During the printing and drilling. 

c. Assembly 

- Assemble the circuit on a PCB or breadboard. 

- Solder components carefully, ensuring no short circuits. 

4. Testing the Circuit : 

a. Initial Power-Up : 

- Use a bench power supply with current limiting set to a safe level, In our case we tried V = 

12V. 

- Gradually increase the input voltage while monitoring the output voltage and current.our test 

in the figures (figure IV.20, figure IV.21) shown below. 

b. Load Testing 

- Connect different loads (resistive load or electronic load) to ensure the converter can handle 

various conditions. 

In out project we made a resistor ourselves R = 57Ω. 

d. Thermal Performance : - Check the temperature of the components during operation to 

ensure they are within safe limits. 

B A 
PCB 3D Printer 
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5. Troubleshooting and Optimization 

a. Check Waveforms 

- Use an oscilloscope to check the switch node voltage, inductor current, and other key 

signals. 

b. Adjust Components 

- If the performance is not as expected, consider adjusting the inductor, capacitors, or 

switching frequency. 

c. Stability Analysis 

- Ensure the converter is stable under all operating conditions. Add compensation networks if 

necessary. 

6. Final Implementation 

- Once the circuit operates correctly and reliably, finalize the design. 

- If on a breadboard, consider designing a robust PCB for long-term use. 

The use of integrated circuits requires a regulated and stabilized power supply. They 

need a 5V power supply and another power supply of 12V, I=0.04. 

. 

 

 

 

 

 

Figure IV.15: power supply of 12.6 V, I=0.04. 
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Figure IV.16:  (A,B)Testing of DC-boost converter. 

 

 

 

 

 

 

    

 

 Figure IV.17:Vout  
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Figure IV.18:Vout while duty cycle variation.  

 

Figure IV.19: Validation of results. 
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Figure IV.20: Validation of results. 
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Figure IV.21:The results with input voltage = 7.5V, A:duty cycle 10%, B:duty cycle 20%. 
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Figure IV.22:The results with input voltage = 12.5V, A:duty cycle 10%, B:duty cycle 20%. 
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Figure IV.23:The results with input voltage = 17V, A:duty cycle 10%, B:duty cycle 20%. 

 

 

 

 

 

 

 

 

 

 

Figure IV.24:The results with input voltage = 21.8V. 
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Table IV.1: The variations in Current and Voltage with changes in duty cycle when 

Vout=7.5V. 

Duty cycle Input voltage[V] Output voltage [V] Output current [A] 

dc10% 7.5 7.61 0.17 

dc20% 7.5 8.48 0.21 

dc30% 7.5 9.56 0.27 

dc40% 7.5 10.99 0.36 

dc50% 7.5 12.84 0.5 

dc60% 7.5 15.42 0.74 

dc70% 7.5 19.19 1.22 

dc80% 7.5 24.95 2.35 

 

Figure IV.25: The increasing of output Voltage with the variation of duty cycle, where input 

voltage = 7.5V. 
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Table IV.2: The variations in Current and Voltage with changes in duty cycle when 

Vout=12.5V. 

Duty cycle Input voltage[V] Output voltage [V] Output current [A] 

dc10% 12.5 13.12 0.29 

dc20% 12.5 14.62 0.36 

dc30% 12.5 16.51 0.47 

dc40% 12.5 19.04 0.63 

dc50% 12.5 22.36 0.88 

dc60% 12.5 27 1.32 

dc70% 12.5 33.72 2.17 

dc80% 12.5 43.76 4.2 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure IV.26: The increasing of output Voltage with the variation of duty cycle, where input 

voltage = 12.5V. 
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Table IV.3: The variations in Current and Voltage with changes in duty cycle when 

Vout=17V. 

Duty cycle Input voltage[V] Output voltage[V] Output current [A] 

dc10% 17 18.11 0.4 

dc20% 17 20.18 0.5 

dc30% 17 22.78 0.64 

dc40% 17 26.3 0.82 

dc50% 17 30.75 1.2 

dc60% 17 35.83 1.7 

dc70% 17 46.6 3.03 

dc80% 17 52.5 5 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure IV.27: The increasing of output Voltage with the variation of duty cycle, where input 

voltage = 17V. 
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Table IV.4: The variations in Current and Voltage with changes in duty cycle when 

Vout=21.8V. 

Duty cycle Input voltage[V] Output voltage[V] Output current [A] 

dc10% 21.8 22.9 0.5 

dc20% 21.8 26.08 0.55 

dc30% 21.8 29.52 0.83 

dc40% 21.8 34.13 1.12 

dc50% 21.8 40.15 1.58 

dc60% 21.8 48.58 2.39 

dc70% 21.8 60.57 3.94 

dc80% 21.8 70.42 5 

 

 

Figure IV.28: The increasing of output Voltage with the variation of duty cycle, where input 

voltage = 21.8V. 
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Figure IV.29: Current results whith duty cycle variation. 

IV.7.1.2. Interpretation of Results :  

- Efficiency: As the duty cycle increases, the output voltage increases, but so does the potential 

for losses due to increased current through the components, leading to higher conduction losses 

and potential efficiency drops. 

- Ripple Voltage: The ripple voltage on the output can increase with higher duty cycles, 

especially if the converter is not properly designed to handle high currents at these duty cycles. 

- Component Stress: Higher duty cycles mean higher currents through the inductor and switch, 

which can lead to increased stress on these components, potentially reducing their lifespan if 

not properly rated. 
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IV.7.2. MPPT control: 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 

Figure IV.30:Global experimental test healthy model. 
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Figure IV.31:Global experimental test faulty model “full-shading”. 

 

 

Figure IV.32: Global experimental test faulty model “paratial-shading”. 
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Figure IV.33: Serial curves results of MPPT control healthy model. 

  

Figure IV.34: Serial curves results of MPPT control healthy model without LCD. 
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Figure IV.35: Serial results of MPPT control healthy model without LCD. 

 

Figure IV.36: Serial curves results of MPPT control faulty model shading fault. 
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Figure IV.37: Serial curves results of MPPT control faulty model shading fault. 

 

Figure IV.38: Serial curves results of MPPT control faulty model shading fault with LCD. 
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Figure IV.39: Final prototype. 
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Figure IV.40: A, B, C and D, Final prototype. 
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Conclution :  

 In this chapter, we performed an experimental validation of the fault detection method 

for solar panels. A model of the CHOPPER BOOST was developed, and its results were verified 

and discussed. It was then connected to the solar panel and the necessary sensors to obtain the 

required results for this study, confirming the effectiveness of the proposed methodology in 

identifying faults quickly and accurately. 
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GENERAL CONCLUTION 

The experimental validation of fault detection in photovoltaic (PV) systems has 

significantly advanced the field by enhancing both efficiency and sustainability of solar energy 

technologies. Rigorous experimental trials and the formulation of fault detection models have 

unequivocally demonstrated the efficacy of the proposed methodology in swiftly and accurately 

pinpointing faults. This capability not only minimizes downtime but also optimizes overall 

system performance. 

The findings from the experiments highlight that smart systems leveraging artificial 

intelligence and data analytics techniques offer effective resolutions to maintenance and 

operational complexities within solar energy frameworks. Moreover, the study underscores the 

criticality of utilizing authentic field data to ensure the reliability and practical applicability of 

developed solutions. 

Moving forward, the study advocates for expanded research endeavors aimed at 

broadening the scope of fault detection models and validating them across diverse 

environmental and operational contexts. It further recommends fostering collaborative efforts 

between researchers and industry stakeholders to integrate fault detection technologies 

seamlessly with smart energy management systems. 

In conclusion, this study emphasizes the imperative of continual innovation and 

progress within the renewable energy sector. Enhanced fault detection methodologies are 

pivotal in realizing enduring environmental and economic sustainability objectives . 
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