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Abstract 

This work is a comprehensive review of Maximum Power Point Tracking (MPPT) 

techniques of photovoltaic (PV) systems with constant and variable irradiances levels. Relevant 

algorithms such as Perturb and Observe (P&O), Incremental Conductance (INC), Artificial Neural 

Networks (ANN), and Fuzzy Logic Controller (FLC) are examined, and their strengths, 

weaknesses, and comparative strengths are documented. Simulation output for MATLAB-

Simulink indicates that ANN performs optimally (96.63% with fixed solar irradiance), while FLC 

minimizes oscillation with rapid adaptability. The paper highlights the necessity of making an 

appropriate choice of MPPT methods depending on system requirement and environmental 

condition. Experimental verification and hybrid algorithm formation are included as future work 

considering enhancing the performance. 

Keywords: MPPT, Photovoltaic Systems, P&O, INC, ANN, FLC, MATLAB-Simulink, 

Efficiency, Variable Irradiance, Hybrid Algorithms. 

 

 

 ملخص 

)  PV) في الأنظمة الكھروضوئیة (MPPTیقُدم ھذا البحث مراجعة شاملة لتقنیات تتبع نقطة القدرة القصوى (

ذات مستویات الإشعاع الثابتة والمتغیرة. یفُحص البحث خوارزمیات ذات صلة، مثل الاضطراب والمراقبة  

)P&O) والموصلیة التزایدیة ،(INC) والشبكات العصبیة الاصطناعیة ،(ANN  ووحدة التحكم المنطقي ،(

) باستخدام  FLCالضبابي  المحاكاة  نتائج  تشیر  المقارنة.  قوتھا  ونقاط  وضعفھا  قوتھا  نقاط  ویوُثق   ،(

MATLAB-Simulink   ) مع إشعاع  96.63إلى أن الشبكة العصبیة الاصطناعیة تعمل على النحو الأمثل %

) من التذبذب مع قدرة سریعة على التكیف.  FLCشمسي ثابت)، بینما تقُلل وحدة التحكم المنطقي الضبابي (

المناسبة وفقاً لمتطلبات النظام والظروف البیئیة.   MPPTتسُلط الورقة الضوء على ضرورة اختیار طرائق  

 كما یدُرج التحقق التجریبي وتكوین خوارزمیة ھجینة كعمل مستقبلي یھدف إلى تحسین الأداء. 

-P&O  ،INC  ،ANN  ،FLC  ،MATLAB، أنظمة الطاقة الكھروضوئیة،  MPPT  الكلمات المفتاحیة:

Simulink .الكفاءة، الإشعاع المتغیر، الخوارزمیات الھجینة ، 
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2 

Introduction 

PV systems are becoming more a part of our daily lives because people are searching for 

cleaner ways of producing energy. The greatest advantage of PV technology is that we produce 

electricity from the sun directly, and therefore we use less fossil fuel and even less environmental 

devastation  [1]. However, one of the main problems with PV systems is their efficiency, especially 

when the weather conditions, like sunlight intensity and temperature, keep on changing  [2]. 

Sometimes the performance gets extremely low under low light or high temperature, which makes 

it challenging to rely completely on these systems without proper optimization techniques  [3]. 

Hence, researchers are working hard to find solutions to maintain high efficiency regardless of the 

conditions. It is where Maximum Power Point Tracking (MPPT) techniques are required. MPPT 

techniques are an essential element of the fact that they allow PV systems to leverage their potential 

as much as possible since they always adjust to capture the accessible power in fluctuating 

conditions [4]. 

The aim here in this thesis was to assess and compare various MPPT algorithms and 

determine what is optimal for what situation. Specifically, we contrasted four methods: Perturb 

and Observe (P&O), Incremental Conductance (INC), Artificial Neural Networks (ANN), and 

Fuzzy Logic Control (FLC). We simulated to determine how rapidly these methods respond, 

whether they are stable, and how effective they are at adapting to sunlight intensity changes [5]. 

We discovered that all of the methods had advantages and disadvantages. For example, ANN 

worked best overall, especially in changing conditions, while P&O was unstable at high speeds 

but simple to implement [6]. 

The project has been split into three chapters.  

Chapter I: Photovoltaic Systems Overview is an introduction to the PV system and the reason 

why MPPT is especially critical in optimizing their efficiency.  

Chapter II: MPPT Techniques is a technical chapter wherein we present some MPPT techniques 

and categorize them as classical, intelligent, and optimization-based techniques. We compare the 

strengths and weaknesses of each technique and explain where each one is superior. Finally,  

Chapter III: Simulation and Modeling of MPPT Techniques is where we present the result of our 

simulations. Here we compare the result of the four algorithms in static and dynamic light intensity. 

We also compare their efficiency, stability, and ability to trace sudden change. 
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Through this study, we wanted to provide a better illustration on how various MPPT 

techniques can be utilized to improve the efficiency of PV systems. Although ANN was best in the 

majority of the situations, FLC and INC also have their respective uses based on the situation. We 

believe that with our research, solar energy systems can become more efficient and reliable in the 

future. 
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I.1 Introduction 

Photovoltaic (PV) technologies are the new technology for moving the world energy 

model off fossil fuels, cleaner than the fossil fuel. Solar energy, in contrast to coal, oil, and gas, 

exhaustible resources and main world warming culprits [7]  , is plentiful, naturally self-restoring, 

and with low emissions. Solar technologies like solar heating and cooling, photovoltaics, and 

concentrated solar power transform the solar energy into a variety of applications, e.g., industrial 

processes, to electricity production. PV systems are unique in their application of semiconductor 

material like silicon in order to produce electricity with the power of the sun. Through the 

photovoltaic effect, the photons of light are consumed by the semiconductor material and 

utilized in exciting electrons in a bid to generate an electric current [8]. The constraints in terms 

of efficiency loss mechanisms, thermally induced dependency, and failure mechanisms in terms 

of hotspots and delamination provide the demand for continued innovation. Despite these, solar 

PV installations increased worldwide with declining costs, technological advancements, and 

favorable policies [9]. China alone, for instance, had reached 63% of the world's PV installations 

up to the year 2023 [10], a consequence of how it is spearheading the installation of clean 

energy. With efficiencies spanning 15% to 28% for utility modules [8]   and ongoing studies to 

always exceed these figures, solar PV systems are revolutionizing how we generate and use 

energy. PV systems from small roof-mounted systems for domestic use through to solar farms 

for utility use on a utility scale are not merely meeting energy requirements but are leading the 

way towards cleaner, greener times. With their drivers of performance, stakeholders, and values 

understood, they can be maximized and optimized to contribute more towards the battle against 

the climate crisis. 

I.2. Background on Renewable Energy and Photovoltaic Systems 

I.2.1 The Emergence of Renewable Energy Resources 

Renewable energy is derived from natural sources that replenish faster than they are 

consumed, such as sunlight and wind, making them a sustainable alternative to fossil fuels. In 

contrast, coal, oil, and gas are non-renewable resources that take millions of years to form and 

release harmful greenhouse gases, like carbon dioxide, when burned, contributing to climate 

change. However, renewable energy production generates significantly lower emissions, 

making it essential for mitigating the climate crisis. Various renewable energy sources, 

including wind and solar power, are continuously replenished and will never deplete. However, 
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renewable energy generation can be inconsistent due to environmental factors. For instance, 

hydroelectric power relies on rainfall to maintain water flow in dams [11],[12]. 

Unlike fossil fuel combustion, which emits particulate matter and contributes to air 

pollution, renewable energy is a cleaner option. Yet, one challenge is the difficulty of generating 

electricity on a scale comparable to fossil fuel-based power plants [13],[14]. Most renewable 

energy originates from the sun, directly or indirectly. Solar energy is used for electricity 

generation, heating, lighting, and industrial applications. Wind turbines harness wind power, 

which is driven by solar heating. Additionally, solar energy influences the water cycle, leading 

to precipitation that sustains hydroelectric systems. Due to its sustainability, renewable energy 

is increasingly preferred in areas where conventional electricity production is impractical. Wind 

power, in particular, is a promising clean energy source, but variations in wind speed cause 

fluctuations in voltage and frequency, requiring advanced technology to maintain stability 

[15],[16]. In agriculture, irrigation systems rely on renewable energy, water availability, and 

market conditions. With rapidly evolving agricultural markets, modern farmers must adopt 

advanced technologies to enhance efficiency. Three-phase induction motors are commonly used 

in agricultural applications, highlighting the integration of renewable energy into farming 

operations. 

 

Figure (I.1): Application of power electronic converter in a removable energy system [17]  
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I.3. Solar Energy Technologies 

Solar energy is the energy received from the Sun, serving as a vast and free resource 

capable of meeting global energy demands. The energy in sunlight is approximately 10,000 

times greater than the world's total energy consumption, making solar energy a highly promising 

solution. Three primary technologies are used to harness solar energy: solar heating and cooling 

(SHC), concentrated solar power (CSP), and solar photovoltaics (PV). Solar irradiation 

primarily consists of infrared (IR) radiation, followed by visible light and ultraviolet (UV) 

radiation, all of which can be utilized for energy production.  Solar panels directly convert 

sunlight into electricity. Solar radiation reaches Earth as photons traveling in electromagnetic 

waves. When light strikes a solar cell, electrons in the semiconductor material become excited, 

leaving behind positively charged holes. To generate electricity, the photon's energy must 

exceed the semiconductor's energy band gap, enabling electron movement across junctions. 

Greater absorption of high-energy light results in increased electron motion, producing more 

electricity. However, electron recombination, where electrons return to their holes, reduces 

efficiency. Therefore, an ideal solar cell material should support prolonged electron-hole pair 

lifetimes to maximize power generation. Figure (I.2) illustrates a PV system, highlighting 

components that contribute to efficiency losses [18]. 

 

Figure (I.2): PV system schematic diagram [18] 
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I.4. Photovoltaic System  

A photovoltaic (PV) system generates electricity from sunlight through key components: 

solar panels, an inverter for DC-to-AC conversion, and essential accessories like mounting, 

cabling, and electrical connections. Some systems integrate solar tracking for efficiency and 

battery storage as costs decline. The solar array, consisting of solar panels, forms the visible part 

of the system, while other components are part of the balance of system (BOS). Unlike 

concentrated solar power (CSP) or solar thermal technologies, PV systems directly convert 

sunlight into electricity, ranging from small rooftops to large utility plants [19]. Solar energy is 

a sustainable, cost-effective alternative with a longer lifespan than traditional energy sources. 

Governments promote solar panels in rural areas for street lighting, though battery performance 

is affected by overcharging and discharge cycles [20]. Charge controllers regulate battery 

charging, preventing overcharging and deep discharge, crucial for system efficiency and 

longevity. These controllers are essential in solar home systems, hybrid energy setups, and water 

pumps, ensuring stable power storage and supply [21]. PV systems are categorized as grid-

connected or off-grid. Grid-connected systems supply electricity to the grid, while off-grid 

systems store surplus energy in batteries for later use. Charge controllers in standalone systems 

prevent battery overcharging and deep discharge, which is vital due to high battery costs [22]. 

A PV system consists of a charge controller, batteries, a power converter, and solar panels 

(modules). The solar panel converts sunlight into DC electricity, regulated by the charge 

controller to charge the battery. Stored energy powers appliances via an inverter that converts 

DC to AC, ensuring continuous power, even in low sunlight conditions, as shown in figure (I.3).  

 

 
Figure (I.3): Block diagram of photovoltaic (PV) system. [23] 
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I.5. Solar PV Technology  

The word photovoltaic implies the conversion of “photo” or light into “volts” or 

electricity. The PV technology is the only solar technology that directly converts the sunlight 

into electricity in direct current (DC) form using semiconductor materials fabricated usually 

from the elements Silicon (Si) or Germanium (Ge). PV technology applications vary from 

powering a scientific calculator to powering a million houses per PV station, such as the Benban 

solar station that has been connected to the grid in late 2019 as the largest PV station in Africa, 

powering about 1,000,000 houses [24]. 

Solar PV technologies can be primarily divided into three types, such as: 

1. Crystalline PV—monocrystalline and polycrystalline 

2. Thin-film PV or amorphous PV 

3. Emerging PV—organic PV and perovskite PV 

       The formation of solar PV modules will be discussed in the next chapter. An indepth 

discussion on each type of module is excluded, as this book intends to provide a comprehensive 

illustration of PV systems and their applications to familiarize the readers with minimal 

engineering or technical knowledge with the field terminology up to being able to do system 

sizing of any solar application anywhere in the world. 

 

Figure (I.4): Solar PV Technology. [25] 



CHAPTER I  Photovoltaic Systems Overview 
 

 

10 

I.6. Basic Principles of Photovoltaic Energy Conversion 

I.6.1. Photovoltaic principles 

          The semiconductor material in a PV cell absorbs light (photons), and this displaces 

electrons to form pairs of electrons and holes, which are guided in one direction, creating a 

current. The semiconductor is doped to be a p-n junction with a potential difference, which will 

drive current flow vertically through the cell in one direction, so it can be harvested as electricity. 

The diffusion length is one of the important factors that affect the efficiency of the solar cell. 

Photons must have energy equal to or more than the energy band gap of the semiconducting 

material [26]. In summary, a photovoltaic cell is a device that converts sunlight into electricity 

using semiconductor materials; it has the same working principle as a semiconducting diode. 

The semiconductor material, such as silicon, has the property to eject electrons when sunlight is 

absorbed; the PV's cell then directs the electrons in one direction, which forms a current, as 

illustrated in Figure (I.5). [27]. 

 

Figure (I.5): Basic principle of photovoltaic cells [28] 

I.6.2. Growth of Solar PV 

        The global cumulative photovoltaic (PV) installations by region in 2023 exhibit significant 

growth, underscoring the pivotal role of solar energy in the global transition towards renewable 

energy sources [29]. According to the International Renewable Energy Agency (IRENA), the 
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total global renewable energy capacity reached 3,870 GW in 2023 [30], with solar energy 

contributing a substantial portion of this expansion. 

      Asia, led predominantly by China, accounted for the majority of this growth. China alone 

added approximately 216.9 GW of new PV capacity in 2023 [30], representing about 63% of 

the global PV installations for that year [31]. This remarkable increase emphasizes China's 

leadership in renewable energy adoption and its commitment to reducing carbon emissions. 

     Other regions also demonstrated notable advancements. Europe and the United States 

expanded their PV capacities, driven by supportive policies and a growing emphasis on energy 

security [32]. However, despite these positive trends, disparities remain. Africa, for instance, 

experienced modest growth, with its total renewable energy capacity reaching 62 GW—a 4.6% 

increase from the previous year [33]. This highlights the ongoing need for equitable renewable 

energy development across all regions to ensure a balanced and inclusive energy transition. 

The data underscores the critical importance of accelerating renewable energy 

deployment globally. To achieve the targets set for mitigating climate change, it is essential to 

address regional disparities and promote policies that facilitate renewable energy adoption 

universally [32]. This approach will ensure that the benefits of renewable energy, particularly 

solar PV, are realized worldwide. 

 

Figure (I.6): Global cumulative PV installation by region in the year 2023. [34] 
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  I.6.3. Cost of Solar PV 

      The cost of solar PV technology has always been showing a declining trend [35]. PV system 

cost terminology varies according to the application category and the components required 

completing the system architecture. Thus, we will focus only on the PV module cost, which is 

the most critical portion of any PV system. Let us consider the cost drop of the global 

polycrystalline Silicon modules in the global market from 2014 to 2019. The cost of such 

modules started at 0.67 $/W in the first quarter of 2014, and it went down to 0.214 $/W in the 

second quarter of 2019 a 68% drop in only 5 years. The percentage of the global annual 

production of polycrystalline modules (60.8%) almost doubled the monocrystalline (32.2%). 

Figure (I.7): The production of polycrystalline silicon solar PV cells has increased 

considerably in the last decade alongside the sharp decline in the module cost [36] 

I.6.4.The Efficiency of Solar PV 

The efficiency of any energy conversion apparatus is the ratio of output power to input 

power. In solar PV modules, the ratio of the output electrical power provided by the module to 

the solar energy reaching the PV module’s surface is the efficiency as represented in equation 

(I.1). 
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At present, the efficiency of single-junction solar PV cells ranges from 15 to 28%, with 

a maximum theoretical efficiency of 33.16% [37]. This implies that out of 100 Watts of energy 

incident on the solar module from the Sun, for example, only 15 to 28 Watts of energy are 

effectively converted into usable electrical energy, while the rest of the energy is lost as heat 

energy or lost through reflection and refraction. Each solar module contains many PV cells that 

are connected in series or parallel to make a PV module. The theoretical efficiency of both the 

cells and modules can be calculated using the formula above. It is to be noted that the efficiency 

of the module is less than that of the efficiency of the cell. It is because as the cells are connected 

to each other, the spacing increases due to additional mounting and accessories, which causes 

energy losses and reduces the module efficiency. The differences in the cell and module 

efficiencies are depicted in figure (I.8).  

 

Figure (I.8): The efficiencies of the different types of PV cells and modules. It is seen that 

the efficiency of the cells is greater than the corresponding modules [38] 

         In 2020, the module efficiency record of the dominant PV technology (Silicon based 

polycrystalline) belonged to Hanwha Q Cells. This South Korean PV module manufacturer 

succeeded in converting 20.4% of the sunlight’s power into electricity, where a majority of the 

incident irradiance was lost and not converted into valuable energy. The efficiency of solar PV 

systems is on the rise over the years, thanks to tireless research and development underway. 

Figure (I.9) demonstrates the rise in efficiencies of different types of PV systems, concentrated 

solar PV systems or concentrators, crystalline Silicon, and thin-film PV systems over the years. 
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Varies from the test conditions due to several factors such as orientation, tilt, shading, aging, 

overheating, and so on. It is evident from the figure that the efficiency of the concentrators has 

increased significantly, from about 14% in 1995 to 25% in 2020. The efficiency of these 

Modules are prognosticated to increase in the coming years. The increase in efficiency will also 

correspond with the decreasing prices of PV systems in the near future. However, the efficiency 

of practical solar PV systems.[39] 

 

Figure (I.9): The efficiency of solar PV systems has been increasing with a positive slope [39] 

I.7. Overview of Semiconductor Processing 

For understanding the principle of the photovoltaic (PV) effect, it is essential to 

understand the physics of semiconductor processing first [40]. The semiconductor is considered 

the core of PV technology [41]. Using its inherent feature, the solar module can convert the 

exposed sunlight into a direct electrical current. Conductivity is defined as the characteristic of 

a material to allow the flow of electric current through it. It is the inverse of the electrical 

resistance and measured in Ω-1 or Siemens. Based on electrical conductivity, materials can be 

divided into three main types’ conductors, insulators, and semiconductors [42]. 

I.7.1. Conductors 

Since the electrical current is a flow of electrons through a material, conductive materials 

show a minimum resistance toward the movement of electrons due to the redundant available 

free electrons in them. In other words, these materials facilitate the electronic movement from 

one atom to another once voltage is applied. Conductor materials, such as Aluminum and 
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Copper, are mainly used to manufacture cables or motor windings [43]. It is worth noting that 

all metals are considered good conductors of electricity and heat [44]. 

I.7.2 Insulators 

Unlike conductors, insulators have shallow conductive properties, which means that they 

display a high resistive behavior toward electron flow through the material due to the low 

number of free electrons [45]. Glass, rubber, ceramic, plastic, and some chemical alloys are a 

few examples of insulators. These materials are used as the cover of the conductive materials in 

cable or motor applications to protect the users or maintenance personnel from any electrical 

shock. Insulators are also used in high voltage applications to separate the conductive lines and 

the metallic structure of the power transmission pole [46]. 

 

Figure (I.10): Conductivity values of different types of materials [47] 

I.7.3. Semiconductors 

Semiconductors such as Silicon (Si) and Germanium (Ge) can show both conductive 

and insulating behavior toward the flow of electrons based on the surrounding or internal 

circumstances. Temperature rise shifts the semiconductor material behavior toward conductive 

materials. Moreover, the intentional addition of impurity in materials to improve chemical 

performance through a process called doping is used to increase the material conductivity 

regardless of the temperature. The doping process is used in all semiconductor applications, 

such as in the manufacturing process of electronics (diodes, transistors, thyristors, etc.) and solar 
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modules. Figure I.10 illustrates the conductivity of a variety of materials used in the electricity 

field. Resistivity value of the materials can also be derived from the figure by obtaining the 

reciprocal of the conductivity [37]. Silicon is an essential material in the PV industry.  

I.8. Factors Affecting PV System Performance (Irradiance, Temperature, 

Shading) 

I.8.1. Doped Silicon 

       Silicon is a chemical element with 14 electrons in its atom that fills the first and second 

shell with two and eight electrons, respectively. The last four electrons, known as valance 

electrons, remain in the outer shell. These four electrons allow the Silicon atom to bond with 

the other four Silicon atoms. This process prevents Silicon from being conductive because all 

valance electrons are bonded with electrons of other atoms. In other words, there are no free 

electrons to make the material conductive. Therefore, the doping process is introduced to 

provide the material with an extra electron or hole by adding some dopant materials such as 

phosphorous, arsenic, and gallium. Through doping, a controlled amount of impurities (dopants) 

is added on purpose within a pure semiconductor (also called intrinsic semiconductor) for 

altering its electrical, structural, and optical properties. Si doping is done by the intentional 

addition of trivalent or pentavalent atoms, involving chemical reactions so that the introduced 

impurities form a covalent bond by sharing electrons with the Silicon atoms. [47]. 

I.8.2. Hotspot Heating 

Hotspots appear when one or multiple solar cells connected in series are shaded by snow, lead, 

dirt, or hard shadows. The shaded solar cell(s) will not be able to generate the same current 

value as the neighboring illuminated cells. The shaded cell will limit the current to the value 

that it generates, causing a lot of energy loss or dissipation in the form of heat. Since the heat 

resulted by the energy dissipation takes place in a relatively limited and small area, the 

temperature rises near the defective zone starting from 1–80 ◦C and can increase more than 200 

◦C, causing one or several effects such as low damage, back sheet bubbles, glass cracking, or 

cell cracking when the temperature reaches more than 200 ◦C [35]. 
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 a)- Causes of Hotspots 

Hotspot phenomena might show up or increase due to several causes, such as: 

1. Cell mismatch: Series connection of solar cells having dissimilar current ratings can cause 

more energy dissipation as heat, which increases the temperature at some places of the cell, 

causing hotspots. 

2. Shading of solar cell: Partial shading in any solar cell or any string of cells can be a major 

disadvantage in the solar cell, causing hig the shaded part. This increases more heat dissipation 

on the shaded solar cell, and thus hotspot is seen. 

3. Manufacturing defects: The manufacturing of solar cells includes many steps, and fault in 

any step can cause a hotspot when the solar module is in use. 

4. Contaminating impurities: Contaminating impurities such as dirt, sand, etc give rise to 

hotspots. 

5. Solar module installment defect: While installing a solar module, it is necessary to check 

the roof conditions to avoid unnecessary shadings; otherwise, it causes hotspots. 

6. Imperfect screen-printing: Screen-printing of solar cells includes many steps such as adding 

an n-type layer, isolating edges, and many more. Defects caused in these stages can disrupt the 

flow of electrons and electricity in between the two terminals, further causing hotspots. [35]. 

b)- Effects of Hotspots 

Hotspots can have several detrimental effects on the solar PV system, which includes: 

1. Increase of the equivalent resistance of the solar cell that disrupts the current flow. 

2. Rise in temperature that may lead to a fire. 

3. Rise in temperature that can melt the solar cells at small places, making holes. 

4. Breakage and melting at many small places of the solar module can cause shattering. 

         All these defects should be detected using several methodologies before selling the 

module. However, some defective modules may still be available in the market and installed in 

a large utility-scale solar plant. So, how will the defective cell or module be detected? 

Nowadays, thermal cameras fixed on a drone take video shots to detect the hotspots before 

delivering the project to the end customers. The defective module can be changed, and more 

improved performance can be ensured [48]. 
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I.8.3. Nominal Operating Cell Temperature 

        All the electrical characteristics of the solar modules are taken under specific standard test 

conditions, which may differ from the actual operating parameters. Solar modules are installed 

worldwide with different ambient temperatures, tilt angles, Sun positions, and solar irradiance. 

Due to the direct effect of these factors, it is essential to know the actual operating conditions 

such as the cell operating temperature, which is the actual temperature of the solar cell when the 

PV module is operating in some specific conditions, such as: 

• Solar radiation: 800 W/m2. 

• Ambient temperature: 20 °C. 

• Wind speed: 1 m/s. 

The nominal operating cell temperature (NOCT) is defined as the temperature of open-

circuited PV cells subject to the above conditions. Most manufacturers consider the value of 

NOCT as 41–46 °C. The ambient temperature can be obtained from the weather data. The cell 

temperature from the available ambient temperature can be determined using the formula in 

equation (I.2). 

���������� = �������� +
���� − ��

��
× � 

(�. �) 

 

Where S is the irradiance in m W/cm2. An example of the determination of the PV cell 

temperature from the NOCT and solar irradiance is given below 

Example   

      Determination of PV Cell Temperature from NOCT and Solar Irradiance) A solar module 

is installed in Cairo, Egypt, where the average daytime ambient temperature is 35 ◦C in June, 

July, and August. What is the average temperature of the PV cell when the irradiance is 80 m 

W/cm2, and the NOCT is 46 °C? 

Solution 

• Ambient temperature, Tambient = 35 °C, 

• Irradiance, S = 80 m W/cm2. 

• According to equation (I.2) 
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���������� = �� +
�� − ��

��
× �� = �� °�  

So, the operating temperature of the solar cell is greater than the ambient temperature by 61 - 

35 = 26 °C while the PV module is installed on an open backside mounting system.  

However, the PV modules can be installed on different mounting systems that might 

block the cooling process provided by the wind, for instance, in a rooftop mounting system, 

where the module temperature is expected to be much higher than the open backside of the 

module. Therefore, a new terminology called installed nominal operating cell temperature has 

been introduced to consider the effect of the mounting configuration type on the solar module’s 

actual temperature. 
 

 

For rack mounting, the INOCT is 3° less than the NOCT. For direct mounting, the INOCT is 18° 

more than the NOCT. However, for standoff or integral mounting, the relation between INOCT 

and NOCT is determined using the formula shown in equation (I.3). 

����� =  ���� +  � (�. �) 

Where X is the additional temperature in °C depending on the mounting type, which is 

determined from table (I.1). The standoff height can be measured from the roof to the frame of 

the module. 

I.8.4. Degradation and Failure Modes 

During manufacturing the solar cells or forming, testing, and installing solar modules, 

modules, in general, might be defected by reasons related to a failure due to human or machine 

error or an environmental reason associated with the geographical location of the solar station 

[50]. These defects can be summarized as the following: 

Table (I.1): Values of X based on the standoff/entry/exit height (whichever is minimum) 
[49] 

Height X 

1 in.  11 

3 in.  2 

6 in. -1 

9 in. -3 

If there is channeling under the array  4 
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1. Module Delamination: It is a systematic degradation for all PV modules that happens when 

adhesion between the front glass, the transparent encapsulate, and the back sheet occurs. It is 

caused due to the weak bonds between the components used in PV cells due to some 

environmental operating conditions such as moisture, thermal expansion, or aging [51]. 

2. Junction box failure: These failures refer to the poor fixing materials of the junction box 

placed on the PV module’s backside or the poor installation of the junction box [52]. Junction 

box failure causes water or moisture penetration to the electronic components inside the junction 

box, leading to corrosion in the metallic connections between the bypass diode and the terminals 

of the module. Moreover, bad bypass diodes soldering is the main reason for arc failure in the 

junction box, igniting a fire [53]. 

3. Module glass breakage: It is mostly caused by a mechanical force such as snow load, ice, 

extreme thermal stress, wind, and hail drops [54]. In some conflict zones shrapnel might be most 

likely because of a module glass failure [55]. 

4. EVA discoloration: EVA (Ethylene Vinyl Acetate) is one of the encapsulates used in the PV 

modules, which might lose its transparency due to discoloration resulted from environmental 

and aging conditions. UV radiation is also a main cause of browning or yellowing the EVA 

layer, which causes a major decrease in the module output [56]. 

5. Cell cracks: The thickness of the solar cell is 150–200 μm, which makes it easier to be 

cracked with minimal mechanical force [57]. These cracks might be visible to the naked eyes or 

even needs special techniques to locate the cracked cell in a module. The damage is a possible 

failure during the processing and assembling of the solar module, which is not inspected 

instantly but later on. Cracks can start from the cell itself when the manufacturer starts 

connecting the ribbons (bus bars) on the cell during the soldering process or starting from the 

edge of the cell when a hard object bounces the cell [58]. 

6. Burn marks: The main cause of this failure is the initial failure of the soldering bonds, ribbon 

breakage, or localized heating [59]. All these failures are physically converted to resistance, 

which increases toward the passing current through the cell, which will lead to extreme heat 

followed by unhandled thermal stress on the cell. These marks can also be a result of a failure 

in the bypass diodes, which leads to reverse bias on the cell, which will cause an electrical 

pressure on it with a burn mark that can be visually inspected [60],[61]. 
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I.9. Current-Voltage (I-V) and Power-Voltage (P-V) Characteristics of PV 

Systems 

I.9.1.The I-V Curve 

 The current–voltage characteristic curve, also known as the I-V curve, is an essential 

characteristic of solar cells, which is used to illustrate the relationship between the voltage and 

the current produced by the solar module under the standard test conditions. Under these 

conditions [62], the solar module considers a voltage-controlled current source, which means 

that the I-V curve will have a constant current value while the voltage value might change based 

on the connected load [63]. As illustrated in figure (I.11), different resistive loads are connected 

to the same solar module.  

 The point of intersection between the I-V curves and the linear resistive load determines 

the operating power point [64]. The electrical behavior of the solar module is plotted in this 

curve, where the x-axis represents the voltage and the y-axis represents the current. Three 

important points are to be noted from this graph, which are as follows: 

1. Open-circuit voltage 

2. Short-circuit current 

3. Maximum power point [65] 

Figure (I.11): The effect of resistance on the I-V characteristic curve of the solar module 

with different resistive values, where R3 > R2 > R1 [47]. 



CHAPTER I  Photovoltaic Systems Overview 
 

 

22 

This curve can be plotted by connecting the module to a variable resistor (potentiometer) 

and by raising its resistivity from 0 ohms (short-circuit, where the curve has its Y-axis 

intersection) to a very large value (open circuit, where the curve has its x-axis intersection) [66]. 

At this range, the resistor passes a resistance value (R2 in figure (I.11)) where the product of the 

current passing and the voltage drop reaches a maximum value. This point is called the 

maximum power point (MPP), and this is the point where the maximum power is obtained from 

the cell [67]. The I-V characteristic curve found in terms of diodes is not linear, in contrast to 

resistors, as shown in figure (I.12) [68]. 

When the cathode (n-type) is connected to the negative terminal of the voltage applied, 

and anode (p-type) is connected to the positive terminal, the current passes through the diode, 

which is considered a forward-biased state of the diode but current does not flow as soon as the 

voltage is applied as there is a potential barrier between anode and cathode, which needs to be 

conquered [69]. This minimum required voltage varies for different materials, for instance, 0.7V 

for Silicon [70]. Once the applied voltage exceeds the barrier voltage of the diode, an astonishing 

rise of current is evident for a small increase in the applied voltage [71]. In the case of a reverse-

biased situation, the cathode is connected to the positive terminal whereas the anode is 

connected to the negative terminal, which blocks the current flow through the diode [72]. A 

small amount of current, known as leakage current, flows across the circuit as no circuit is found 

in an ideal state as long as the voltage does not reach a particular voltage, named the breakdown 

voltage [73]. The breakdown voltage is the largest reverse voltage, which keeps the leakage 

current to a limited value [74]. An exponential current flow is evident once the diode crosses 

the breakdown voltage as the voltage goes out of control at this stage [75]. This large value of 

current is known as the avalanche current [76]. 
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Figure (I.12): I-V characteristic curve of a diode [47]. 

I.9.2. Open-Circuit Voltage 

         The open-circuit voltage, Voc, as marked in figure (I.11) is the measured value of the 

voltage between the solar module’s terminals when an infinite-resistance load is applied. This 

voltage is the highest possible voltage that the module can produce. The Voc can be measured 

using a digital multimeter connected in parallel with the solar module terminals, showing a 

positive value as the output. [47]. 

 The output voltage value can be found in each module datasheet or determined from 

the I-V curve intersection between the x-axis and the curve. In figure (I.11), the open-circuit 

voltage value is found to be 36 V. [47]. 

I.9.3. Short-Circuit Current 

 The short-circuit current Isc, as shown in figure (I.11) is the maximum current that it 

can produce and is measured when the two terminals are connected without any load [77]. This 

value can be obtained from the datasheet of each solar module or from the I-V curve, where the 

intersection between the y-axis and the curve represents the value of Isc It is worth noticing that 

the module terminals’ cables are designed to handle the high value of Isc. Thus, the short-circuit 

test can be done by disconnecting the solar modules and testing it as a standalone system after 

ensuring that the multimeter range is equal or greater than the expected value of the short-circuit 
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current [78]. The measured value of the Isc is very high, which is not recommended to be applied 

by any energy sources, unlike PV. [47], [79] 

I.9.4. Maximum Power Point 

       As known in electrical engineering, the power extracted from DC energy sources is obtained 

from the product of the current and voltage (P = V × I). Therefore, there will be no useful power 

supplied to the load when the circuit is operating in the short-circuit or open-circuit conditions 

because one of the factors will be equal to zero. 

        In PV technology, the load regulates the operating point, where the solar module delivers 

both current and voltage in terms of the resistive load connected to its terminals [80]. Therefore, 

when a variable resistor (potentiometer) is applied to the solar module with an increasing value, 

the solar module keeps increasing the delivered power until it reaches the peak value and then 

starts declining [81]. The critical point at which the module delivers the highest possible power 

is called the maximum power point (MPP), and its x-axis and y-axis coordinates are known as 

voltage at MPP, Vmp and current at MPP, Imp, respectively. In the example given in figure (I.13). 

R2 is the resistive load value at which the module can operate at its MPP, where the values of 

Imp and Vmp are 7.5 A and 28 V, respectively [82].  

The I-V characteristics curve with open-circuit voltage, short-circuit current, and 

maximum power point is illustrated in figure (I.14) [83]. 

 

 

Figure (I.13): I-V characteristic curve of a solar module highlighting short-circuit current, 

open-circuit voltage, and maximum power point [47]. 
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 Figure (I.14): P-V curve of the solar module [47].  
 

 
Table (I.2): Module specification [47]. 

Voc (V) Isc (A) Imp (A) Vmp (V) Mpp (W) 

36 7.9 7.5 28 210 

 
I.9.5. The P-V Curve 

The power–voltage or P-V curve (Figure.I.14) is provided by the manufacturer in the 

module datasheet, where the current is multiplied by the voltage to give the expected output 

power at every voltage dropped on the load. From both curves, we can extract several important 

values and list them in Table I.2 as the following: 

I.9.6.Effect of Temperature 

The solar module temperature is much warmer than the ambient temperature. All 

specifications and curves are taken under a cell temperature of 25 ◦C as one part of the standard 

test conditions. However, the solar module’s operating conditions do not necessarily match 

especially in its temperature, where the modules can be installed in extreme cold or hot weather, 

such as in Canada or Mali, respectively. Therefore, it is important to define a few factors to 

define the relationship between the temperature and characteristics of the solar module, such as 

current, voltage, and power. The voltage, current, and power temperature coefficients discussed 

in the next three sections denote the relationship of these parameters with the temperature. 

 



CHAPTER I  Photovoltaic Systems Overview 
 

 

26 

I.9.7. Voltage Temperature Coefficient (%/◦C) 

The average value of the voltage temperature coefficient varies from -0.27 to -0.35%/°C. 

The negative sign reflects the negative impact on the open-circuit voltage as the temperature 

rises. This means that for 1 °C of temperature rise, the open-circuit voltage will decrease by a 

certain percentage in the mentioned range. This factor is crucial due to the nature of the power 

electronic devices that are always connected to PV modules, such as inverters. Each inverter has 

a threshold voltage value under which the inverter cannot operate. Thus, the solar array must be 

well-designed to compensate for voltage drops resulting from high temperatures to keep the 

power electronic devices in their normal operation ranges. For the purpose, the lowest possible 

voltage of power electronics devices or the highest possible temperature where the voltage is at 

its minimum value is considered. The percentage of gain or loss of the voltage can be calculated 

using equations (I.4) and (I.5): 

��������� ������� �� % =  �������� ������ × (����� − ��) + ��� (�. �) 

 

 Therefore, the actual operating voltage is: 

������� �� ����������� =  ��������� ������� �� % × ���� (�. �) 

I.9.8. Current Temperature Coefficient (%/◦C) 

          The current temperature coefficient always has a positive value oscillating between 0.047 

and 0.055%/°C in modern polycrystalline models. This means that for 1 °C of temperature rise, 

the short-circuit current will increase by a specific percentage in the mentioned range. However, 

the positive effect of the temperature rise on the current can be neglected compared to the 

negative voltage effect. The percentage of gain or loss of the current can be calculated using 

equation (I.6) and (I.7). 

��������� ������� �� % =  �������� ������ × (����� − ��) + ��� (�. �) 

Therefore, the actual operating current is: 
 

��������� ����������� =  ��������� ������� �� % × ���� (�. �) 

I.9.9. Power Temperature Coefficient (%/◦C) 

          The impact of the power temperature coefficient is illustrated in figure (I.16) the output 

power is inversely proportional to the temperature. The coefficient value varies from -0.45 to -

0.3%/°C, where the coefficient value defines the quality of the silicon based module. The 

negative sign implies that with 1 °C temperature rise, the output power of the solar cell decreases 
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by a certain percentage within the mentioned range. The percentage of gain or loss of the power 

can be determined using equation  (I.8). 

��������� ������� �� % =  �������� ������ × (����� − ��) + ��� (�. �) 

          In standard solar cell datasheets, it is possible to find the values of the voltage, current, 

and power coefficients in terms of %/K, where K is the temperature in Kelvin. However, the 

difference in each degree temperature is the same in Celsius scale and Kelvin scale. Therefore, 

the same value can be used irrespective of the values expressed in terms of %/K or %/°C. 

     Figures (I.15) and (I.16) illustrate the difference between I-V and P-V characteristic curves 

that the manufacturers give in the datasheet and the actual Curves that the module works at 

based on the operating cell temperature, the irradiance is fixed to 1000 W/m2. 

 

Figure (I.15): I-V curve at different temperatures [47]. 
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Figure (I.16): P-V curve at different temperatures [47]. 

 

Table (I.3) shows the response of voltage, current, and power of a solar module at different 

temperatures, while it can be visualized by figure (I.17). 

Table (I.3): Actual gain and losses of current, voltage, and power based on Voc, Isc, and power coefficient at 
different temperatures [47]. 

Ambient 
temperature, 

°C 

Cell 
temperature, 

°C 

Voc 
coefficient, 

%/°C 

Actual 
operating 
voltage 

percentage 
of the 

nominal 
voltage, % 

Isc 
coefficient, 

%/°C 

Actual 
operating 
current 

percentage 
of the 

nominal 
current, % 

Power 
coefficient, 

%/°C 

Actual 
operating 

power 
percentage 

of the 
nominal 
power, % 

-20 6 -0.29 105.51 0.049 99.099 -0.39 107.41 

-10 16 102.61 99.559 103.51 

0 26 99.71 100.049 99.61 

10 36 96.81 100.539 95.71 

20 46 93.91 101.029 91.81 

30 56 91.01 101.519 87.91 
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Figure (I.17): The percent gains/losses of the operating current, operating voltage, and 

operating power of a solar module at different temperatures [47]. 

I.9.10. Effect of Irradiance 

 Solar irradiance factor (x) has a simpler and more straightforward effect on solar cells 

or modules, where it has a negligible effect on Voc and a proportional effect on Isc as illustrated 

in equation (I.9) and figure (I.18). 

���� ��/�� ≡  � × ���� ��/��  (�. �) 

 Where x varies from 0 to 1.25. The current in this equation refers to the short-circuit current 

at a specific irradiance measured in kW/m2.  

I.9.11. Fill Factor 

The fill factor (FF) can be used to compare several modules together where the higher 

the FF, the better is the electrical performance by the PV module. FF is the ratio of the maximum 

power produced by the solar module to the product of Voc and Isc as equation (I.10) shows. 

�� =  
����

��� × ���
=

���� × ����

��� × ���
 

(�. ��) 

     The ratio between the surface area covered by the filled rectangular and the outer dashed 

rectangular of the I-V curve also represents the fill factor. Figure I.19 illustrates the fill factor 

of a solar module. The value of the FF ranges from 50–82%. For a Silicon PV cell, the FF is 

usually about 80%. The value increases with a higher shunt resistance and a lower series 

resistance. A higher value of FF is desired because it is a direct indicator of the quality of the 

PV cell. 
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Figure (I.18): I-V and P-V curves under different irradiance values [47]. 

 

Figure (I.19): Representation of fill factor of a solar module [47]. 
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I.10. Conclusion 

Simply put, photovoltaic (PV) systems are the foundation of the world transition to 

renewable energy and a clean and adequately low-cost solution to the world growth in energy 

demand. By directly transferring solar radiation into electricity using semiconductor material 

like silicon, PV systems offer a clean alternative to fossil fuels that limits greenhouse emissions 

and global warming. The rate of solar technological innovation and price decline, i.e., 68% 

decline in the cost of polycrystalline module from 2014 to 2019 [84], have increased in scale 

and pushed the cost of solar electricity to record low. In spite of efficiency losses, temperature 

sensitivity, and failure mechanisms such as hotspots and delamination, system performance and 

reliability improvements continue as a result of research and development. Into plans of all sizes, 

from low-density residential building to utility-scale solar farms, PV systems are both available 

and diverse and full of promise. Maybe it would be witnessed by the steeply rising peak of 

worldwide installation, particularly in nations like China, Europe, and the US, that solar PV can 

be the driver to bringing about an era of sustainability for energy. However, regional imbalance 

and collective take-up hold the secret to opening up the solar power prospect for every region 

of the world. Finally, ongoing PV technology innovation and enabling, visionary policy and 

solutions will be compelling drivers for propelling the world towards cleaner, more sustainable 

energy systems [85]. 
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II.1. Introduction  

With time, the conventional fossil fuels for generating electric loads are depleted, so efforts are 

made to harness photovoltaic (PV) solar energy to serve the continuously increasing electric loads. 

The energy conversion efficiency of PV modules is very low, while they are expensive in price. 

This calls for operating the module at the maximum power point at all operating conditions. There 

exist numerous maximum power point tracking techniques in today’s market to maintain the 

operation of PV module at maximum power such as off-line techniques, on-line or hill-climbing 

(HC) techniques and artificial intelligence (AI) techniques. Numerous approaches for improving, 

adapting, and optimizing these techniques have been published. However, they differ in many 

aspects such as tracking speed, tracking accuracy, steady-state efficiency and dynamic efficiency, 

number of sensors used, complexity, and cost. These MPPT techniques fail or deviate from 

tracking the correct maximum power point (MPP) under sudden or ramp variations of solar 

irradiation and ambient temperature as well as under partial shading with oscillations around MPP. 

From 1954 to 2018, all the researchers focused on MPPT, which is the main target of this chapter 

to follow up the history of development maximum power point tracking in PV systems as well as 

exploring the advantages and disadvantages of the many proposed MPPT methods. [86] 

II.2. Introduction to MPPT and Its Importance 

In 1954, Fuller et al. had received a patent-pending prize in physics for their first practical 

photovoltaic cell. When the PV module is directly coupled to a resistive load, DC lamp as shown 

in figure (II.1), or to a dynamic load, DC motor as shown in figure (II.2) , the module output 

current (I) and voltage (V) depend on the module’s operating point. The module’s operating point 

is located at the intersection of module and load I–V curves as shown in figure (II.3) Unfortunately, 

the module I–V curve is non-linear with only one maximum power point (MPP) at which the 

intersection rarely occurs. In addition, the module I–V and P–V curves change under varying 

irradiation and ambient temperature conditions making the new location of the MPP as shown in 

figure (II.4). When the module/array is partially shaded, the P–V curve has multi-peaks as shown 

in figure (II.5). Starting in 1954, the maximum power point tracking (MPPT) is the aim of 

researchers to enhance efficiency and improve the performance of the PV systems. MPP trackers 

are divided into two types: mechanical single and dual-axis trackers and electrical trackers. The 

mechanical tracker “sun tracker” is a way to direct the PV module to follow the sun. However, 

this type is complex and costly in implementation and has low efficiency. Therefore, all attempts 

by scientists have been directed toward electrical tracking. Electrical MPPT techniques are 

classified into three families: 
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 Off-line techniques:  

such as fractional open-circuit voltage (FOCV) and fractional short-circuit current (FSCC) 

techniques. 

 On-line hill-climbing (HC) techniques: 

such as perturb and observe (P&O) and incremental conductance (INC) techniques. 

 Artificial intelligence (AI) techniques 

 including fuzzy logic control (FLC) technique, artificial neural network (ANN) technique, particle 

swarm optimization (PSO) technique, and genetic algorithm (GA). [86] 

 

Figure (II.1): PV panel connected to a resistive load (R) [86] 

 
Figure (II.2): PV panel connected to a dynamic load [86] 
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Figure (II.3): Location of operating point as influenced by load resistance (R) [86] 

 

 
Figure (II.4): Location of MPP as influenced by irradiation level [86] 

 
     These MPPT techniques fail or deviate from tracking the correct maximum power point 

(MPP) under sudden or ramp variations of solar irradiation and ambient temperature as well as 

under partial shading with oscillations around MPP. [86] 
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II.3. Classical MPPT Techniques 

The PV cells and modules generate different power based on different environmental conditions 

like wind velocity, shading and angle of solar insolation. Because of that, the generation of 

maximum power is not guaranteed at all electrical loads [87]. MPPT techniques are equipped with 

proper controllers to extract maximum available power from PV configurations. There are various 

types of MPPT techniques used to run PV modules on maximum power. Nevertheless, the 

efficiency of the particular technique depends on its tracking ability in instantaneously changing 

weather conditions. So, depending on the tracking nature in PSC's, these techniques are classified. 

Discussion is done on all classified techniques and categorized into the following classification, 

as shown in figure (II.5). [88] 

 Classical MPPT. 

 Intelligence MPPT. 

 Optimization MPPT. 

For classical MPPT, the techniques include incremental conductance (INC), fractional open-

circuit voltage (FOCV), fractional short circuit current (FSCC), hill climbing (HC), perturb and 

observe (P&O), variable step size (P&O), constant voltage (CV), adaptive reference voltage 

(ARV), DC- link capacitor droop control based MPPT, ripple correlation control (RCC), look up 

table method, linearization based MPPT, and online-MPP search algorithm. These techniques are 

easily implemented because of their less complexity in the algorithm. They are most efficient for 

uniform irradiation conditions as the PV will generate only one GMPP in these conditions. 

Nevertheless, these algorithms have rapid oscillations around the MPP, and these results in the 

loss of power. Furthermore, above all these classical strategies neglect the effect of (PSCs) results 

in failing of tracking the genuine MPP. [89] 

Intelligence-based techniques includes fuzzy logic control (FLC), artificial neural network 

(ANN), sliding mode control (SMC), Fibonacci series based MPPT, and Gauss–Newton approach 

based MPPT. These techniques are intended for dynamic weather changing conditions with utmost 

high accuracy. Their tracking efficiencies, as well as tracking speeds, are so high. These methods 

also suffer from huge control circuit complexity and big data processing for the training of the 

system beforehand. Fuzzy logic control (FLC) is a striking technique, does not require the system 

knowledge for the MPPT implementation. ANN is a faster tracking technique but needs a huge 

amount of data (for training) to enhance the accuracy of tracking. It uses dynamic irradiation and 

temperature as input and stores them as data sets. SMC is the advanced technology, whose 

implementation is easier with tracking speeds at higher rates. Fibonacci and Gauss–Newton are 
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two methods, emerging at a faster rate because of their intelligence in tracking MPP by updating 

the searching range instantaneously. [90] 

   Optimization-based techniques include PSO, grey wolf optimization (GWO), cuckoo search 

CS-based, ant-colony optimization (ACO), and artificial bee colony (ABC). These methods tend 

searching true MPP in dynamic environment conditions also. PSO method is a faster tracking 

algorithm with reduced steady-state oscillations. Moreover, the implementation of these 

techniques is easier with the help of low-cost microcontrollers. GWO can search for optimum 

point of working at a faster as if like wolf continuously searching for its prey. This GWO is the 

best evolutionary technique with independence on system knowledge. CS-based MPPT is also a 

bio-inspired algorithm uses the nature of brood parasitism and thereby implementing levy flight 

methodology to obtain optimum MPP point. ACO and ABC are two emerging methodologies that 

also utilize the evolutionary-based algorithm implementation. These techniques require fewer 

temperature and voltage sensors than classical ones. [91] 

 

Figure (II.5): Basic classification of tracking techniques [91] 
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II.3.1. Constant voltage (CV)-based MPPT technique 

        The ideal working purpose of this MPPT is to make the PV power to operate near the MPP 

by controlling the PV voltage and comparing it to a fixed reference voltage (RV) equivalent to the 

VMPP. This technique of CV used for uniform irradiation conditions and neglects the effect of 

both insolation and temperature. This CV technique estimates MPP point a bit far away from the 

genuine MPP. Thus, the working point is not coordinating the MPP, and consideration of different 

topographical positions are necessary for the optimum RV to decrease the error value. The 

schematic block diagram of the CV MPPT technique is shown in figure (II.6). In this method, the 

required sensors are limited to one, for voltage measurement in order to have the PV module 

voltage V PV to get the proper duty ratio for the converter [92]. The method is simple, fast and 

easy to implement but shows limited precision. This technique requires measuring the Vocat regular 

intervals. Moreover, this technique applies to the condition where temperature variation is less 

done the practical implementation of the novel MPPT algorithm using CV constant current 

(CVCC) DC–DC converter, which is enabling the researchers to find the optimum point precisely. 

[93] 

 

Figure (II.6): Schematic block diagram of CV MPPT technique [93] 
 

 Advantages 

 Easy to implement 

 CV uses one voltage sensor; hence, the cost will be reduced  

 Economical and more efficient during low radiation 

 Disadvantages 

 Priori data is needed 

 Less accuracy and efficiency due to approximation (VMPP = 0.76% Voc), which is not 

right in some cases 

II.3.2. Average Rectified Value MPPT technique 

       Average Rectified Value (ARV) based MPPT system is the extension strategy to CV 

technique as it has the presentation of flexibility to dynamic climatic conditions. The deliberate 

radiation and temperature levels adjust the RV for MPPT. The schematic block model of ARV 

MPPT method is given in figure (II.7). The working scope of the radiation at a given temperature 
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is separated into several divisions, and the comparing RV is recorded off-line in a truth table. The 

error between the reference and assessed PV voltages is compensated using the corresponding 

proportional integral (PI) controller to generate a reasonable duty cycle proportional to the fitting 

converter that is used. [94] 

      The proposed ARV procedure does not require transient interruption of the PV module. It 

considers the climatic conditions by estimating the temperature (T) and irradiation (G) levels 

utilizing two additional sensors than the traditional CV system and one extra sensor than P&O 

method makes this system a bit costly. However, the increase in efficiency compensated for this 

factor. [94] 

 

Figure (II.7): Schematic block diagram of ARV MPPT technique [94] 
 

II.3.3 Fractional short circuit current (FSCC) MPPT 

This technique, also called as an off-line method, appeared to be simple in its algorithm 

implemented in MPP tracking procedures. Usually, it happens that current at MPP (Impp) happens 

at the proximity of short circuit current Isc under some random environmental conditions. The 

current at MPP can be calculated by using the equation (II.1). 

���� = �� × ��� (��. �) 

Where factor Ki ranges in between 0.75 and 0.9. The implementation of this technique is shown 

in figure (II.8). [95] 

       This technique is appropriate for low current and high voltage applications. Above condition 

uncovers that this strategy is just an approximation, and consequently, it does not work at definite 

MPP. Besides, the whole day operation requires irregular estimations of Isc, resulting in the loss of 

power. A novel hybrid method of FSCC with P&O method is explained. respectively. 

Advancement in this technique is implemented by connecting embedded card directly to the 

Simulink environment and without using the irradiation sensor. [96] 
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Figure (II.8): Block diagram of Off-line MPPT method [96] 

 

II.3.4 Fractional open circuit voltage MPPT 

       In this method, as it is named as an off-line parameter or the FOCV MPPT, open circuit 

voltage Voc is considered as an off-line parameter as given in the same Figure. II.9. the relation 

between (Vmpp) and Voc is given as: 

���� = �� × ���   (��. �) 

The estimation of Kv is somewhere in the range of 0.7–0.8 [97] .This strategy is additionally 

founded on estimation. It is most appropriate for low voltage, high current applications as it is 

mostly based on the rule of approximation. As the operation of this method depends on the 

estimation, it is then viable for uniform irradiation conditions. The drawback in this method will 

be the irregular measurement of Voc, which results in unnecessary usage of power. After getting 

the approximated value of Vmpp, a closed-loop controller is used to reach the desired voltage. Since 

the connection is just an estimation, the PV array, in fact, never works at the MPP coined an 

improved FOCV technique named ‘smart timer’, which can able track MPP in PSC's also. This 

smart timer estimates the frequency of the sample and holds the circuit. The hardware 

implementation of this technique is done, and effectiveness is compared with conventional FOCV. 

This technique holds good for low power consumption applications, so had an area of broader 

scope. [98] 

II.3.5. Perturb and observe (P&O) MPPT 

      The P&O is one of the most used MPPT techniques in the literature and easily implemented in 

practice by most of the authors. This technique relies upon the trial and error method in searching 

and following the MPP. P&O calculation compares the power obtained in two points on a P–V 

curve and then compares the position of voltage. Then the voltage is updated accordingly (either 

to left or right of P–V curve) in order to track the MPP. Block diagram representation of this P&O 

technique is shown in figure (II.9). [95] 
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Figure (II.9): Conventional P&O with fixed perturbation step [95] 

 

Fundamentally, this strategy checks for the change in PV cell power (dP), then checks for the 

sign of PV cell voltage (dV). According to the values obtained, D is perturbed. P–V curve data is 

used to analyses the actual movement of the operating point. Depending on the curve, if the 

(dP/dV) is positive, then the actual point seems to be in the left half of the MPP; else in negative 

half. Moreover, this process proceeds until (dP/dV) equivalents to zero.  

Perturb and observe (P&O) technique uses the measured PV voltage, current, and the output 

power and then takes the decision to increase or decrease the voltage using the duty ratio of the 

DC–DC converter until the MPP is tracked. Figure (II.10) shows the flowchart of P&O technique. 

The logic of the P&O is to perturb the PV output voltage and observe the power change. If the PV 

power captured increased, the perturbation decision should be kept in the same direction regardless 

of whether the PV voltage increases or decreases until MPP is tracked, whereas if the output power 

decreased, the voltage increment (V) should be reversed. The maximum power is extracted when 

dP/dV = 0 [99].  
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Figure (II.10): P–V characteristic of the PV array explaining the P&O concept [99] 

 

The algorithm flow chart is shown in figure (II.11). At the extreme point of any P–V curve, 

MPP is given by equation (II.3). The position of MPP (either left or right) is determined by using 

same equation (II.3). 

����

����
= � = ��� 

 

����

����
> � Left side of MPP 

 

(��. �) 

����

����
< � Right side of MPP 

 

 
Finally, the advantages and disadvantages of P&O MPPT technique are presented as follows: 

[100] 

 Advantages 

 Easy to implement 

 Upright, accurate and good performance under uniform radiation 

 Online and does not depend on PV array 

 Disadvantages 

 Oscillations around steady state occur during fast-varying environmental conditions 

 Difficulty of the step size control 
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Figure (II.11): Flowchart of P&O algorithm [100] 

 
II.3.6 On-line MPP search algorithm 

        The MPP search-identification calculation is situated inside the MPPT block, which 

incorporates the MPP identifier as well as an MPP tracker. In this calculation, as given below in 

figure (II.12), the primary task is to decide the estimation of reference greatest power and the 

present power is compared with it. This distinction is called the most extreme power error. To have 

the PV system be worked at its MPP, the most extreme power error ought to be zero or close to 

zero [101]. The drawback of this particular technique is that it cannot estimate the exact MPP if 

the load is in less quantity. So, to overcome this load deficiency, an extra load has to be connected 

to feed the extra current of the PV module. The think-tank of this method will be the updating 

process of the previous MPP if there is a change in atmospheric conditions. Utilizing boost current 

converter implemented the simulation of this technique on control board. [102] 
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Figure (II.12): Process flow of on-line search algorithm [102] 

 

II.3.7 Incremental conductance (INC) MPPT 

       The INC strategy depends on the way that the derivative of the output power P the panel 

voltage V is equivalent to zero at the MPP. The execution strategy of INC through the flowchart 

is shown in figure (II.13). Here in this method, all the data will be intended to use the slope of the 

P–V curve of the system and tracks the MPP with that data. If the slope of the P–V curve or the 

derivative of the PV array power (dP/dV) is zero, then only the process of tracking is 

accomplished. Whenever the atmospheric conditions are changing rapidly, tracking of MPP will 

be harder, and the rate of tracking also decreases in exponential rate due to the consistent change 

of the P–V curve. It is not very easy to maintain the operating point in those conditions. Many 

adaptive step size techniques are introducing to extract MPP without oscillations. The 

implementation of this method with Simulink blocks is done in MATLAB [89], and the same 

representation is given in figure (II.14). This strategy essentially utilizes the same way from P&O 

to reach MPP, however, utilizes the unique relationship of the current– voltage (I–V) curve. This 
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calculation understands current and voltage estimations of PV cell and measures derivative of PV 

cell current (dI) and PV cell voltage (dV) [103]. The PV current– voltage curve is utilized to decide 

the trajectory of the working point. The equations from (II.4) to (II.15) give the mathematical 

approach for calculating the position of MPP on the P–V curve. 
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Like P&O technique, it is difficult to make (dI/dV) equivalent to (-I/V), subsequently power 

loss was not as much as P&O has shown up. This strategy is more quickly and resistive than P&O 

yet it cannot discover GMPP in nearby MPPs like P&O. The basic microcontroller is well enough 

for the execution of this technique. Both voltage and current sensors are utilised as in the case of 

P&O. The improved INC prove better in many aspects of tracking speed and efficiency, and 

contemporary papers gave the broad implementation of this improved INC methodologies [104]. 

As detailed in reference [105], this strategy implemented on controller board can reach MPP in 

2.3 s. The bigger the increments of the system, the higher is the tracking efficiency. However, the 
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system will oscillate around the MPP with the higher increments, which also results in inefficient 

yielding of MPP [106]. 

 

Figure (II.13): Flowchart of the INC algorithm [102] 
 

 

Figure (II.14): Implementation of INC method using PI controller [89] 
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II.3.8 Ripple correlation control 

The basic methodology is to find the voltage derivative of power dP/dV, which is the main 

parameter in finding the MPP. The power converter consists of a voltage and current controller, 

which has the capability of sensing the voltages from the inverter in order to generate a reference 

signal. In this technique, the values of PV voltage and current are sensed using two sensors. 

Besides the low efficiency of the PV system, the addition of power converters will increase the 

ripple content. Implemented the grid-connected PV system by the help of this RCC technique, and 

the setup consists of two interface components like a controller board with slave processor and I/O 

interface board. This method shows good results for controlling the grid current by utilizing P-Q 

controller. [107] 

II.4. Advanced MPPT Techniques 

II.4.1. Fuzzy Logic Control (FLC) 

Fuzzy logic is a form of many-valued logic, which deals with reasoning that is approximate 

rather than fixed and exact. In contrast with traditional logic, which usually sets two-value logic 

as true or false, fuzzy logic can have varying values. Fuzzy logic variables may have a truth or 

false value that ranges in different degrees. 

In these cases, FLC could provide both fast process speed and the needed accuracy to some 

extent [108]. The objective of FLC is to track and extract the maximum power from the PV system 

for a given irradiance (W/m2) and temperature (°C). It does not require any technical knowledge 

of the PV system, while its simplicity gives it an advantage in tracking its MPP under fast-varying 

atmospheric conditions [109]. The FLC has two inputs which are 
� ���

����
  and ∆(

� ���

����
), (Err) and 

(ΔErr) which are determined from the PV output power and voltage as follows: 

��� =
���(�) − ���(� − �)

���(�) − ���(� − �)
 

. 

(��. ��) 

∆��� = ���(�) − ���(� − �) 
. 

(��. ��) 

        The output from FLC is the required change in the duty cycle of the DC–DC converter (de-

fuzzification). The FLC block diagram is shown in figure (II.15). The advantages of using FLC 

are in it being a universal control algorithm, very simple, adaptive, fast tracking response, 

parameter insensitivity and can work properly even with an imprecise input data. Also, FLC has 

better and efficient response in tracking the MPP, especially in the case of rapidly changing 

atmospheric conditions [110]. One of its drawbacks occurs in PSC where it may stick around LP. 

The figure (II.16) shows the input and output membership functions, and Table (II.1) introduces 
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the input and output fuzzy rules [111]. The variation step of Err and Err may vary according to the 

system. Once Err and ΔErr are calculated and transferred to the logic variables based on the 

membership functions, the FLC output, which is typically duty ratio change, ΔD of the DC–DC 

boost converter is estimated in rules as given in Table (II.1). 

 

Figure (II.15): FLC block diagram in MATLAB/Simulink [111] 

 

Figure (II.16): Membership functions of FLC [111] 
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Table (II.1): Fuzzy rules for the input and output variables [111] 

��� ∆��� 

NB NM NS ZE PS PM PB 

NB NB NB NB NB NM NS ZE 

NM NB NB NB NM NS ZE PS 

NS NB NB NM NS ZE PS PM 

ZE NB NM NS ZE PS PM PB 

PS NM NS ZE PS PM PB PB 

PM NS ZE PS PM PB PB PB 

PB ZE PS PM PB PB PB PB 
 

NB: Negative Big NM: Negative Medium NS: Negative Small 

PB: Positive Big PM: Positive Medium PS: Positive Small 

ZE: Zero     

The implementation of this technique for a solar PV system is represented in figure (II.17). In 

fuzzification, the inputs of PV parameters are transformed into the linguistic variables, crisp 

quantity is converted into fuzzy quantity (fuzzy set). 

Figure (II.17): Block diagram of FLC MPPT technique [111] 

Adaptive FLC performs well compared to the direct and indirect FLC-based MPPT during 

dynamic and steady state conditions regardless of the converter type [112]. In conclusion, FLC 

should be combined with a scanning and storing algorithm or other AI techniques to track the GP 

under PSC to achieve fast and accurate convergence, high tracking efficiency and drift avoidance 

[113], the advantages and disadvantages of FLC-based MPPT are given as follows: 
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 Advantages 

 Highly robust, fast response, better Performance and adjustable accuracy 

 Less oscillation during conditions variation 

 Able to work with imprecise inputs and good efficiency 

 More effective when combined with other EA techniques 

 Does not require accurate mathematical model and detailed information of the system 

 Disadvantages 

 High complexity and expensive Offline (priori information is required) 

 Efficiency of the whole system is dependent on the designer's performance and precision 

of the rules 

 Fails to converge under dynamic states 

 Rules cannot be changed, once defined 

II.4.2. Artificial Neural Networks (ANN) 

        Artificial neural network (ANN) represents one of the artificial intelligent MPPT techniques 

that has the ability to solve nonlinear problems. Therefore, it can be applied to track the GP over 

the LPs. ANN consists of three layers: input, hidden and output layers. The input layer is defined 

from the PV array such as temperature, irradiance and Isc or Voc [114]. ANN adjusts and controls 

the duty cycle of the DC–DC converter (ANN output) to track the Global Peak (GP). 

       The ANN demonstrates high efficiency and accuracy in tracking the unique peak under 

uniform conditions, outperforming conventional techniques by mitigating issues related to 

tracking speed and steady state oscillations [115]. However, ANN is more effective when 

integrated with conventional or AI-based MPPT methods to extract the Global Peak (GP) instead 

of Local Peaks (LP) in PV arrays. In such hybrid approaches, ANN predicts the GP region, while 

conventional or AI techniques handle precise tracking.  Challenges associated with ANN include 

the high cost or unavailability of irradiance sensors, extensive training data requirements, 

increased network complexity, and time consumption, particularly under Partial Shading 

Conditions (PSC). Additionally, optimizing the ANN structure and retraining due to PV system 

aging is necessary  for instance, combined ANN with Incremental Conductance (INC) to track the 

GP more efficiently than Perturb & Observe (P&O) and Fuzzy Logic Control (FLC)-based Hill 

Climbing (HC) [116]. Similarly, Jiang. integrated ANN with P&O, where ANN predicts the GP 

search area, and P&O performs tracking, proving superior to P&O, Fibonacci search, Particle 

Swarm Optimization (PSO), and Differential Evolution [117]. 



Maximum Power Point Tracking (MPPT) Techniques Chapter II 

  

 
51 

         The detailed implementation of ANN is shown in figure (II.18) [118] demonstrates the 

selection of PV panels for the efficient use of this ANN technique in order to foresee the real-time 

problems. [119] coined the improved MPPT Technique using the ANN methodology. [120] gives 

the simulation of this ANN technique by considering variable PV parameters. This technique is 

easier to implement in a small microcontroller with low costs, and hardware implementation 

includes the low calculation based controller with the best AF in the model. So calculations are 

done at a very faster rate; thereby, the rate of convergence towards the output is high. [121] 

modelled the hybrid genetic algorithm (GA)-ANN based MPPT technique. 

 

Figure (II.18): Detailed implementation of ANN method [121] 

 

The advantages and disadvantages of ANN-based MPPT technique are given as follows: 

 Advantages 

 Fast tracking speed, acceptable accurateness 

 Effective, less oscillations in conditions variation and good efficiency 

 Can be trained offline and used in the online environment 

 Disadvantages 

 High complexity and expensive  

 Requires extensive information about the PV parameters 

 Additional cost of temperature and irradiance sensors 
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II.4.3. Particle Swarm Optimization (PSO) 

       Particle swarm optimization (PSO) is one of the meta-heuristic search tools that receive 

considerable attention in engineering applications. PSO was first introduced in 1995 by Kennedy 

and Ebraham this method is inspired by the natural behavior of birds flocking [122]. This theory 

basically explores a specific area called the solution space, where each location has a possibility 

degree for the solution of problems. The PSO moves each particle throughout the solution space 

to determine the optimum solution according to the individual and neighboring particle 

experiences of the PSO during optimization. Therefore, particles involved in optimization use the 

memory of the particles to modify the particle fitness by following the behavior of the successful 

particles in the swarm. The PSO procedure starts with a random particle, continues by searching 

for optimal solutions within the past iterations (movement), and then evaluating the particle quality 

according to the fitness function [123]. The figure (II.19) shows the flowchart of PSO-based 

MPPT. At the beginning, the number of duty cycles has been randomly nominated. Then, each 

one is applied to the PV array. The system current and voltage are measured in order to estimate 

PV power. Such power represents the fitness function of particle i. In the next step, the comparison 

between new fitness value and power corresponding to pbest is stored in history. In case of the new 

estimated power is greater than the old one, it is selected as the best fitness value. After evaluating 

all particles, old velocity and position for each particle can be updated. When the stopping criterion 

is achieved, PSO-based tracker stopped and gives optimal duty cycle, which corresponds to global 

power [124]. 

        The basic PSO algorithm that defines the next position of the candidate solution is as follows 

[125]: 

��
��� = � × ��

� + �� × �� × ���� − ��
�� + �� × �� × ��� − ��

�� (��. ��) 

��
��� = ��

� + ��
� (��. ��) 

Where i represents the optimization vector variable, k is the number of iterations, V�
� and  X�

�  

are the respective velocity and position of the variable within k iterations, w is the inertia weight 

factor, c1 is the cognitive coefficient of the individual particles, c2 is the social coefficient of all 

the particles, and r1 and r2 are the random selected variables in the range [0,1]. These random 

parameters mainly aim to maintain stochastic movement within the iterations. To maintain the 

search space in a certain area, the velocity values are set to the range of [0,Vmax]. In PSO, the 

parameters w, c1, and c2 are highly mutable. The best self-experienced location (Pbi), which records 

the best position experienced by the particle up to the current iteration, is updated once equation 

II.18 is satisfied. [124] 
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Figure (II.19): Flowchart for searching mechanism by PSO-based tracker [124] 
In addition, the variable (Gb) records the Gb experienced location met by all contribute particles 

throughout the past iterations and is compared with the Pbi in each iteration. The update condition 

of Gb and Pbi is presented in equations. II.20 and II.21. These equations indicate that Gb is only 

recorded as Pbi if the conditions below are satisfied [103]. 

��� = ��
�        �� ����

��  ≥ �(��) (��. ��) 

�� = ���        �� �(��)  ≥ �(��) (��. ��) 

Equation II.22 shows the location matrix of the particles as a solution to the MPPT problem in 

the D dimensional search space [103]. 

��
� = ���

� .  ��
�   . ��

�, ⋯ ��
�, ⋯ , ����

� . ��
� � (��. ��) 
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       Where X�
� is the location of the kth particle at the kth iteration. Practically, the generated power 

fluctuates because of variations in the insolation levels and partial shading degrees. Therefore, the 

algorithm should be initialized when Equation II.23 is satisfied. If this step is neglected, the actual 

values of the acquired Pbi and Gb values should not be considered [103]. 

�
�(����) − �(��)

�(��)
� > ∆� 

(��. ��) 

Parameters affecting PSO performance are acceleration coefficients (the velocity and the 

position), inertia weight, population size, and maximum number of iterations. Advantages of PSO 

are global tracking technique, low computational complexity, and easy to combine with the basic 

algorithm. Disadvantages of PSO are standard PSO-based MPPTs have slow tracking speed when 

applying to large-scale PV arrays sensitive to the control parameters. [103] 

II.5. Hybrid MPPT Methods 

A simple and efficient hybrid MPPT technique for PV systems under PSC was developed with 

a combination of P&O or IC and artificial neural network [126]. This approach was noted to be 

less costly with simple structure and fast response. In a different work, an FL-based P&O MPPT 

was studied using peak current control with a variation of the reference current for better transient 

with the improved SteadyState performance [127].  

The analysis showed an improved transient response of 15% and the power loss reduction in the 

steady state. An ANN-Polar coordinated fuzzy controller-based MPPT control was applied  for PV 

under PSC [106]. The FL with polar information controller utilizes the global MPP voltage as a 

reference voltage to produce the required control signal for the power converter, and the MPPT is  

estimated  through the ANN algorithm. Meanwhile, an ANN-based modified IC algorithm for 

MPPT under PSC was simulated and implemented in hardware using FPGA [128]. The analysis 

revealed that the improved FL-P&O MPPT method is able to track the real absolute MPP for PSC. 

FL is adopted into the conventional MPPT to enhance the overall PV system performance and for 

the optimization of the solar PV array under PSC. This method has improved performance because 

it can facilitate the PV array to reach the MPP faster and achieve a stable output power. An MPPT 

algorithm based on a modified GA was also concentrated on tracking the GMPP in PV array with 

PSC [129]. A P&O algorithm was integrated into the GA function to create a single algorithm. 

The control part and the GMPPT algorithm were implemented on a digital signal processor and 

tested on an experimental small-scale PV system. The assessment of GA and conventional 

methods for MPPT of shaded solar PV generators is carried out [130]. They concluded that IC and 

P&O algorithms fail to achieve MPP of the PV if the PV panel is under PSC. To solve this problem, 

GA algorithm was used and it successfully enabled the system to reach the global MPP. 
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Alternatively, an MPPT method for PV systems PSC was formulated where a global MPP 

searching technique is obtained by linking IC and scanning approach method which utilizes duty 

cycle sweep to track the global MPP when the PV array is under PSC [131]. A hybrid MPPT 

technique based on P&O and PSO is indicated to have excellent performance [132]. P&O was 

employed to assign the nearest local maximum, 

II.5.1. FPSO MPPT 

       Hybrid MPPT techniques are advanced in their performance to increase the tracking efficiency 

and lower computational burden of hardware [133]. As the problem of precisely tracking the 

GMPP out of many LMPPs is not well achieved by the intelligent or optimization techniques 

individually, then coined this hybrid method of fuzzy particle swarm optimization (FPSO). The 

reason behind choosing this combination is less parameter adjustment, mathematical computation 

reduction. These two control parameters, which are building blocks in  the construction of 

membership functions (MFs), give the best MF distribution. In order to get the optimized solution, 

the fuzzy-PSO MPPT, designing of these MFs is crucial to work under PSCs. The fuzzy rules are 

designed in order to overcome any non-linearity in the system. The Mamdani based fuzzy MFs 

optimize the D of the converter used, which results in the high convergence of output at a fast rate 

[134]. Also, this converter considers all weather conditions, giving the maximum power even 

under dynamic insolation conditions. The flowchart representation of this hybrid methodology is 

given in figure (II.20). as the PSO method efficiency mainly depends on the particle velocity, 

selection of optimum value for the initial position is necessary. Equation (II.24) gives the 

evaluation factor. 

�� = � [�����(�) − ���(�)]����
��

�

 
(��. ��) 

 

TF is the total time period, PPeak is the peak power of PV at STC. Fitness function is controlling 

parameter, is used to evaluate the precise functionality of the whole system. Equation (II.25) gives 

this function in terms of the deviation of frequency (df). 

������� �������(��) = �|��|�� 
(��. ��) 

PSO is hybridized with the FLC to design simplified MFs with small and optimized base rules. 

Simplifies the PSO design with the use of algorithm CMex S function. This hybrid method is used 

to integrate the PV to the grid, and this effectively tracks the GMPP with the THD limits well 

within the IEEE standards. [135] 
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Figure (II.20): Flowchart of FPSO algorithm. [135] 
 

II.5.2.NFIS MPPT 
 
     The extraction of GMPP from PV array under PSC is quickly done by this advanced method 

which is based on adaptive neuro-fuzzy inference system (ANFIS). The ANFIS MPPT is utilized 

for the approximation of the solution efficiently by using the hybrid methodology. This process 

consists of mapping inputs with outputs, designing and distribution of MFs, and setting fuzzy rules 

using FLC and ANN. The trial and error procedure will give information about the design pattern 

of  MFs. N. Priyadarshi, et al. recently utilized this hybrid method and analyzed this technique 

prominence in various parameters [136]. Nevertheless, the ANN will come into the process by 
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tremendously reducing the error and optimizing those parameters. Whereas, FLC acts on the non-

linear inputs without the requirement of system knowledge. The main advancement of this 

technique is the inherent adaptive learning capabilities irrespective of the deviation of the training 

data. Both FLC and ANN postulates are included in this algorithm. Moreover, this technique can 

be applied to any system with any configuration under PSC’s that is making adaptive. Also, this 

system has less mathematical computation making more straightforward in design with prominent 

efficiency. The ANFIS MPPT architecture, which includes six layers, is shown in figure (II.21). It 

consists of six layers with two input parameters. These input parameters have three MFs, trained 

rigorously by the ANFIS method. After mapping both input and output, nine fuzzy rules are 

derived in order to produce the maximum output power. The working methodology includes the 

two inputs I1 and I2, which are base-widths for triangular MF distribution (or) half base-width of 

the MF distribution. As the inputs are consisting of three neurons each, they will be resulting in 9 

fuzzy rules [137]. 

 

Figure (II.21): Architecture of ANN MPPT. [137] 
Equation (II.26) represents First-order Takagi and Sugeno’s model of FLC, which gives the overall 

output as: 

�� = ���� + ���� + �� (��. ��) 

Where i = 1; 2; 3; : : : ; 9 (Fuzzy rules), ai ; bi and ci are the coefficients of output equation. 

The connecting weights between these layers is the normalized value V1avg, which lies in the range 

of [0,1] and mainly depends on the base width of triangular membership function distribution. This 

is given by the equation (II.27). 

�� ��� =
��� + ��� + ���

�
 ;     �� ��� =

��� + ��� + ���

�
 

(��. ��) 

Where V11 is the weight which is connecting the 1st node in layer 1 with 1st node in layer 2, V12 

is the weight which is connecting the 1st node layer 1 with 2nd node in layer 2, V24 is the weight 
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which is connecting the 2nd node in layer 1 with 4th node in layer 2, and so on. Among all available 

fuzzy rules, the best-optimized value of rule is selected or fired, which is represented by wn = firing 

strength. N is the particular node, where normalization takes place. The normalized value of firing 

strength w1out is given in the equation (II.28). 

�� ��� =
��

�� + �� + �� + ⋯ + ��
 (��. ��) 

Performance depends on the membership function distribution of input variables. ai; bi, and ci 

to be optimal values of parameters, selected precisely, so ANFIS work in optimal scenario. So, 

prediction also is made as accurately as possible. This method has excellent dynamic responses, 

especially when the PV system is integrated to grid maintaining its stability. References [136], 

[137], [138] includes the novel ANFIS methodologies for making the computational procedures 

more simpler by keeping efficiency in the maximum extent. 

II.6. Power Electronic Converters for MPPT Implementation 

II.6.1. Boost Converter 

Boost Converters sometimes, also known as step-up DC-DC converters are the type 

of chopper circuits that provides such an output voltage that is more than the supplied input 

voltage. In the case of boost converters, the dc to dc conversion takes place in a way that the circuit 

provides a high magnitude of output voltage than the magnitude of the supply input [139]. It is 

given the name ‘boost’ because the obtained output voltage is higher than the input voltage [140]. 

II.6.2. Operating Principle of Boost Converter 

The figure given below is the circuit representation of the boost converter: 

 
Figure (II.22): Elementary Circuit of Boost Converter [140] 

 



Maximum Power Point Tracking (MPPT) Techniques Chapter II 

  

 
59 

The circuit here is an elementary form of step-up DC-DC converter which necessarily requires 

a large inductor L in series connection with the voltage source. The whole circuit arrangement 

operates in a way that it helps in maintaining a regulated dc signal at the output [141]. 

Let us understand how the given circuit operates in order to provide an increased dc signal at 

the load. 

Initially, when the chopper CH is in on state, then in the presence of supply dc input current 

begins to flow through the closed path of the circuit i.e., passing through the inductor as shown in 

the figure below [142]. 

 

Figure (II.23): The Chopper CH is in on State [142] 
 

Here, the polarity of the inductor will be according to the direction of the flow of current. In 

this particular case, the diode in the configuration is in reverse biased condition and so current will 

not be allowed to flow through that particular part of the circuit during on state of the DC-DC 

converter. Resultantly, the voltage across DC-DC converter will appear across the load [142]. 

 

Figure (II.24): The Chopper CH is in Off State [142] 
 

Furthermore, at the instant when CH is in the off state, then the part of the circuit through which 

the current was flowing earlier will not be active in this case. However, as the inductor stores, the 

energy in the form of a magnetic field and so the current through it will not die out instantly. 
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 Also, we know according to Lenz’s law a reverse current will be induced that will oppose the 

cause which has produced it. And so, due to the induced current, the polarity of the inductor will 

get reversed. This reverse polarity of the inductor forward biases the diode present in the circuit. 

This provides the path for the current through the diode that flows through the load during the off 

state of the chopper i.e., Toff. However, we must note here that the current through the inductor is 

of decreasing nature and will die out after a point in time [143]. 

Thus, the total voltage across the load will be given as: 

�out = �in + �� 
 

(��. ��) 

This means that the output voltage exceeds the applied input voltage. Thus, performs step-up 

conversion as the energy stored within the inductor during the Ton period is released during the 

Toff period [144]. 

During the Ton period, the voltage across the inductor will be given as: 

�� = �
��

��
 

 

(��. ��) 

Let us have a look at the waveform representation of the step-up chopper shown below: 

 

Figure (II.25): Waveform Representation [144]  
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During the Ton period, the current through the inductor will change from i1 to i2 this is clearly 

shown above. While during the Toff period, the inductor current will change from i2 to i1. Now, 

talking about voltage, so during the turn-on period, the voltage across the inductor will be equal to 

the supply input voltage. But when CH gets off then on applying KVL in the figure shown above, 

we will get: 

�� − �� + �in = � 
 

(��. ��) 

This means: 

�� = �� − �in  
 

(��. ��) 

Considering that output current is varying linearly, the energy input provided by the source to 

the inductor, when CH is on, is given as: 

��� = ( voltage across the inductor )( average current through the inductor )�on  

��� = �in �
�� + ��

�
� ��� 

 

 
(��. ��) 

Further, the energy that the inductor releases to the load when CH is off is given as: 

�off = ( voltage across the inductor ) (average current through the inductor) �off  

�off = �out − �in �
�� + ��

�
� �off  

 

 
(��. ��) 

For a lossless system, comparing the two energies, we will have: 

�in �
�� + ��

�
� �on = �out − �in �

�� + ��

�
� �off  

 

 
(��. ��) 

On simplifying: 

�in �on = �out �off − �in �off  

�out �off = �in �on + �in �off  

�out �off = �in (�on + �off ) 
 

 
(��. ��) 

Since we know, T = Ton + Toff, therefore: 

�out �off = �in � 

�out = �in 

�

�off 
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Since, we know, duty cycle i.e., α = Ton/ T 
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���� = �in 

�

(� − �)
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Thus, we can conclude here that the average load voltage can be stepped up with the change 

in the duty cycle [145]. 

II.6.3. Buck-Boost Converter  

The buck–boost converter is a type of  DC-to-DC converter that has an output voltage 

magnitude that is either greater than or less than the input voltage magnitude. It is used to “step 

up” the DC voltage, similar to a transformer for AC circuits [139]. It is equivalent to a fly-back 

converter using a single inductor instead of a transformer. Two different types are called buck–

boost converter DC-DC converters, commonly referred to as choppers, include the versatile Buck-

Boost converter [140]. This converter can function as either a step-down or step-up converter, 

depending on its duty cycle, denoted as DA typical Buck-Boost converter circuit is shown below: 

[141] 

 

Figure (II.26): The Circuit Representation of Buck-Boost Converter [141] 

 

The input voltage source is connected to a solid-state device. The second switch used is a diode. 

The diode is connected, in reverse to the direction of power flow from source, 

to a capacitor and the load and the two are connected in parallel as shown in the figure above. 

The controlled switch in the converter uses Pulse Width Modulation (PWM) to toggle on and 

off. PWM may operate based on time or frequency, with time-based being the more common 

approach [142]. 

Frequency-based modulation, though versatile, has the disadvantage of requiring a wide range 

of frequencies to precisely control the switch and thus achieve the desired output voltage [143]. 

Time based Modulation is mostly used for DC-DC converters. It is simple to construct and use. 
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The frequency remains constant in this type of PWM modulation [144]. The Buck Boost 

converter has two modes of operation. The first mode is when the switch is on and conducting. 

Mode I: Switch is ON, Diode is OFF 

 
Figure (II.27): The Equivalent Circuit of Mode Ⅰ [144] 

 
The Switch is ON and therefore represents a short circuit ideally offering zero resistance to the 

flow of current so when the switch is ON all the current will flow through the switch and the 

inductor and back to the DC input source [145]. 

The inductor stores charge during the time the switch is ON and when the solid state switch is 

OFF the polarity of the Inductor reverses so that current flows through the load and through the 

diode and back to the inductor. So, the direction of current through the inductor remains the same 

[146]. 

Let us say the switch is on for a time TON and is off for a time TOFF. 

We define the time period, T, as: 

� = ��� + ���� 
 

(��. ��) 

and the switching frequency: 

�switching =
�
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Let us now define another term, the duty cycle: 
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Let us analyse the Buck Boost converter in steady state operation for this mode using KVL [146]. 
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Since the switch is closed for a time TON = DT we can say that Δt = DT. 

(���)closed = �
���

�
� �� 

 

 
(��. ��) 

While performing the analysis of the Buck-Boost converter we have to keep in mind that 

 The inductor current is continuous and this is made possible by selecting an appropriate 

value of L [148]. 

 The inductor current in steady state rises from a value with a positive slope to a 

maximum value during the ON state and then drops back down to the initial value with a 

negative slope. Therefore, the net change of the inductor current over any one complete 

cycle is zero. 

Switch is OFF, Diode is ONMode II:  

 
Figure (II.28): The Equivalent Circuit of Mode II [149] 

 
In this mode the polarity of the inductor is reversed and the energy stored in the inductor is 

released and is ultimately dissipated in the load resistance and this helps to maintain the flow of 

current in the same direction through the load and also step-up the output voltage as the inductor 

is now also acting as a source in conjunction with the input source. But for analysis we keep the 

original conventions to analyse the circuit using KVL [149]. 

II.6.4. Buck Boost Converter Formula 

Let us now analyse the Buck Boost converter in steady state operation for Mode II using KVL. 
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Since the switch is open for a time 

���� = � − ��� = � − �� = (� − �)� 
 

(��. ��) 

we can say that 

�� = (� − �)� 

(���)open = �
��

�
� (� − �)� 

 
(��. ��) 

It is already established that the net change of the inductor current over any one complete cycle 
is zero. 

(���)closed + (���)open = � 

�
��

�
� (� − �)� + �

�in 

�
� �� = � 

��

�in 
=

−�

� − �
 

 
 
 
(��. ��) 

We know that D varies between 0 and 1. If D > 0.5, the output voltage is larger than the input; 

and if D < 0.5, the output is smaller than the input. But if D = 0.5 the output voltage is equal to the 

input voltage [150]. 

II.6.5. Comparison of Converter Types 

Table (II.1) summarizes the voltage gains and switch stresses for the different converter types. 

For these converters, the evolution of the voltage gains as a function of the duty cycle is shown. 

While several types can be considered as boost converters, particularly if the duty cycle is greater 

than 0.5, only the boost type provides a boosting capability over the entire duty cycle range [151]. 

For a duty cycle of 0.5 for example, the boost converter exhibits an output voltage twice the input 

voltage. Whereas for the other boost-derived type, the output voltage is equal to the input voltage 

for this duty cycle value. It is only when the duty cycle approaches 1 that the other boost-derived 

types tend to resemble the behavior of the conventional boost type [152]. 
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Table (II.2): Comparison of Converter Types [152].  

Converter 
/Parameters 

Voltage Gain 
����

���
 

Voltage Controls 

Vk,max = 
|��, ���| 

Current Controls 

ik,max = Vd,max  = id,max 

Boost 1

1 −  �
 

���

�� �
 + 

�����

�
 

����

�� �
 + 

���

�
 

Buck �

1 −  �
 

���

�� �
 + 

�����

�
 

��

�� �
 + 

�����

�
 

Buck-Boost � ��� iL +  
���

�
 

 

II.7. Conclusion 

In conclusion, this chapter provides a comprehensive review of Maximum Power Point 

Tracking (MPPT) techniques for photovoltaic systems, covering both classical and advanced 

methods. The conventional fossil fuels are being depleted, leading to increased efforts in 

harnessing solar energy through photovoltaic (PV) systems. However, the efficiency of PV 

modules is relatively low while their cost remains high, necessitating effective MPPT techniques 

to maximize power output. Various MPPT approaches have been developed and categorized into 

off-line, on-line (hill-climbing), and artificial intelligence techniques, each with its own 

advantages and disadvantages regarding tracking speed, accuracy, complexity, and cost. Classical 

methods like Perturb and Observe (P&O) and Incremental Conductance (INC) are simple and 

widely used but suffer from oscillations and reduced efficiency under dynamic conditions. 

Advanced techniques such as Fuzzy Logic Control (FLC), Artificial Neural Networks (ANN), and 

Particle Swarm Optimization (PSO) demonstrate superior performance in complex scenarios like 

partial shading but come with higher complexity and cost. Hybrid methods that combine different 

approaches show promise in overcoming individual limitations and enhancing overall system 

performance. The choice of MPPT technique depends on specific application requirements, 

environmental conditions, and cost considerations, indicating the need for continuous research and 

development to optimize PV system efficiency and reliability. 
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III.1. Introduction 

In this chapter, we study and evaluate the performance comparisons of four famous Maximum 

Power Point Tracking (MPPT) algorithms: Perturb and Observe (P&O), Incremental Conductance 

(INC), Artificial Neural Network (ANN), and Fuzzy Logic Controller (FLC). They control the 

output power of the photovoltaic systems by maintaining the operational point to a suitable 

condition to retrieve maximum energy from the solar panels continuously. Thus, these algorithms 

effectively track the point where maximum power can be utilized and hence maximize the 

efficiency and effectiveness of PV systems, hence reflecting positively on the overall performance 

and energy yield. Measurement and observation patterns employed by the P&O algorithm are 

derived by periodic perturbations and observations. The INC technique uses the incremental 

conductance method for finer methods of adjustment. The ANN method employs artificial 

intelligence rather than depending on measurements to locate the maximum point with high 

precision. FLC works with fuzzy logic rules to deal with uncertainties and apparent nonlinearities 

in solar power behaviour, which makes it highly applicable in rapidly changing environmental 

conditions. Such a comprehensive analysis looks into the merits and demerits of individual 

algorithms and helps users know which one is suitable for their desired operating conditions. 

III.2. Parameters of the PV system in simulation  

The following characteristics of panel and the parameters of boost converter that are used in 

our PV system in simulation, are shown in the figure and table below: 

 

Figure (III.1): Characteristics of panel 
 

 Table (III.1): Parameters of boost converter 

Boost Converter Value 

Capacitor 1 200 µF 

Inductor 3.5 mH 

Capacitor 2 100 µF 

Resistive Load 300 Ω 
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III.3. Simulation results 

III.3.1. The perturb and observe (P&O) algorithm 

In this simulation, we used the Perturb and Observe (P&O) algorithm to obtain results for 

power, voltage, and current. Figure (III.2) represents the general system simulation, showcasing 

the overall setup and performance of the P&O -based MPPT system. The figure illustrates the 

integration of PV panels with the P&O -based MPPT controller, which adjusts the duty cycle to 

optimize power extraction. 

 
 Figure (III.2): Schematic simulation system with P&O 

 
a)- Constant irradiance (1000 W/m²) and constant temperature (25°C) 

 
 Figure (III.3): Duty cycle simulation result versus time for P&O in constant irradiance 

 

The Figure (III.3) demonstrates MPPT system fault-tolerant behavior, with the macroplot 

presenting an overall picture of stability, while formerly noted views detect minute fluctuations in 

a critical segment of its operation of constant irradiances of 1000 W/m² and temperature of 25 °C. 
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In the proposed MPPT systems, adaptive simulation for modeling proper lifetimes is put to real-

time application. Based on how electrically connected elements relate to solar panels, devices and 

currently manufactured technologies, safety has included defining electrical lines in schematics as 

Parliament authority circuits. 

 

 Figure (III.4): Power simulation result versus time for P&O in constant irradiance 
 

The Figure (III.4) illustrates the power response of an MPPT system using the P&O algorithm. 

The main plot shows a rapid increase in power followed by stabilization around 350W. The 

zoomed-in view highlights the oscillatory nature of the power output, characteristic of the P&O 

algorithm as it continuously perturbs to track the maximum power point. These oscillations are a 

trade-off for maintaining optimal power extraction and are crucial for understanding the efficiency 

and performance of the MPPT system. 

 

 Figure (III.5): Voltage simulation result versus time for P&O in constant irradiance 
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The Figure (III.5) illustrates the voltage response of an MPPT system using the P&O algorithm. 

The main plot shows a rapid increase in voltage, stabilizing around 330V. The zoomed-in view 

highlights the oscillatory nature of the voltage output. 

 

 Figure (III.6): Current simulation result versus time for P&O in constant irradiance 
 

The Figure (III.6) illustrates the current response of an MPPT system using the P&O algorithm. 

the main plot shows the rapid transient response leading to stabilization at approximately 1.1A, 

indicative of the system reaching its maximum power point. The zoomed-in view provides a closer 

look at the inherent oscillations around this steady-state value. 

b)- Variable irradiances (1000, 800, 600, 400 W/m2) and constant temperature (25°C) 

 
 Figure (III.7): Power Simulation Result versus time for P&O in variable irradiances 

 
The Figure (III.7) provides a comprehensive view of the MPPT system's power output behavior 

under varying irradiance levels. The main plot demonstrates the system's ability to track the 

maximum power point across different irradiances, with power stabilizing at approximately 350W, 

300W, 250W, and 200W for Irradiances levels of 1000W/m², 800W/m², 600W/m², and 400W/m², 
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respectively. The red dashed ellipse and zoomed-in view emphasize the system's transient response 

to a sudden drop in irradiance, showcasing the characteristic oscillations as the P&O algorithm 

adjusts to the new maximum power point. This detailed analysis underscores the efficiency and 

adaptability of the MPPT system in real-time solar energy applications. 

 

Figure (III.8): Voltage Simulation Result versus time for P&O in variable irradiances 
 

The Figure (III.8) demonstrates how the voltage of an MPPT system using the P&O algorithm 

adjusts to varying irradiance levels. The main plot shows the system's quick voltage stabilization 

at around 320V, followed by stepwise decreases as the irradiance drops. The zoomed-in view 

provides a detailed look at the transient fluctuations, illustrating the algorithm's continuous 

adjustments to maintain optimal performance. 

 

 Figure (III.9): Current Simulation Result versus time for P&O in variable irradiances 
 

The Figure (III.9) demonstrates how the MPPT system's current output, managed by the P&O 

algorithm, adjusts under varying irradiance levels. The main plot shows the current stabilizing 

around 1A and decreasing in steps as irradiance decreases. The zoomed-in view captures the 

transient response during an irradiance change. 
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III.3.2. Incremental Conductance (INC) algorithm 

In this simulation, we used the Incremental Conductance (INC) algorithm to obtain results for 

power, voltage, and current. Figure (III.10) represents the general system simulation, showcasing 

the overall setup and performance of the INC-based MPPT system. The figure illustrates the 

integration of PV panels with the INC-based MPPT controller, which adjusts the duty cycle to 

optimize power extraction. 

 

 Figure (III.10): Schematic simulation system with INC 
 

a)- Constant irradiance (1000 W/m²) and constant temperature (25°C) 

 
 Figure (III.11): Power simulation result versus time for INC in constant irradiance 

 
The Figure (III.11) demonstrates the power stabilization behavior of an MPPT system managed 

by the Incremental Conductance algorithm. The main plot shows a rapid rise and stabilization of 

power at approximately 380W, reflecting the system's efficiency. The zoomed-in view highlights 

periodic fluctuations, illustrating the algorithm's continuous adjustments to maintain optimal 
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power output. This analysis underscores the Incremental Conductance algorithm's capability to 

dynamically track the maximum power point with precision. 

 

 Figure (III.12): Voltage simulation result versus time for INC in constant irradiance 
 

The Figure (III.12) demonstrates the voltage response of an Incremental Conductance-based 

MPPT system. The main plot shows the voltage stabilizing around 330V, while the zoomed-in 

view captures small fluctuations. 

 

 Figure (III.13): Current simulation result versus time for INC in constant irradiance 
 

The Figure (III.13) demonstrates the current stabilization behavior of an MPPT system 

managed by the Incremental Conductance algorithm. The main plot shows the current quickly 

rising and stabilizing around 1.1A, indicating the system's efficiency in reaching the maximum 

power point. The zoomed-in view highlights small fluctuations in the current. 
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b)- Variable irradiances (1000, 800, 600, 400 W/m2) and constant temperature (25°C) 

 
 Figure (III.14): Power simulation result versus time for INC in variable irradiances 

 
The Figure (III.14) demonstrates the power response of an MPPT system using the Incremental 

Conductance algorithm under varying irradiance conditions. The main plot shows the power 

stabilizing around 350W initially, with stepwise decreases as the irradiance drops. The zoomed-in 

view captures the transient fluctuations during an irradiance change. 

 

 Figure (III.15): Voltage simulation result versus time for INC in variable irradiances 
 

The Figure (III.15) demonstrates the voltage response of an Incremental Conductance-based 

MPPT system to varying irradiance levels. The main plot shows a rapid rise and stabilization 

around 330V, with stepwise decreases as irradiance drops. The zoomed-in view highlights 

transient fluctuations. 
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 Figure (III.16): Current simulation result versus time for INC in variable irradiances 
 

The Figure (III.16) demonstrates the current response of an MPPT system using the Incremental 

Conductance algorithm under varying irradiance conditions. The main plot shows the current 

stabilizing around 1.1A initially, with stepwise decreases as the irradiance drops. The zoomed-in 

view captures transient fluctuations during an irradiance change. 

III.3.3. Artificial Neural Network (ANN) algorithm 

In this simulation, we used the Artificial Neural Network (ANN) algorithm to obtain results for 

power, voltage, and current. Figure (III.17) represents the general system simulation, showcasing 

the overall setup and performance of the ANN-based MPPT system. The figure illustrates the 

integration of PV panels with the ANN-based MPPT controller, which adjusts the duty cycle to 

optimize power extraction. 

 

Figure (III.17): Schematic simulation system with ANN 
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a)- Constant irradiance (1000 W/m²) and constant temperature (25°C) 

 
 Figure (III.18): Duty Cycle Simulation Result versus time 

 
The Figure (III.18) demonstrates the stability and fine-tuning of the duty cycle by an ANN 

based MPPT system. The main plot shows a stable duty cycle near 1, while the zoomed-in view 

reveals periodic adjustments, indicating the ANN's responsiveness to optimize performance. 

 

 Figure (III.19): Power simulation result versus time for ANN in constant irradiance 
 

The Figure (III.19) demonstrates the power stabilization behavior of an MPPT system managed 

by an ANN algorithm. The main plot indicates a rapid rise and stabilization of power at 

approximately 380W, reflecting the system's efficiency. The zoomed-in view highlights periodic 

fluctuations, illustrating the ANN's ongoing adjustments to maintain optimal power output. This 

analysis underscores the ANN algorithm's capability to dynamically track the maximum power 

point with precision. 
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Figure (III.20): Voltage simulation result versus time for ANN in constant irradiance 

 

The Figure (III.20) illustrates the voltage behavior of an ANN-based MPPT system. The main 

plot shows a quick rise and stabilization around 335V, while the zoomed-in view captures small 

fluctuations. 

 

 Figure (III.21): Current simulation result versus time for ANN in constant irradiance 
 

The Figure (III.21) shows the current stabilization of an ANN-based MPPT system. The main 

plot displays a rapid rise in current, stabilizing around 1.1A. The zoomed-in view highlights small 

fluctuations. 

 



Simulation and modeling of MPPT techniques  Chapter III  

  

 
80 

b)- Variable irradiances (1000, 800, 600, 400 W/m2) and constant temperature (25°C) 

 
 Figure (III.22): Power simulation result versus time for ANN in variable irradiances 

 
The Figure (III.22) demonstrates how the ANN-based MPPT system adjusts its power output 

under varying irradiance conditions. The main plot shows the power stabilizing at approximately 

350W initially, with stepwise decreases as the irradiance drops. The zoomed-in view captures the 

transient fluctuations during an irradiance change. 

 

 Figure (III.23): Voltage simulation result versus time for ANN in variable irradiances 
 

The Figure (III.23) illustrates the ANN-based MPPT system's voltage response to varying 

irradiance. The main plot shows the voltage stabilizing around 330V and stepping down with 

decreasing irradiance. The zoomed-in view highlights transient fluctuations This demonstrates the 

algorithm's capability to dynamically adjust to real-time changes in solar irradiance, ensuring 

efficient performance. 
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 Figure (III.24): Current simulation result versus time for ANN in variable irradiances 
 

The Figure (III.24) demonstrates the current response of an ANN-based MPPT system under 

varying irradiance conditions. The main plot shows the current stabilizing around 1.1A initially, 

with stepwise decreases as the irradiance drops. The zoomed-in view captures transient 

fluctuations during an irradiance change. 

III.3.4. Fuzzy Logic Controller (FLC) algorithm 

In this simulation, we used the Fuzzy Logic Controller (FLC) algorithm to obtain results for 

power, voltage, and current. Figure (III.25) represents the general system simulation, showcasing 

the overall setup and performance of the FLC-based MPPT system. The figure illustrates the 

integration of PV panels with the FLC-based MPPT controller, which adjusts the duty cycle to 

optimize power extraction. 

 

Figure (III.25): Schematic simulation system with FLC 
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a)- Constant irradiance (1000 W/m²) and constant temperature (25°C) 

 

 Figure (III.26): Power simulation result versus time for FLC in constant irradiance 
 

The figure (III.26)  illustrates the system power output exponentially increasing quickly to 

around 370 W under constant irradiance, controlled by a Fuzzy Logic Controller (FLC). After this 

initial rise (transient time), the power stays fairly stable around this value but shows continuous, 

relatively small-scale, cyclical fluctuations (steady-state). Zooming in stresses these oscillations, 

suggesting natural dynamics or control reactions within the FLC-controlled system. The FLC 

performs well in regulating the average power, but there is a steady-state ripple. 

 

Figure (III.27): Voltage simulation result versus time for FLC in constant irradiance 

 

The figure represents the voltage behavior of an FLC-based MPPT system under constant 

irradiance conditions. The curve shows a rapid rise in voltage, quickly stabilizing around a specific 

value (approximately 335V). This indicates the system's ability to adapt efficiently and reach 
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optimal performance under stable environmental conditions.  While the zoomed-in views the 

magnified section reveals minor fluctuations after stabilization, reflecting the system’s continuous 

fine-tuning to maintain maximum power point tracking with high precision despite minor load or 

condition changes. 

 

 Figure (III.28): Current simulation result versus time for ANN in constant irradiance 
 

The Figure (III.28) illustrates the current stabilization of an FLC-based MPPT system. The main 

plot shows a rapid rise in current, stabilizing around 1.1A. The zoomed-in view highlights small 

fluctuations near the stabilization point. This behavior reflects the efficiency of the FLC system 

under constant irradiance conditions, with minor deviations due to its rule-based nature. 

b)- Variable irradiances (1000, 800, 600, 400 W/m2) and constant temperature (25°C) 

 

 Figure (III.29): Power simulation result versus time for FLC in variable irradiances 
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The figure illustrates the performance of the Fuzzy Logic Controller (FLC) based MPPT system 

under fluctuating irradiance conditions. Initially, the power stabilizes at approximately 350W , 

followed by stepwise decreases as irradiance levels drop over time. The zoomed-in section 

highlights transient fluctuations during these transitions, with power briefly oscillating between 

340W and 350W before stabilizing at a new level. These precise adjustments demonstrate the 

system's ability to dynamically adapt to rapid changes in irradiance while maintaining efficient 

energy extraction. 

 

 Figure (III.30): Voltage simulation result versus time for FLC in variable irradiances 

 

The Figure (III.30) illustrates the FLC-based MPPT system's voltage response to varying 

irradiance. The main plot shows the voltage stabilizing around 330V and stepping down to 

approximately  250-270V  with decreasing irradiance. The zoomed-in view reveals minor transient 

fluctuations during adaptation. Each stabilization period after irradiance changes takes 

approximately  0.02 to 0.05 seconds. This demonstrates the FLC algorithm's ability to efficiently 

adapt to dynamic solar irradiance changes while maintaining stable performance. 

 

 Figure (III.31): Current simulation result versus time for FLC in variable irradiances 
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The figure (III.31) depicts the current response of an FLC-based MPPT system under 

fluctuating irradiance levels. Initially, the current stabilizes at approximately 1.1A , showing 

steady behaviour. As irradiance decreases, the current exhibits stepwise reductions, reaching 

around 0.8A during lower irradiance periods. The zoomed-in section highlights transient 

fluctuations, with minor oscillations of about ±0.05A , reflecting the system's dynamic adaptation 

to rapid changes in irradiance. 

III.4. Comparison and Analysis Between P&O, INC, ANN and FLC  

III.4.1. Constant Irradiance (1000 W/m2) 

The following figures compare the power, current and voltage in constant irradiance outputs of 

four MPPT algorithms: Perturb and Observe (P&O), Incremental Conductance (INC), Artificial 

Neural Network (ANN)  and Fuzzy Logic Control (FLC). 

a)- Analysis of Voltage Tracking Performance 

The provided graph compares the voltage tracking performance of four different control strategies 

over time. The strategies are: 

1. V (P&O) : Perturb and Observe method. 

2. V (INC) : Incremental Conductance method. 

3. V (ANN) : Artificial Neural Network-based method. 

4. V (FLC) : Fuzzy Logic Control-based method. 

 

Figure (III.32): Voltage simulation result versus time in constant irradiance of four 
MPPT algorithms 
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Main Graph Analysis 

 Time Range : The main graph spans from 0 to 1 second. 

 Voltage Range : The voltage values range from approximately 0 V to 350 V. 

 Initial Transient Behavior : 

 All methods start at 0 V and rapidly increase their voltage output within the first 

0.1 seconds. 

 The V (FLC) method (pink dashed line) reaches its peak voltage slightly faster than 

the others, indicating a quicker response time. 

 The V (P&O) method (blue solid line) shows a smooth and steady increase in 

voltage. 

 The V (INC) method (red dashed line) and V (ANN) method (green solid line) also 

show rapid increases but with slight oscillations compared to V (P&O) . 

 Steady-State Performance : 

 After approximately 0.1 seconds, all methods stabilize around a voltage level of 

330 V . 

 The V (P&O) method maintains a very stable voltage output with minimal 

fluctuations. 

 The V (INC) and V (ANN) methods exhibit small oscillations around the steady-

state value. 

 The V (FLC) method shows a slightly higher steady-state voltage compared to the 

others, reaching approximately 340 V . 

Zoomed-In Section Analysis 

 Time Range : The zoomed-in section focuses on the interval from 0.14 to 0.15 seconds. 

 Voltage Range : The voltage values in this section range from approximately 300V to 

340V. 
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 Detailed Observations : 

 The V (FLC) method (pink dashed line) consistently achieves the highest voltage 

output, peaking at 340 V . 

 The V (P&O) method (blue solid line) shows significant fluctuations, dropping as 

low as 300 V and recovering to around 310 V . 

 The V (INC) method (red dashed line) and V (ANN) method (green solid line) 

maintain relatively stable outputs around 330 V , with minor oscillations. 

Comparison of Methods 

Table (III.2): Comparison the voltage between the four methods in constant irradiance 

Method 

    
 

Initial Response 

    
 

Steady-State 

Voltage 
Fluctuations 

    
 

Peak Voltage 

V (P&O) Smooth,  moderate ~330 V Minimal ~330 V 

V (INC) Rapid, with oscillations ~330 V Moderate ~330 V 

V (ANN) Rapid, with oscillations ~330 V Moderate ~330 V 

V (FLC) Fastest ~340 V Slight ~340 V 
 

Key Findings 

1. Response Time : The V (FLC) method has the fastest initial response, reaching its peak 

voltage quickest. 

2. Steady-State Stability : The V (P&O) method demonstrates the most stable steady-state 

performance with minimal fluctuations. 

3. Peak Voltage Output : The V (FLC) method achieves the highest peak voltage output, 

reaching 340 V . 

4. Oscillations : Both the V (INC) and V (ANN) methods exhibit more noticeable oscillations 

compared to V (P&O) and V (FLC) . 

Conclusion 

The V (FLC) method outperforms the others in terms of peak voltage and initial response speed. 

However, it shows slight fluctuations in the steady state. The V (P&O) method provides the most 

stable voltage output with minimal fluctuations, making it suitable for applications requiring high 
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reliability. The V (INC) and V (ANN) methods offer good performance but with some oscillations 

that may affect system stability under certain conditions. 

Final Recommendation 

For applications prioritizing peak voltage and fast response, the V (FLC) method is recommended. 

For applications requiring highly stable voltage output, the V (P&O) method is the best choice. 

b)- Analysis of Current Tracking Performance 

The provided graph compares the current tracking performance of four different control strategies 

over time. The strategies are: 

1. I (P&O) : Perturb and Observe method. 

2. I (INC) : Incremental Conductance method. 

3. I (ANN) : Artificial Neural Network-based method. 

4. I (FLC) : Fuzzy Logic Control-based method. 

 
Figure (III.33): Current simulation result versus time in constant irradiance of four MPPT 

algorithms 

    

Main Graph Analysis 

 Time Range : The main graph spans from 0 to 1 second. 

 Current Range : The current values range from approximately 0 A to 1.2 A. 

 Initial Transient Behavior : 

 All methods start at 0 A and rapidly increase their current output within the first 0.1 

seconds. 
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 The I (FLC) method (pink dashed line) reaches its peak current slightly faster than 

the others, indicating a quicker response time. 

 The I (P&O) method (blue solid line) shows a smooth and steady increase in 

current. 

 The I (INC) method (red dashed line) and I (ANN) method (green solid line) also 

show rapid increases but with slight oscillations compared to I (P&O) . 

 Steady-State Performance : 

 After approximately 0.1 seconds, all methods stabilize around a current level of 

1.1A . 

 The I (P&O) method maintains a very stable current output with minimal 

fluctuations. 

 The I (INC) and I (ANN) methods exhibit small oscillations around the steady-state 

value. 

 The I (FLC) method shows a slightly higher steady-state current compared to the 

others, reaching approximately 1.12 A . 

Zoomed-In Section Analysis 

 Time Range : The zoomed-in section focuses on the interval from 0.14 to 0.15 seconds. 

 Current Range : The current values in this section range from approximately 1 A to 1.12A. 

 Detailed Observations : 

 The I (FLC) method (pink dashed line) consistently achieves the highest current 

output, peaking at 1.12 A . 

 The I (P&O) method (blue solid line) shows significant fluctuations, dropping as 

low as 1 A and recovering to around 1.02 A . 

 The I (INC) method (red dashed line) and I (ANN) method (green solid line) 

maintain relatively stable outputs around 1.1 A , with minor oscillations. 
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Comparison of Methods 

Table (III.3): Comparison the current between the four methods in constant irradiance 

Method 

    
 

Initial Response 

    
 

Steady-State 

Current 
Fluctuations 

    
 

Peak Current 

I (P&O) Smooth,  moderate ~1.1 A Minimal ~1.1 A 

I (INC) Rapid, with oscillations ~1.1 A Moderate ~1.1 A 

I (ANN) Rapid, with oscillations ~1.1 A Moderate ~1.1 A 

I (FLC) Fastest ~1.12 A Slight ~1.12 A 
 

Key Findings 

1. Response Time : The I (FLC) method has the fastest initial response, reaching its peak 

current quickest. 

2. Steady-State Stability : The I (P&O) method demonstrates the most stable steady-state 

performance with minimal fluctuations. 

3. Peak Current Output : The I (FLC) method achieves the highest peak current output, 

reaching 1.12 A . 

4. Oscillations : Both the I (INC) and I (ANN) methods exhibit more noticeable oscillations 

compared to I (P&O) and I (FLC) . 

Conclusion 

The I (FLC) method outperforms the others in terms of peak current and initial response speed. 

However, it shows slight fluctuations in the steady state. The I (P&O) method provides the most 

stable current output with minimal fluctuations, making it suitable for applications requiring high 

reliability. The I (INC) and I (ANN) methods offer good performance but with some oscillations 

that may affect system stability under certain conditions. 

Final Recommendation 

For applications prioritizing peak current and fast response, the I (FLC) method is recommended. 

For applications requiring highly stable current output, the I (P&O) method is the best choice. 
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c)- Analysis of Power Tracking Performance 

The provided graph compares the power tracking performance of four different control strategies 

over time. The strategies are: 

1. P (P&O) : Perturb and Observe method. 

2. P (INC) : Incremental Conductance method. 

3. P (ANN) : Artificial Neural Network-based method. 

4. P (FLC) : Fuzzy Logic Control-based method. 

 

 Figure (III.34): Power simulation result versus time in constant irradiance of four 
MPPT algorithms 

    

Main Graph Analysis 

 Time Range : The main graph spans from 0 to 1 second. 

 Power Range : The power values range from approximately 0 W to 400 W. 

 Initial Transient Behavior : 

 All methods start at 0 W and rapidly increase their power output within the first 0.1 

seconds. 

 The P (FLC) method (pink dashed line) reaches its peak power slightly faster than 

the others, indicating a quicker response time. 

 The P (P&O) method (blue solid line) shows a smooth and steady increase in 

power. 

 The P (INC) method (red dashed line) and P (ANN) method (green solid line) also 

show rapid increases but with slight oscillations compared to P (P&O) . 
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 Steady-State Performance : 

 After approximately 0.1 seconds, all methods stabilize around a power level of 

350W . 

 The P (P&O) method maintains a very stable power output with minimal 

fluctuations. 

 The P (INC) and P (ANN) methods exhibit small oscillations around the steady-

state value. 

 The P (FLC) method shows a slightly higher steady-state power level compared to 

the others, reaching approximately 380 W. 

Zoomed-In Section Analysis 

 Time Range : The zoomed-in section focuses on the interval from 0.14 to 0.15 seconds. 

 Power Range : The power values in this section range from approximately 300 W to 380W. 

 Detailed Observations : 

 The P (FLC) method (pink dashed line) consistently achieves the highest power 

output, peaking at 380 W . 

 The P (P&O) method (blue solid line) shows significant fluctuations, dropping as 

low as 300 W and recovering to around 320 W . 

 The P (INC) method (red dashed line) and P (ANN) method (green solid line) 

maintain relatively stable outputs around 360 W , with minor oscillations. 

Comparison of Methods 

Table (III.4): Comparison the power between the four methods in constant irradiance 

Method 

    
 

Initial Response 

    
 

Steady-State 

Power 
Fluctuations 

    
 

Peak Power 

P (P&O) Smooth,  moderate ~350 W Minimal ~350 W 

P (INC) Rapid, with oscillations ~350 W Moderate ~350 W 

P (ANN) Rapid, with oscillations ~350 W Moderate ~350 W 

P (FLC) Fastest ~380 W Slight ~380 W 
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Key Findings 

1. Response Time : The P (FLC) method has the fastest initial response, reaching its peak 

power quickest. 

2. Steady-State Stability : The P (P&O) method demonstrates the most stable steady-state 

performance with minimal fluctuations. 

3. Peak Power Output : The P (FLC) method achieves the highest peak power output, 

reaching 380 W . 

4. Oscillations : Both the P (INC) and P (ANN) methods exhibit more noticeable oscillations 

compared to P (P&O) and P (FLC). 

Conclusion 

The P (FLC) method outperforms the others in terms of peak power output and initial response 

speed. However, it shows slight fluctuations in the steady state. The P (P&O) method provides the 

most stable power output with minimal fluctuations, making it suitable for applications requiring 

high reliability. The P (INC) and P (ANN) methods offer good performance but with some 

oscillations that may affect system stability under certain conditions. 

Final Recommendation 

For applications prioritizing peak power and fast response, the P (FLC) method is recommended. 

For applications requiring highly stable power output, the P (P&O) method is the best choice. 

III.4.2. Variable Irradiances (1000, 800, 600, 400 W/m2) 

The following figures compare the power, current and voltage in variable irradiances outputs 

of four MPPT algorithms: Perturb and Observe (P&O), Incremental Conductance (INC), Artificial 

Neural Network (ANN)  and Fuzzy Logic Control (FLC). 

a)- Analysis of Voltage Tracking Performance Under Varying Irradiance Conditions 

The provided graph compares the voltage tracking performance of four different control 

strategies under varying irradiance (IR) conditions. The strategies are: 

1. V (P&O) : Perturb and Observe method. 

2. V (INC) : Incremental Conductance method. 



Simulation and modeling of MPPT techniques  Chapter III  

  

 
94 

3. V (ANN) : Artificial Neural Network-based method. 

4. V (FLC) : Fuzzy Logic Control-based method. 

 
Figure (III.35): Voltage simulation result versus time in variable irradiance of four 

MPPT algorithms 

     

Main Graph Analysis 

 Time Range : The main graph spans from 0 to 1 second. 

 Voltage Range : The voltage values range from approximately 0 V to 350 V. 

 Irradiance Levels : 

 IR = 1000 W/m² : From 0 to 0.3 seconds. 

 IR = 800 W/m² : From 0.3 to 0.5 seconds. 

 IR = 600 W/m² : From 0.5 to 0.7 seconds. 

 IR = 400 W/m² : From 0.7 to 1 second. 

Behavior Under Different Irradiance Levels 

1. Initial Transient Behavior (IR = 1000 W/m²) : 

 All methods start at 0 V and rapidly increase their voltage output within the first 

0.1 seconds. 

 The V (FLC) method (pink dashed line) reaches its peak voltage slightly faster than 

the others, indicating a quicker response time. 
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 The V (P&O) method (blue solid line) shows a smooth and steady increase in 

voltage. 

 The V (INC) method (red dashed line) and V (ANN) method (green solid line) also 

show rapid increases but with slight oscillations compared to V (P&O) . 

2. Steady-State Performance at IR = 1000 W/m² : 

 After approximately 0.1 seconds, all methods stabilize around a voltage level of 

330 V . 

 The V (P&O) method maintains a very stable voltage output with minimal 

fluctuations. 

 The V (INC) and V (ANN) methods exhibit small oscillations around the steady-

state value. 

 The V (FLC) method shows a slightly higher steady-state voltage compared to the 

others, reaching approximately 340 V . 

3. Response to Decreasing Irradiance : 

 As the irradiance decreases from 1000 W/m² to 800 W/m² , all methods show a 

decrease in voltage. 

 The V (FLC) method demonstrates the fastest response to the change in irradiance, 

maintaining a smoother transition compared to the other methods. 

 The V (P&O) method shows a gradual decrease in voltage but with some overshoot 

and undershoot during the transition. 

 The V (INC) and V (ANN) methods exhibit more noticeable oscillations during the 

transition. 

4. Steady-State Performance at Lower Irradiances : 

 At IR = 800 W/m² , the steady-state voltage for all methods is around 300V. 

 At IR = 600 W/m² , the steady-state voltage drops to approximately 250V. 

 At IR = 400 W/m² , the steady-state voltage further decreases to around 200V. 
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 Throughout these transitions, the V (FLC) method consistently shows the least 

fluctuation and the fastest adaptation to the new irradiance levels. 

Zoomed-In Section Analysis 

 Time Range : The zoomed-in section focuses on the interval from 0.5 to 0.7 seconds 

(transition from IR = 800 W/m² to IR = 600 W/m² ). 

 Voltage Range : The voltage values in this section range from approximately 200 V to 

300V. 

 Detailed Observations : 

 The V (FLC) method (pink dashed line) shows the smoothest transition, 

maintaining a consistent voltage drop without significant overshoot or undershoot. 

 The V (P&O) method (blue solid line) exhibits significant fluctuations, dropping 

sharply and recovering slowly. 

 The V (INC) method (red dashed line) and V (ANN) method (green solid line) 

show more pronounced oscillations during the transition. 

Comparison of Methods 

Table (III.5): Comparison the voltage between the four methods in variable irradiances 

Method 

    
 

Initial Response 

    
 

Adaptation to Changing 

Irradiance 

Steady-

State 

Voltage 

Fluctuations 

    

V (P&O) 

Smooth,  

moderate 

Slow adaptation with 

overshoot/undershoot 
Stable 

    

Moderate 

    

V (INC) 

Rapid, with 

oscillations 

Moderate adaptation with 

oscillations 
Stable 

   

High 

    

V (ANN) 

Rapid, with 

oscillations 

Moderate adaptation with 

oscillations 
Stable 

    

High 

    

V (FLC) Fastest 

Fastest adaptation with 

minimal oscillations 
Stable 

     

Minimal 
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Key Findings 

1. Initial Response : The V (FLC) method has the fastest initial response, reaching its peak 

voltage quickest. 

2. Adaptation to Changing Irradiance : The V (FLC) method demonstrates the fastest and 

most stable adaptation to decreasing irradiance levels, showing minimal overshoot and 

undershoot. 

3. Steady-State Stability : The V (P&O) method provides the most stable steady-state 

performance with minimal fluctuations under constant irradiance. 

4. Oscillations : Both the V (INC) and V (ANN) methods exhibit more noticeable oscillations 

compared to V (P&O) and V (FLC) , especially during transitions. 

Conclusion 

The V(FLC) method outperforms the others in terms of adaptability to changing irradiance 

conditions, achieving the fastest and smoothest transitions with minimal fluctuations. However, 

under constant irradiance, the V(P&O) method provides the most stable steady-state performance. 

The V(INC) and V(ANN) methods offer good performance but with more oscillations during 

transitions. 

Final Recommendation 

For applications requiring robust performance under dynamic irradiance conditions, the V(FLC) 

method is recommended due to its fast adaptation and stability. For applications operating under 

constant irradiance, the V(P&O) method is the best choice for its steady-state stability. 

b)- Analysis of Current Tracking Performance Under Varying Irradiance Conditions 

The provided graph compares the current tracking performance of four different control strategies 

under varying irradiance (IR) conditions. The strategies are: 

1. I (P&O) : Perturb and Observe method. 

2. I (INC) : Incremental Conductance method. 

3. I (ANN) : Artificial Neural Network-based method. 

4. I (FLC) : Fuzzy Logic Control-based method. 
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Figure (III.36): Current simulation result versus time in variable irradiance of four 

MPPT algorithms 

     
Main Graph Analysis 

 Time Range : The main graph spans from 0 to 1 second. 

 Current Range : The current values range from approximately 0 A to 1.2 A. 

 Irradiance Levels : 

 IR = 1000 W/m² : From 0 to 0.3 seconds. 

 IR = 800 W/m² : From 0.3 to 0.5 seconds. 

 IR = 600 W/m² : From 0.5 to 0.7 seconds. 

 IR = 400 W/m² : From 0.7 to 1 second. 

Behavior Under Different Irradiance Levels 

1. Initial Transient Behavior (IR = 1000 W/m²) : 

 All methods start at 0 A and rapidly increase their current output within the first 0.1 

seconds. 

 The I (FLC) method (pink dashed line) reaches its peak current slightly faster than 

the others, indicating a quicker response time. 

 The I (P&O) method (blue solid line) shows a smooth and steady increase in 

current. 
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 The I (INC) method (red dashed line) and I (ANN) method (green solid line) also 

show rapid increases but with slight oscillations compared to I (P&O) . 

2. Steady-State Performance at IR = 1000 W/m² : 

 After approximately 0.1 seconds, all methods stabilize around a current level of 

1.1A . 

 The I (P&O) method maintains a very stable current output with minimal 

fluctuations. 

 The I (INC) and I (ANN) methods exhibit small oscillations around the steady-state 

value. 

 The I (FLC) method shows a slightly higher steady-state current compared to the 

others, reaching approximately 1.12 A . 

3. Response to Decreasing Irradiance : 

 As the irradiance decreases from 1000 W/m² to 800 W/m² , all methods show a 

decrease in current. 

 The I (FLC) method demonstrates the fastest response to the change in irradiance, 

maintaining a smoother transition compared to the other methods. 

 The I (P&O) method shows a gradual decrease in current but with some overshoot 

and undershoot during the transition. 

 The I (INC) and I (ANN) methods exhibit more noticeable oscillations during the 

transition. 

4. Steady-State Performance at Lower Irradiances : 

 At IR = 800 W/m² , the steady-state current for all methods is around 1 A . 

 At IR = 600 W/m² , the steady-state current drops to approximately 0.8 A . 

 At IR = 400 W/m² , the steady-state current further decreases to around 0.6 A . 

 Throughout these transitions, the I (FLC) method consistently shows the least 

fluctuation and the fastest adaptation to the new irradiance levels. 
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Zoomed-In Section Analysis 

 Time Range : The zoomed-in section focuses on the interval from 0.5 to 0.7 seconds 

(transition from IR = 800 W/m² to IR = 600 W/m² ). 

 Current Range : The current values in this section range from approximately 0.6 A to 1 A. 

 Detailed Observations : 

 The I (FLC) method (pink dashed line) shows the smoothest transition, maintaining 

a consistent current drop without significant overshoot or undershoot. 

 The I (P&O) method (blue solid line) exhibits significant fluctuations, dropping 

sharply and recovering slowly. 

 The I (INC) method (red dashed line) and I (ANN) method (green solid line) show 

more pronounced oscillations during the transition. 

Comparison of Methods 

Table (III.6): Comparison the current between the four methods in variable irradiances 

Method 

    
 

Initial Response 

    
 

Adaptation to Changing 

Irradiance 

Steady-

State 

Voltage 

Fluctuations 

    

I (P&O) 

Smooth,  

moderate 

Slow adaptation with 

overshoot/undershoot 
Stable 

    

Moderate 

    

I (INC) 

Rapid, with 

oscillations 

Moderate adaptation with 

oscillations 
Stable 

   

High 

    

I (ANN) 

Rapid, with 

oscillations 

Moderate adaptation with 

oscillations 
Stable 

    

High 

    

I (FLC) Fastest 

Fastest adaptation with 

minimal oscillations 
Stable 

     

Minimal 

    

 

Key Findings 

1. Initial Response : The I (FLC) method has the fastest initial response, reaching its peak 

current quickest. 
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2. Adaptation to Changing Irradiance : The I (FLC) method demonstrates the fastest and most 

stable adaptation to decreasing irradiance levels, showing minimal overshoot and 

undershoot. 

3. Steady-State Stability : The I (P&O) method provides the most stable steady-state 

performance with minimal fluctuations under constant irradiance. 

4. Oscillations : Both the I (INC) and I (ANN) methods exhibit more noticeable oscillations 

compared to I (P&O) and I (FLC) , especially during transitions. 

Conclusion 

The I (FLC) method outperforms the others in terms of adaptability to changing irradiance 

conditions, achieving the fastest and smoothest transitions with minimal fluctuations. However, 

under constant irradiance, the I (P&O) method provides the most stable steady-state performance. 

The I (INC) and I (ANN) methods offer good performance but with more oscillations during 

transitions. 

Final Recommendation 

For applications requiring robust performance under dynamic irradiance conditions, the I(FLC) 

method is recommended due to its fast adaptation and stability. For applications operating under 

constant irradiance, the I(P&O) method is the best choice for its steady-state stability. 

Table (III.7): Comparison the power between the four methods in variable irradiances 

Method 

    
 

Initial Response 

    
 

Adaptation to Changing 

Irradiance 

Steady-

State 

Voltage 

Fluctuations 

    

P (P&O) 

Smooth,  

moderate 

Slow adaptation with 

overshoot/undershoot 
Stable 

    

Moderate 

    

P (INC) 

Rapid, with 

oscillations 

Moderate adaptation with 

oscillations 
Stable 

   

High 

    

P (ANN) 

Rapid, with 

oscillations 

Moderate adaptation with 

oscillations 
Stable 

    

High 

    

P (FLC) Fastest 

Fastest adaptation with 

minimal oscillations 
Stable 

     

Minimal 

    

 

 



Simulation and modeling of MPPT techniques  Chapter III  

  

 
102 

Key Findings 

1. Initial Response : The P (FLC) method has the fastest initial response, reaching its peak 

power quickest. 

2. Adaptation to Changing Irradiance : The P (FLC) method demonstrates the fastest and most 

stable adaptation to decreasing irradiance levels, showing minimal overshoot and 

undershoot. 

3. Steady-State Stability : The P (P&O) method provides the most stable steady-state 

performance with minimal fluctuations under constant irradiance. 

4. Oscillations : Both the P (INC) and P (ANN) methods exhibit more noticeable oscillations 

compared to P (P&O) and P (FLC) , especially during transitions. 

Conclusion 

The P (FLC) method outperforms the others in terms of adaptability to changing irradiance 

conditions, achieving the fastest and smoothest transitions with minimal fluctuations. However, 

under constant irradiance, the P (P&O) method provides the most stable steady-state performance. 

The P (INC) and P (ANN) methods offer good performance but with more oscillations during 

transitions. 

Final Recommendation 

For applications requiring robust performance under dynamic irradiance conditions, the P(FLC) 

method is recommended due to its fast adaptation and stability. For applications operating under 

constant irradiance, the P(P&O) method is the best choice for its steady-state stability. 

III.5. Comparison of efficiency between algorithms (P&O, INC, ANN and FLC) 

III.5.1 Constant Irradiance (1000 W/m2) 

Table (III.8): Table of efficiency in constant irradiance 

Algorithm Efficiency 

Perturb and Observe (P&O) 94.72% 

Incremental Conductance (INC) 95.58% 

Artificial Neural Network (ANN) 96.63% 

Fuzzy Logic Controller (FLC) 93.18% 
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Figure (III.37): Chart of efficiency in constant irradiance 

 
The table (III.8) and curve (III.37) provide efficiency (η) values for four Maximum Power Point 

Tracking (MPPT) algorithms under constant irradiance (1000W/m2): 

Perturb and Observe (P&O), Incremental Conductance (INC), Artificial Neural Network (ANN) 

and Fuzzy Logic Controller (FLC) 

1. Key Observations 

 Highest Efficiency : The Artificial Neural Network (ANN) algorithm achieves the highest 

efficiency at 96.63% . 

 Ranking by Efficiency :ANN > INC > P&O > FLC. 

 Lowest Efficiency : The Fuzzy Logic Controller (FLC) algorithm has the lowest efficiency 

at 93.18% . 

These values are calculated using the formula: 

%100
load

PV

P

P
  

 
(III.1) 

 

where PPV and Pload are obtained from the PV_Input_Monitor and Output_Power_Monitor, 

respectively. 
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2. Analysis of the Curve 

 The curve indicates that ANN outperforms other algorithms in terms of stability and 

accuracy under constant irradiance conditions. 

 P&O and INC show stable performance but with slightly lower efficiencies compared to 

ANN . 

 FLC exhibits larger fluctuations or slower response times, leading to reduced efficiency. 

3. Factors Influencing Efficiency 

 Response Speed : Algorithms like ANN and INC demonstrate faster and more precise 

responses to minor changes in environmental conditions. 

 Fluctuations : P&O and FLC experience higher oscillations around the maximum power 

point (MPP), which reduces overall efficiency. 

 Tracking Accuracy : ANN uses advanced predictive models to accurately locate the MPP, 

making it the most efficient. 

4. Conclusion 

 Best Algorithm : ANN achieves the highest efficiency (96.63% ) due to its superior 

adaptability and precision. 

 Alternative Choice : INC is a strong second choice (95.58% ) for balancing efficiency and 

complexity. 

 Limitations : P&O (94.72% ) and FLC (93.18% ) are less efficient and may only be suitable 

for simpler or low-cost applications. 

5. Summary 

Based on the provided data: 

 Recommended Algorithm : ANN for achieving the highest efficiency and stability. 

 Alternative Algorithm : INC if slightly lower efficiency is acceptable. 

 Constraints : P&O and FLC are better suited for basic or cost-sensitive applications. 
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III.5.2 Variable irradiance (1000, 800, 600, 400 W/m2) 

Table (III.9): Table of efficiency in variable irradiance 

Algorithm Efficiency 

Perturb and Observe (P&O) 84.84% 

Incremental Conductance (INC) 88.04% 

Artificial Neural Network (ANN) 95.06% 

Fuzzy Logic Controller (FLC) 91.79% 
 

 
Figure (III.38): Chart of efficiency in variable irradiance 

 
The table (III.9) and curve (III.38) provide efficiency (η) values for four Maximum Power Point 

Tracking (MPPT) algorithms under variable irradiance (1000, 800, 600, 400 W/m2): Perturb and 

Observe (P&O), Incremental Conductance (INC), Artificial Neural Network (ANN) and Fuzzy 

Logic Controller (FLC). 

1. Key observations 

1. Highest Efficiency : 

 The Artificial Neural Network (ANN) algorithm achieves the highest efficiency at 

95.06%, demonstrating its superior adaptability to rapidly changing irradiance 

levels. 
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2. Second Best : 

 The Fuzzy Logic Controller (FLC) follows with an efficiency of 91.79%, showing 

reasonable performance but slightly lower stability compared to ANN. 

3. Moderate Performance : 

 The Incremental Conductance (INC) algorithm achieves 88.04%, indicating 

moderate adaptability to variable irradiance conditions. 

4. Lowest Efficiency : 

 The Perturb and Observe (P&O) algorithm has the lowest efficiency at 84.84%, 

reflecting its susceptibility to fluctuations and slower response under dynamic 

irradiance changes. 

2. Analysis of the chart (Figure III.33) 

 The chart visually confirms the rankings observed in the table: 

 ANN shows a consistently high efficiency curve, even as irradiance levels change. 

 FLC follows closely but exhibits minor fluctuations during transitions between 

irradiance levels. 

 INC demonstrates a stable but lower efficiency curve compared to ANN and FLC. 

 P&O shows significant drops in efficiency during irradiance transitions, 

highlighting its limitations in dynamic environments. 

3. Factors influencing efficiency 

1. Adaptability to Rapid Changes : 

 Algorithms like ANN excel due to their ability to predict and adapt quickly to 

changes in irradiance. 

 P&O struggles because it relies on perturbation, which is less effective under 

rapidly changing conditions. 
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2. Stability : 

 ANN and FLC maintain higher stability, minimizing oscillations around the 

maximum power point (MPP). 

 P&O and INC exhibit more oscillations, reducing overall efficiency. 

3. Complexity vs. Performance : 

 ANN and FLC are computationally more complex but deliver superior performance 

in dynamic conditions. 

 P&O and INC are simpler but less efficient under variable irradiance. 

4. Conclusion 

 Best Algorithm : ANN is the most effective under variable irradiance, achieving 95.06% 

efficiency due to its advanced predictive capabilities. 

 Alternative Choice : FLC is a strong second choice (91.79% ) for applications requiring 

good performance without the computational demands of ANN. 

 Limitations : P&O (84.84% ) and INC (88.04% ) are less suitable for dynamic 

environments, as they struggle with rapid changes in irradiance. 

5. Summary 

Based on the provided data: 

 Recommended Algorithm : ANN for optimal performance in variable irradiance 

conditions. 

 Alternative Algorithm : FLC if computational complexity is a concern. 

Constraints : P&O and INC are better suited for static or slowly changing environments. 

III.5.3. Comparison of efficiency between constant an variable irradiances 

The comparison of efficiency between the four algorithms (P&O, INC, ANN, and FLC) under 

both constant and variable irradiance conditions: 

Constant Irradiance (1000 W/m²): 

1. Artificial Neural Network (ANN) : 96.63% 
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2. Incremental Conductance (INC) : 95.58% 

3. Perturb and Observe (P&O) : 94.72% 

4. Fuzzy Logic Controller (FLC) : 93.18% 

Variable Irradiance (1000, 800, 600, 400 W/m²): 

1. Artificial Neural Network (ANN) : 95.06% 

2. Incremental Conductance (INC) : 88.04% 

3. Fuzzy Logic Controller (FLC) : 91.79% 

4. Perturb and Observe (P&O) : 84.84% 

Comparison and Analysis: 

1. Artificial Neural Network (ANN) : 

 Constant Irradiance : Highest efficiency at 96.63%. 

 Variable Irradiance : Still the highest efficiency at 95.06%. 

 Reason : ANN can adapt to changing conditions and learn from data, making it 

robust under both constant and variable conditions. 

2. Incremental Conductance (INC) : 

 Constant Irradiance : Second highest at 95.58%. 

 Variable Irradiance : Efficiency drops significantly to 88.04%. 

 Reason : INC is more sensitive to rapid changes in irradiance, which affects its 

performance under variable conditions. 

3. Fuzzy Logic Controller (FLC) : 

 Constant Irradiance : Lowest efficiency at 93.18%. 

 Variable Irradiance : Efficiency increases slightly relatively to P&O but remains 

lower than ANN and INC. 

 Reason : FLC's rule-based system might handle variability better than P&O but still 

not as effectively as ANN. 
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4. Perturb and Observe (P&O) : 

 Constant Irradiance : Third highest at 94.72%. 

 Variable Irradiance : Significant drop to 84.84%, the lowest among all. 

 Reason : P&O struggles with fluctuating conditions because it continuously 

perturbs and observes, leading to oscillations and reduced efficiency when 

irradiance varies. 

Cause of Differences Between Tables and Charts: 

 Constant vs. Variable Irradiance : 

 The efficiency values are generally higher under constant irradiance compared to 

variable irradiance. 

 This is expected because constant conditions provide a stable environment where 

algorithms can operate optimally. 

 Under variable irradiance, the environmental changes challenge the adaptive 

capabilities of each algorithm, causing efficiency to drop. 

 Algorithm Sensitivity : 

 Algorithms like P&O and INC show significant drops in efficiency under variable 

conditions due to their reliance on steady-state assumptions. 

 ANN shows minimal decrease in efficiency due to its ability to learn and adapt to 

varying inputs. 

 FLC lies in between, showing moderate adaptability but not as pronounced as 

ANN. 

In conclusion, the Artificial Neural Network (ANN) demonstrates superior performance across 

both constant and variable irradiance conditions, while Perturb and Observe (P&O) exhibits the 

most significant decline in efficiency under variable irradiance. The differences in efficiency 

values between constant and variable conditions highlight the strengths and weaknesses of each 

algorithm's adaptability to environmental changes. 
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III.6. Conclusion 

The performance of four Maximum Power Point Tracking algorithms, Artificial Neural 

Network (ANN), Fuzzy Logic Controller (FLC), Incremental Conductance (INC), and Perturb and 

Observe (P&O), is compared under constant and variable irradiation conditions in this research. 

The result indicates that ANN has highest efficiency always, 96.63% under constant irradiation 

and 95.06% under variable irradiation, due to its improved adaptability and predictability feature. 

INC is a tolerable second best, with the best performance (95.58% steady-state, 88.04% transient) 

but mean computational complexity. FLC and P&O are below optimal, particularly under dynamic 

conditions, and P&O experiences considerable reductions owing to oscillations and lower response 

times. FLC is superior to P&O under changing illumination but is less stable and efficient than 

ANN and INC. Thus, ANN suits maximum efficiency for varying environments, whereas P&O 

and INC suit easier or cost-cutting systems. The above finding comes to serve as a pointer towards 

the need for selecting an algorithm for environment stability and system need. 
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Conclusion 

In this graduation thesis, we studied various Maximum Power Point Tracking (MPPT) 

techniques for photovoltaic systems. Focus was given to their performance under constant and 

variable irradiance conditions. We have taken some of the primary algorithms such as Perturb and 

Observe (P&O), Incremental Conductance (INC), Artificial Neural Network (ANN), and Fuzzy 

Logic Controller (FLC). Each algorithm has its pros and cons, and we were able to conduct a 

comparative study in detail on efficiency and flexibility. 

We learned from our study that the P&O algorithm is simple but is highly oscillatory near 

the maximum power point. The INC algorithm offers better accuracy but is unstable under 

dynamic conditions. But ANN was more efficient, with up to 96.63% under steady irradiance, 

though it demands a high amount of computational power. Though FLC provides good 

performance with moderate complexity but not as efficient as ANN. These results highlight the 

compromises between simplicity, efficiency, and computational demand. 

We compared these algorithms in depth using MATLAB-Simulink simulations. The result 

showed that ANN is superior to others regarding efficiency with 95.06% under variable irradiance 

due to its advanced predictive capability. INC was a close second at 88.04%. P&O and FLC had 

efficiencies of 84.84% and 91.79%, respectively. The above values confirm that ANN is the most 

suitable algorithm for varying environments, while FLC can be applied to situations where 

computational complexity is not an issue. 

Based on the analysis, ANN was selected as the most effective algorithm due to its high 

efficiency and stability. However, FLC can also be a good choice for applications that require a 

trade-off between performance and computational complexity. Algorithms like P&O and INC are 

only fitting for low-cost or low-complexity applications where a high rate of irradiance variation 

is not a primary concern. 

Future research could focus on refining these algorithms or combining them to leverage 

their collective strengths. For instance, hybridizing ANN with P&O could reduce oscillations 

while maintaining high efficiency. Additionally, exploring new techniques such as ANFIS 

(Adaptive Neuro-Fuzzy Inference System) might lead to even better performance. Further studies 

should also consider practical implementations by testing these algorithms in real-world 

conditions. 
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Experimental validations in the future through physical models will be required to compare 

real-world performances with MATLAB-Simulink-based simulations. Such experiments will not 

only validate theoretical assumptions but also provide clearer indications toward improved PV 

system designs. This forms a crucial step toward developing improved and more efficient systems 

to resist dynamic weather conditions. 
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