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ملخص 

 

ثشكم أسبسٙ عهٗ انظشٔف انًُبخٛخ  (PV)انزٙ رٕفشْب أَظًخ انطبقخ انكٓشٔػٕئٛخ رزعهق الاسزطبعخ 

 ًٚكٍ أٌ رعجش عهٗ اسزغبثبد رشغٛمعٓذ رؾزٕ٘ عهٗ يُبؽق - رٛبس خظبئض  إٌ. ٔؽذٔس الأعطبل

 رّا إؽذٖ ِرًضمانغضئٙ  انزظهٛم عٍ انُبرغخ الاسزغبثخ.  فٙ غبنت الأؽٛبٌعٓذح يزُٕعخ ٔواَزقبنٛخ

ػًٍ ْزا انًُظٕس، اَؾظش انعًم . انؾبلاد راد الأًْٛخ انخبطخ فٙ رقٛٛى أداء الأَظًخ انكٓشٔػٕئٛخ

انجؾضٙ نٓزِ الأؽشٔؽخ ٔانزٙ رى فٛٓب رقٛٛى الأداء انذُٚبيٛكٙ نُظبو كٓشٔػٕئٙ صلاصٙ الأنٕاػ ثؾهقخ 

 .يفزٕؽخ ٔ يغهقخ

 داس إصاعهٗ إصشِ َزظ يخزهفخ ثٛئٛخ ظشٔف نزأصٛشاد   نضايب  أخؼع انُظبو انكٓشٔػٕئٙ انًذسٔط قذ إٌ

 . نلاسزطبعخأؽكبيًب يخزهفخ عهٗ يُبؽق انزشغٛم نهزٛبس ٔنهغٓذ ٔ

 أعزًذ ػًٍ ْزِ.  رؾكى يقزشؽخإسزشارٛغٛخ رؾسُّٛ ثفؼم يعقذ رىفٙ انٕاقع، نٕؽع سهٕك دُٚبيٛكٙ 

انزٛبس انكٓشٔػٕئٙ ثبسزخذاو ٔؽذح رؾكى فٙ انٕػع انًُضنق يٍ عٓخ ، ٔيٍ عٓخ  عذٚمدالأخٛشح عهٗ 

رّ لاواانز٘ رى رعذٚم يع (FOPID )حٔ سرت عشش٘ رPIDعٓذ انخشط ثبسزخذاو يُظى  عذٚمدأخشٖ عهٗ 

 يُبؽق نًخزهف الأخٛش سًؼ ثزؾذٚذ ٔؽذح انزؾكى انًضهٗ ا ْز.(PSO)ثبسزخذاو اسزًضبل عُبطش انسشة 

عذٚم انُظبو انكٓشٔػٕئٙ اسزخذاو رعذٚم عشع انُجؼخ دنى ٚزطهت  .انزشغٛم ًَٔبرط انزظهٛم انغضئٙ

(PWM.) 

نقذ نٕؽظذ ثعغ انُقبئض ثسجت انُٓظ انًسزخذو نٕػع ٔسبئؾ انزعذٚم عهٗ يسزٕٖ خٕاسصيٛبد انجؾش 

 ثإقؾبو خٕاسصيٛخ MPPT رًذ ثزؾذٚش رقُٛخ يعبنغزٓب(. MPPT)عٍ َقطخ الاسزطبعخ انقظٕٖ 

 . انزؾكى انًقزشؽخإسزشارٛغٛخٔديغٓب يع  (MFO) عضخ انهٓتاسزًضبل 

 اسزغبثبد دأَٓب أظٓش نذسعخ فعبنخ نهغبٚخ ظٓش َزبئظ رؾسٍٛ الأداء انذُٚبيٛكٙ انًقزشؽخ دإسزشارٛغٛخٌ إ

 .عبثشح يًزبصح نسُٛبسْٕٚبد رشغٛم يخزهفخ

اسزًضبل عُبطش ,  (MPPT)َٖٔقطخ الاسزطبعخ انقضرزجع , (PV)انكٓشٔػٕئٛخ  : الكلمات المفتاحية

يزؾكى رُبسجٙ ركبيهٙ , (PWM)رعذٚم عشع انُجؼخ  ,(MFO )عضخ انهٓتاسزًضبل , (PSO)انسشة 

 (FOPID )حٔ سرت عشش٘رفبػهٙ ر
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ABSTRACT 

The output power of Photovoltaic (PV) energy generation systems depends mainly on 

climatic conditions and the occurrence of faults. The current-voltage characteristics of PV 

systems have regions of operation with various, most often constraining, transient responses. 

Significantly, the presence of partial shading is a case of particular interest in performance 

evaluation. The research work of this thesis comes under this perspective. Thus, the dynamic 

evaluation of a PV system's performances composed of three panels was carried out in an 

open and closed loop.  

The studied PV system had to undergo the effects of different environmental conditions, 

which gave different evaluations on the operating regions of current, voltage, and power.  

Indeed, a complex dynamic behavior has been identified, the improvement of which was 

obtained thanks to a proposed control strategy. The latter was based on one hand on 

regulating the PV current using a sliding mode controller, and on the other hand on regulating 

the output voltage using a Fractional Order PID (FOPID) controller whose parameters have 

been adjusted using Particle Swarm Optimization (PSO). The last one was able to determine 

the optimal controller for different operating regions and partial shading patterns. The 

regulation of the PV system did not require the use of Pulse Width Modulation (PWM).  

Certain imperfections due to the regulation parameterization approach were observed at the 

levels of the Maximum Power Point Tracking (MPPT) algorithms. To remedy this, the MPPT 

technique based on the Moth-Flame Optimization (MFO) algorithm was implemented and 

combined with the proposed control strategy. 

The proposed dynamic performance improvement strategy is highly effective which shows 

excellent transient responses in various operating scenarios. 

Keywords : Photovoltaic (PV), Maximum Power Point Tracking (MPPT), Particle Swarm 

Optimization (PSO), Moth-Flame Optimization (MFO), Pulse Width Modulation (PWM), 

Fractional Order Proportional-Integral-Derivative (FOPID). 
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RESUME  

La puissance fournie par les systèmes photovoltaïques (PV) dépend, principalement, des 

conditions climatiques et de la survenance des défauts. Les caractéristiques courant-tension 

des systèmes PV ont des régions de fonctionnement susceptibles de contenir diverses 

réponses transitoires le plus souvent contraignantes. Notamment la présence d'ombrage partiel 

en est un cas qui intéresse, particulièrement, l’évaluation des performances. Le travail de 

recherche de la présente thèse s’inscrit dans cette optique. Ainsi, l’évaluation des 

performances dynamiques d’un système PV composé de trois panneaux a été effectuée en 

boucle ouverte et fermée. 

Le système PV étudié a dû subir les effets de différentes conditions environnementales qui ont 

donné, à leur tour, différentes appréciations sur les régions de fonctionnement du courant, de 

la tension et de la puissance.  

En effet, un comportement dynamique complexe a été relevé dont l’amélioration a été 

obtenue grâce à une stratégie de contrôle proposée. Cette dernière s’est articulée d’une part, 

sur la régulation du courant PV à l'aide d'un contrôleur à mode glissant et d’autre part, sur la 

régulation de la tension de sortie à l'aide d'un régulateur PID d'ordre fractionnaire (FOPID) 

dont les paramètres ont été ajustés en utilisant l'optimisation par essaim de particules (PSO). 

Ce dernier a pu déterminer le contrôleur optimal pour différents régions de fonctionnement et 

modèles d'ombrage partiel. La régulation du system PV n’a pas nécessité un usage de la 

modulation à largeur d'impulsion (PWM). 

Certaines imperfections dues à l'approche utilisée pour le paramétrage de la  régulation ont été 

observées aux niveaux des algorithmes de recherche de point de puissance maximale (MPPT). 

Pour y remédier, la technique MPPT basée sur l’algorithme d’optimisation Hétérocère - 

Flamme (MFO) a été implémentée et associée à la stratégie de contrôle proposée. 

La stratégie d'amélioration des performances dynamiques proposée est très efficace jusqu’à 

même montrer d'excellentes réponses transitoires dans divers scénarios d'exploitation. 

Mots Clés : Photovoltaïque (PV), Poursuit du point de puissance maximal (MPPT), 

Optimisation par essaims particulaires (PSO), Optimisation par Hétérocère - Flamme (MFO), 

modulation à largeur d'impulsion (PWM), Proportionnel-Intégral-Dérivé d'ordre fractionnaire 

(FOPID). 
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2 CHAPTER I     INTRODUCTION 

CHAPTER I 

 

 

 

I.1 PREAMBLE 

The chapter presents the motivations which led to the realization of the thesis research 

work. Also, the background is dressed to emphasize the necessary correlation of solar 

energy study with all the environmental, climatic, and conceptual properties and 

characteristics. The main objectives, contributions, and the thesis organization are 

presented as well. 

I.2 MOTIVATIONS AND BACKGROUND  

Almost all types of human activity require electrical energy. On the other hand, 

demographic growth and the search for well-being which depend on the availability of 

energy products, in particular, that of electricity, make the consumption of electrical 

energy constantly evolving. As a consequence, the electrical energy produced from fossil 

sources will be unable to meet human needs and it will also be avoided due to its 

detrimental effect on ecosystems. The burning of fossil fuels raises major concerns about 

global warming and the risky environmental effects of greenhouse gas emissions. To that 

fact, the eventual rapid depletion of fossil reserves can cause an increase in their costs 

despite their poor environmental profile. 

The aforementioned drawbacks turn out to be an ideal orientation for researchers and users 

of the electrical product to promote clean alternative sources. 

Like the causes of influence cited above, the covid-19 pandemic also appears to have been 

very influential on human activities for more than a year from December 2019.  

The daily country-level CO2 emissions estimated for different regions based on real-time 

activity data show a decline in global CO2 emissions by 8.8% (1,551 Mt CO2) in the first 

half of 2020, compared to the same period in 2019. Other estimations show that the scale 
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of this decline is greater than in the previous economic recession or World War II as shown 

in figure I.1 [1]. 

 

Figure I.1 Annual decrease of CO2 emission since  1900 [1]. 

Due to the increasing electricity demand and resulting high greenhouse emissions which is 

the highest among emitting sectors (figure I.2) [2] and the decreasing availability of 

conventional energy sources, such as coal, oil, etc. renewable energy, one of the 

manifestations of energy that earth receives from the sun plays an important role in the 

production of electrical energy.  

 

Figure I.2 Greenhouse gas emissions by sector [2]. 
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Solar energy has a worldwide great potential and very interesting environmentally friendly 

properties (figure I.3) [3]. Based on photovoltaic cells, the direct conversion of solar 

radiation to electrical energy could be considered an outstanding energy production 

process. The free availability of solar energy which is clean and abundant with also almost 

zero noise and maintenance-free noise characteristics reinforces its profile as the energy of  

the future. 

 

Figure I.3 PVOUT, GHI and DNI–Word [3]. 

In this context, Algerian relief is characterized by a large Sahara region exposed to high 

amounts of incoming sunlight. It could be a better choice for both testing and permanent 

installation of photovoltaic panels based solar energy generation systems. Algeria is the 

largest country in Africa with an area that reaches 2.381.741 km
2
 of which 86% is the 

desert. It is situated in the gateway of North Africa between the 38–35 of latitude north and 

8–12 longitude east, which is limited by the Mediterranean Sea to the north and by the 

Sahara to the south. The areas of northern Algeria are more heavily covered than those of 

the south. The Saharan regions receive a greater amount of energy but are characterized by 

a higher air temperature. Figure I.4 summarizes the estimated solar photovoltaic (PV) 

power generation potential, Global Horizontal Irradiation GHI, and Direct Normal 

Irradiation DNI– a long-term average of daily and yearly totals for Algeria [4]. 
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Figure I.4 PVOUT, GHI and DNI–Algeria [4]. 

The change in global demand for modules has always been an important factor in price 

adjustments. However, there are currently several mixed trends and demand forecasts. In 

Europe, the solar energy industry is growing rapidly, despite corona virus restrictions. 

Essentially strong demand is expected from China itself, and this should have gone 

smoothly, but has not been felt in the global market yet. (figure I.5) [5]. 

 

Figure I.5 Market module prices by technology [5]. 

In recent decades, scientists and engineers in national laboratories, universities and private 

companies have tried to search and develop new types of cells and expand the capabilities 

of existing cells because the ideal technology has yet to be developed. 

The National Renewable Energy Laboratory (NREL)  maintains some of the highest 

validated assembly conversion efficiency values for research cells since 1976 of various 

PV technologies 

http://www.nrel.gov/pv/
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The first-generation solar cells are based on silicon chips and the energy conversion is 

usually around 15-20% (Table I.1). Generally, compared to non-silicon solar cells, these 

solar cell technologies are more efficient and durable, but at higher temperatures, they are 

more likely to lose some of their efficiency. Currently, four types of silicon-based 

photovoltaic batteries are used commercially in the production of solar panels. These types 

are monocrystalline, polycrystalline, amorphous and hybrid solar cells (figure I.6) [6]. 

 

Figure I.6 1
st
 Generations Solar Cells Efficiency Milestones [6]. 

Table I.1 Comparisons of 1
st
Generation solar cells [7]. 

1st Generation PV Cells: Silicon Based Solar Cells (-Si) 

Silicon is still the most common material used in PV modules, thanks to its excellent electronic, chemical and mechanical properties. 

Solar technologies based on this semiconductor are considered the most mature. In general, the fabrication of silicon wafers is made 
through Czochralski (CZ) process. 

Types Efficiency Advantages Disadvantages 

sc-Si 

• 25–27% in laboratory 

• 16–22% commercial efficiency 
• The band gap is 1.11–1.15eV 

This type of solar panel 

is the purest one and has 
a high efficiency 

Manufacturing process (CZ 

process) is both material and 
energy intensive 

mc-Si 
• 15–18% 

• The band gap is 1.11 eV  

A suitable alternative to 

reduce PV module cost 
Less efficient than sc-Si cells 

 

The second-generation solar cells are based on amorphous silicon and non-silicon 

materials which are Copper Indium Gallium Selenide (CIGS) and Cadmium Telluride 

(CdTe), where the energy conversion efficiency is usually around 10-15% (Table I.2) . 

This class of cell generation is also known as thin-film solar cells because it uses only a 

micrometer thickness for several different layers of material compared to crystalline-based 

silicon cells. This type of technology is used commercially due to lower manufacturing 

costs and fewer materials being used (figure I.7) [6]. 
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Figure I.7 2
nd

 Generations Solar Cells Efficiency Milestones [6]. 

Table I.2. Comparisons of 2
nd

Generation solar cells [7]. 
2nd Generation PV Cells: Thin Film Solar Cells (TFSCs) 

Film layers thickness ranges from few nanometers (nm) to tens of micrometers (µm). The main advantage of this technology is the low 

cost of manufacturing and materials, due to the limited amount of semiconductor material required for each cell. Due to low thickness, 
TFSC are flexible, lower in weight, and have less drag compared to first generation PV. TFSCs are made by the deposition of thin layers 

of certain materials on glass, plastic, or stainless steel substrates using sputtering tools. Some of these technologies are not yet 

commercialized. 

Types Efficiency Advantages Disadvantages 

a-Si 

•   4–8% for modules placed on 
the market. 

•   Small cells in lab can reach 

12%. 

a-Si solar cells are the cheapest 

on the market 

• The layers are much thinner 

and there is less material to 

absorb solar radiation 
• Degradation in their power 

output when exposed to the sun 

GaAs 
•   29% record efficiency in 
laboratory  

 •  The band gap is 1.43 eV  

High efficiency and less 
thickness than silicon ones 

High cost 

CdTe •   10–15% • (21% record 
efficiency)  

•   The band gap is 1.45 eV 

CdTe cells can exploit a 
broader wavelength spectrum 

than Si cells, close to the 

natural one. Low costs, as 
cadmium is abundant and 

generated as a by-product of 

important industrial materials  

Cadmium by itself is one of the 

most toxic materials known, 
and cadmium telluride has 

some toxic properties 

 
 

CIGS •   20% (under certain 

conditions) 

•   The band gap is 1.68 eV 

• Process is less energy 

intensive than manufacturing 

of the Crystalline Si solar cell  

• Good resistance to heat 

• Less efficient than Si solar 

cells  

• CIGS cells use toxic 

chemicals  
• Currently very expensive to 

produce 

CIS 10–13% • Processes are less energy 
intensive than Cry-Tech 

• Good resistance to heat 

compared to silicon based 
modules 

Relatively expensive due to the 
materials used 

 

In this new technology, solar cells are made from a variety of new materials instead of 

using silicon, such as ink used in printing technology, silicon wires, nanotubes, conductive 

plastics and organic materials. Polymeric solar cells are a subclass of organic solar cells. 
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The third-generation solar cells are expensive high-performance, multi-functional 

experimental solar cells. Most of the work is performed in the laboratory and is not 

commercially available. This type of device shows great potential with a standard power 

conversion efficiency of around 20% (Table I.3) in very small areas. Polymeric solar cells 

are made for roller technology and are comparable to newspaper printing (figure I.8) [6]. 

 

Figure I.8 3
rd

  Generations Solar Cells Efficiency Milestones [6]. 

Table I.3 Comparisons of 3
rd

Generation solar cells [7]. 
Third Generation Solar Cells 

3rd generation solar panels include several innovative technologies and most of them are still in the research or development phase. 
Some cells generate electricity by using organic, semi-organic or inorganic materials, hybrid systems, or new technology processes 

based on nanometer and molecular-scale components. These solar modules are made, in most cases, by thin film type cells.  

Types Efficiency Advantages Disadvantages 

 

 

PSC 

 

 

19–22% 

•   Good efficiency and possibilities 

for improvement  

•   Perovskite is cheaper to produce 
than silicon 

•   Perovskite breaks down 

quick when exposed to heat, 

snow, moisture, etc.  
•   The presence of lead in 

perovskite is largely debated 

for toxicity concerns 

 

OPV and polymer solar cells 

 

4–5%, up to 9% 

Lightweight, mechanical flexibility, 

disposability and large-scale roll-

to-roll production capability 

Low efficiency, low durability 

and low stability 

 
 

 

DSSC 

 
 

 

Around 10% 

•   Flexibility, not pollutant, easily 
recyclability. Low cost due to the 

simple manufacturing process  

•   DSSC work even in low-light 
conditions  

•   High efficiency also at high 

temperatures 

•   The electrolyte can freeze at 
low temperatures cutting power 

production and causing 

physical damage  
•   Electrolyte contains volatile 

organic solvents and must be 

carefully sealed 

QDs Around 1.9% Easy synthesis and preparation Low efficiency 

 

This class of solar cells combines the third-generation technology to form the fourth-

generation solar cell technology. Examples include nanocrystalline solar cells and 

composite photovoltaic technology that combines solid-state cells with organic 
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photovoltaic to form hybrid nanopolymer cells. Although most of these technologies are 

still embryonic, it is expected that, given the low cost of materials, these types of solar 

cells will make the use of solar energy affordable for everyone. Another area in which 

solar photovoltaic technology has achieved high efficiency in centralized solar cell 

technology (figure I.9) [6]. An example is a multi-junction solar cell (III-V), whose 

efficiency exceeds 41%. 

 

Figure I.9 4
th

 Generations Solar Cells Efficiency Milestones [6]. 

 PV systems are classified into three types: standalone, grid-connected, and hybrid (figure 

I.10) [8]. 

 

Figure I.10 PV System Classifications. 

The main factor affecting PV systems performance is the solar radiation behavior. Its 

instantaneous unavailability can cause the most concern about panels output variables. To 

solve this problem and to provide a constant output voltage, various DC/DC power 

transducers are used. Since the 1920s, a DC-DC converter has been developed for use with 

photovoltaic solar panels. The main purpose of electronic transducers has been to replace 

the use of traditional circuits such as voltage dividers, which are often referred to as simple 
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voltage divider circuits. The disadvantage of this method is that the output voltage is lower 

compared to the input voltage, which leads to a decrease of efficiency [9]. 

Currently, there are several structures of DC to DC converters that are used to regulate the 

input voltage according to application requirements ( figure I.11) . 

 

Figure I.11 Classification of the DC-DC converters. 

Since the early use of the off-grid or grid-connected PV systems, many researchers have 

proposed and developed several methods in order to extract the maximum power for the 

PV panels. Accordingly, the methods have witnessed rapid improvement. Due to that, 

some researchers have put another classification of updated MPPT methods. As presented 

in figure I.12, updated MPPT methods can be classified as conventional methods, soft 

computing methods, or hybrid methods [10]. 

 

Figure I.12 MPPT Classifications. 

Indeed, PV system mismatch and unpredictable internal and atmospheric variations 

causing the change of travel points as controllers and parameter errors are two major 

factors that must be carefully studied [11]. Therefore, the main purpose of PV systems is to 

ensure high performance at low cost by choosing an appropriate control strategy. Over the 

past decade, much progress has been made in optimization technologies (see figure I.13). 

 

Figure I.13 PV System Classification. 
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I.3 PROBLEM FORMULATION 

The use of renewable energy in the power generation process is among the main features 

of modern power systems. Distributed generators have been used in distribution electrical 

networks a few decades ago. The main primary sources were from sunlight and wind. The 

main first concern was focused on the stand-alone device for, generally, an emergency or 

for particular use in exceptional conditions.  

Our century would, probably, be turned towards a massive use of new energy sources. This 

trend is strongly suited for our contemporary era where fossil sources are in the phase of 

extinction and the technology is in the phase of profiling. 

However, research on the physical devices relating to these new energies ensuring the best 

compromise between costs and performance is the major challenge of any possible study. 

Our research is part of this perspective where the main areas of interest are more to 

highlight an advantageous correlation between algorithmic aspects with those of natural 

dynamic conditions.  

In this thesis, the main research focus is on electricity production using photovoltaic panels 

by highlighting the beneficial attributes of the geographical situation of our country where 

the solar potential of the Sahara is among the sunniest areas in the world. However, the 

actual energy production from PV panels is considered low when compared with the 

incoming energy from solar sunlight.  

The produced energy is also subject to multiple effects that further lower its level due to 

environmental conditions and the occurrence of faults that alter performance, reliability 

and introduce multiple maximal operating points. Current - Voltage characteristic curves 

exhibit various operating regions which could be characterized by different transient 

responses.  They also vary as climatic conditions change, particularly, with the presence of 

the partial shading condition. 
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I.4 OBJECTIVES AND MAIN CONTRIBUTIONS OF THE THESIS 

 The objectives of this work have been to develop appropriate methods and 

techniques to support strategies for getting optimal photovoltaic panels operation 

with the presence of dynamic conditions. Interesting results have been obtained 

performing important control aspects such as those relating to the fractional order 

regulator and those relating to Meta heuristic optimization methods applied to the 

MPPT. 

 

1- In order to overcome the issues related to photovoltaic panels efficiency, a 

Maximum Power Point Tracking algorithm is proposed to remedy this issue. 

2- Conventional MPPT algorithms have been proven to be ineffective in the 

presence of rapidly changing climatic conditions and also in the presence of 

partial shading. In such conditions, bio-inspired algorithms such as the 

proposed Moth Flame Optimization technique (MFO) is used to track the global 

MPP. 

3- The Analysis of the transient response of the PV array in various operating 

regions and environmental conditions. 

4- Design of a control strategy that takes into consideration the transient behavior 

for changing operating conditions. 

 

 The main contributions of this research work are as follows: 

1- The analysis shows complex dynamic behavior has been found for the first 

time in the current study to characterize the transient response of the PV array 

when operating in different regions along the characteristic curve and also in 

the case of changes in environmental conditions. 

2- A control strategy has been proposed to take into account the complex dynamic 

behavior of the PV array. Fractional Order PID combined tuned in various 

regions and partial shading patterns using Particle Swarm Optimization (PSO) 

has been designed to control the PV array voltage, whereas the PV current has 

been regulated using a sliding mode controller that does not require Pulse 

Width Modulation (PWM). A dynamic performance evaluation of the PV 

system has been performed both in open-loop and in the presence of a feedback 

controller. 
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3- The global search problem of the maximum power point has been solved using 

the Moth Flame Optimization technique combined with the proposed control 

strategy to improve the performance PV system in different operating 

conditions. 
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I.6 THESIS ORGANIZATION  

The general classification of existing Maximum Power Techniques is presented in Chapter 

II. They have been categorized based on different criteria which can be classified as 1) 

classification based on a tracking mechanism 2) Implementation based classification 3) 

classification based on modernity. 

Chapter III emphasizes some topics related to the output power of Photovoltaic (PV) 

energy generation systems. A dynamic performance evaluation of the PV system is 

performed in the presence of varying operating conditions and in the special case of the 

presence of the partial shading condition. 

Chapter IV presents the global search algorithm associated with the proposed control 

strategy and corresponding results and discussions.  

Finally, the conclusions of the thesis are pointed out in Chapter V as well as suggestions 

for future works are given. 

https://doi.org/10.1007/978-981-15-6403-1_61
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CHAPTER II 

 

 

II.1 INTRODUCTION 

Maximum Power Point Tracking is the algorithm that facilitates the accurate tracking of 

the optimal operating point (MPP) that has to be applied for driving the load. The two 

important factors that are required to track an MPP are solar irradiation and temperature. 

Several MPPT techniques have been developed and implemented to reach the maximum 

operating power point for rapidly changing values of solar irradiation and temperature. In 

this work, existing MPPT classification techniques are highlighted and additional 

classification based on conventional (direct and indirect approaches), Soft Computing 

(Artificial intelligence (AI), and Bio-Inspired (BI)), and a hybrid approach are carried out. 

Due to the advantages of MPPT in terms of performance and cost of energy produced by a 

photovoltaic system, a lot of research works have been carried out in the scientific 

community and have proven its importance. The recent MPPT research database for two of 

the most important and  trusted publishers such as Elsevier and IEEE show a quick 

grouping of this research topic over the past 3 years which is summarized in Table II.1. 

Table II.1 Number of MPPT articles publication 

TYPE OF JOURNAL 
Years 

2019 2020 2021/03 

IEEE 

Books 0 0 0 

Articles 710 568 50 

Other 0 0 0 

Total 710 568 50 

Elsevier 

Books 29 8 39 

Articles 454 572 271 

Other 9 3 16 

Total 492 583 326 
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II.2 CLASSIFICATION OF MPPT TECHNIQUES 

A large number of MPPT algorithms and designs have recently been proposed in the 

literature [12]–[21]. In this review, MPPT methods are categorized on the basis of different 

criteria such as tracking technology, sensing and existing…etc [22]. In this work, the 

classification proposed has been adopted. The general structure of the different approaches 

is shown in figure II.1. 

 

Figure II.1 Classification of MPPT methods. 

II.2.1 CLASSIFICATION BASED ON TRACKING MECHANISM 

An increasing number of MPPT classifications of tracking techniques have been applied to 

MPPT algorithms. Consequently, several research papers in the literature have categorized 

MPPT algorithms depending on their tracking techniques. It can be inferred that the 

tracking techniques are divided into five classes, as shown in figure II.2. 

 

Figure II.2 Categorisation of MPPT based on tracking strategies. 

A few of these approaches depend on constant parameters such as Fractional current (FC), 

Constant voltage (CV), and Fractional voltage (FV) [23] techniques. Others rely on 

measurement and comparison such as Look-up Table (LT), Linear Current Control (LCC), 

and Load Current (LC) techniques. Some of these approaches are based on mathematical 

equations such as Curve Fitting (CF), Current Sweep (CS), and Incremental Conductance 

(IC) techniques. Many of these methods are based on intelligent prediction such as Fuzzy 

Logic Control (FLC) [24], Artificial Neural Network (ANN), and Particle Swarm 

Optimization (PSO) [25]. The last classification is based on trial and errors such as Perturb 

and Observe (P&O), Array Reconfirmation (AR), and PV-Output Senseless (POS) 

techniques. 
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II.2.2 IMPLEMENTATION BASED CLASSIFICATION 

Most MPPT algorithms use measurements from the output of the PV module. Using this 

technique, the output capacity is easily derived from the PV array. In addition, the PV 

generator output voltage and current are determined and the power is estimated 

consequently by their multiplication as shown in figure II.3. 

 

Figure II.3 Classification of MPPT based on application. 

II.2.2.1 MPPT ALGORITHMS BASED ON PV SIDE PARAMETERS 

Many MPPT techniques use tracking variables from the performance of the PV module. In 

this method, the output measurement is easily obtained from the PV array as shown in 

figure II.4.Second, the PV generator voltage and current at the output are determined, and 

the power is estimated consecutively by their multiplication. 

 

Figure II.4 Control of MPPT through PV side parameters. 

II.2.2.2 MPPT ALGORITHMS BASED ON LOAD SIDE PARAMETERS 

 Such implementation uses measurements at the output of the DC-DC converter as tracking 

parameters, as shown in figure II.5. As opposed to MPPT control via input parameter 

control. 

 

Figure II.5 Control of MPPT through load side parameters. 
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II.2.3 CLASSIFICATION BASED ON MODERNITY  

Conventional approaches are fundamental algorithms that use have been implemented 

since the first used PV energy generation systems. On the other hand, advanced techniques 

are methods that use modern and relatively complex algorithms, as shown in figure II.6. 

.  

 

Figure II.6 General classification of MPPT methods. 

II.2.3.1 CONVENTIONAL MPPT ALGORITHMS 

Various conventional MPPT strategies have been used to seek the one existing MPP under 

uniform irradiation condition [26]. In this case, the most used techniques are shown in 

figure II.7. 

 

Figure II.7 Conventional Technological Grouping. 

 

II.2.3.1.1 INDIRECT TECHNIQUES 

A. MPPT BASED ON CONSTANT VOLTAGE (CV) 

The MPPT based on the Constant Voltage (CV) algorithm is the easiest for implementation 

and has a quick response. Constant voltage methods do not require any measurements or 

inputs except for PV voltage calculation that allows the PI controller to change the 

converter duty cycle to hold the PV voltage close to the MPP. In this system, the controller 

controls the voltage of the PV module and operates near its MPP, matching the output 
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voltage of the PV module to the constant reference voltage [27]. The Constant Voltage 

flowchart is shown in figure II.8. 

 

 

Figure II.8 Constant Voltage Flowchart. 

 

B. FRACTIONAL VOLTAGE (FV) TECHNIQUE  

The Fractional Voltage (FV) approach (Figure II.9.) is also one of the simplest MPPT 

techniques which is based on the principle that the MPP voltage of the PV module and its 

open-circuit voltage ratio is constant [28]. 

Vmpp = Kv ∗ Voc                                                      (II. 1) 

                                         
 

Where: 

 Kvis constant and assumes that it changes marginally in solar radiation. For  Kv in the 

range of [0. 7–0. 8]. 
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Figure II.9 Fractional Voltage Flowchart. 

 

C. FRACTIONAL CURRENTS (FC) TECHNIQUE 

The Fractional current (FC) approach is based on the calculation of the PV module's short 

circuit current when its voltage output is null, and the overall output current of the PV 

module at MPP is a direct proportion to its short circuit current [23]. 

 

Impp = Ki ∗ Isc                                                      (II. 2)                                                    

Where: 

 Ki proportionality is constant; the constant is generally found to be between 0.78 and 0.92. 

The Fractional current flowchart is shown in figure II.10. 
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Figure II.10 Fractional current Flowchart. 

II.2.3.1.2 DIRECT TECHNIQUES 

Summarizing the vast majority of achievements, MPPT methods can be sorted into direct 

and indirect methods as summarized in. The direct MPPT method is used to describe the 

algorithm which theoretically doesn’t require the math information of the studies system’s 

steady-state operating points. This type of MPPT method presents more robustness, 

simplicity, and flexibility. These methods almost lie in the principle of the perturb and 

observe (P&O), or hill-climb search (HCS), which are mathematical optimization 

techniques used to seek for the local optimum point of a considered function. 

A. HILL CLIMBING (HC) TECHNIQUE 

Hill Climbing (HC) gets its name from the "hill-shaped"  form of the function space [29].  

If the algorithm starts at the local optimum (top of the hill), and it moves in any direction, 

then it will go down. Anywhere else, any axis may be chosen as long as it moves, it will be 

getting closer to the MPP.  

Hill Climbing fails to track the MPP when the function space contains "local maxima". A 

local MPP is a small hill whose top is not as high as the global MPP. If a local MPP of Hill 

Climbing is found, the algorithm is trapped there. Any little movement in any direction 
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will make things temporarily worse. The condition to be verified at the maximum power is 

given as follows: 

                                                                  

S =
∆P/∆d

P/d
                                                          (II. 3) 

 

Where S denotes to perturbation step size. The Hill Climbing flowchart is shown in figure 

II.11. 

 

 

Figure II.11 Hill Climbing Flowchart. 

B. PERTURB & OBSERVE (P&O) TECHNIQUE 

This method is based on the perturbation of a control variable in small change and 

observing the target function's resulting response until the slope becomes zero. 

The perturbation and observation method’s operating process illustrates the movement of 

the steady-state operating point of the system; the perturbation step-size and the 

observation time step-size are the considered parameters to be adjusted [30].  
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The perturbation and observation method with fixed step-size (P&O-F) is one of the most 

used direct MPPT methods. The output power of the generator is monitored and the 

inverter input voltage or one of the converter variables are perturbed, such as duty cycle; 

input current; or input voltage. The condition to be verified at the maximum power is given 

as follows:   

                                                                                                      
∆Ppv

∆Vpv
= 0                                                        (II. 4) 

 

Where Vpv and Ppv are the PV module voltage and power respectively. The Perturb-and-

Observe flowchart is shown in figure II.12. 

 

Figure II.12 Perturb-and-Observe Flowchart. 

C. INCREMENTAL CONDUCTANCE (IC) 

This technique has been discovered for the first time in 1983. The final version of the 

classical incremental conductance computational flowchart was presented in 1995. In this 

technique, the controller measures incremental changes in current and voltage of the PV 

array in order to be able to predict a voltage change effect. This technique requires 

additional computation time in the controller, however, it can track more rapidly changing 

conditions when compared with the perturb and observe (P&O) method. It is similar to the 

P&O algorithm for the fact that it can generate steady-state oscillations in the produced 

power. The condition to be verified at the maximum power is given as follows [31]: 
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dI

dV
+

I

V
= 0                                                                 (II. 5) 

 

Where I is the PV array current. The Incremental Conductance flowchart is given in figure 

II.13. 

 

 

 

Figure II.13 Incremental Conductance Flowchart. 

 

II.2.3.2 SOFT COMPUTING (SC) MPPT TECHNIQUES 

Soft-computing is an approach used to construct computational intelligent systems [32], it 

encompasses a group of unique methodologies which provide flexible information 

processing characteristics able to solve complex optimization problems as shown in figure 

II.14. 
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Figure II.14 Soft computing Technological Grouping. 

 

II.2.3.2.1 MPPT TECHNIQUES BASED ON ARTIFICIAL INTELLIGENCE (AI) 

A. FUZZY LOGIC CONTROL (FLC) TECHNIQUE 

Initially, the theory of fuzzy logic (FL) has been known to be a well-established technique. 

Fuzzy logic has been used as an application for the first time in 1970 for decision support 

in medicine, and steam boiler fuzzy regulation in 1975 by Mamdani. A major uncertainty 

treatment has been initiated by fuzzy set theory, which results in advanced information 

systems formalization. It also has a considerable impact on modern automatic classification 

techniques and the renewal of some decision support approaches [33]. 

The words of the current language are used in fuzzy logic as values of truth, for this reason 

is called linguistic logic in which a combination of symbolic and digital data processing 

can be found. 

Intelligent diagnosis may be designed using fuzzy logic-based methods based on natural 

language expressed knowledge. It is also human reasoning, not rigid calculations modeled 

approach. It is characterized by a reasoning mode that is more intuitive than conventional 

logic. The use of set rules and membership functions called "fuzzy sets" allows users to 

better understand physical phenomena, difficult and inaccurate to model otherwise. 

Industrial control systems use frequently fuzzy logic. The resulting control law is often 

effective and does not require significant theoretical-based developments. The structure of 

Fuzzy Logic-based Control is shown in figure II.15. 
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E k =
P(k) − P(k − 1)

V k − V(k − 1)
                                             (II. 6) 

 

∆E k = E k − E k − 1                                            (II. 7) 

 

 

Figure II.15 Fuzzy Logic Control structure. 

B. ARTIFICIAL NEURAL NETWORK (ANN) 

Artificial Neural Network is composed of simple elements (usually Adaptive) massively 

connected in parallel with the hierarchical organization. They try to mimic biological 

nervous systems in their interaction with objects of the Real-world. In addition, ANN 

performs the algebraic function of its inputs. The ANN may be modeled by using a graph-

oriented and by using connections for the interconnection of neurons and the information 

exchange. The calculation will be carried out in a cooperative, parallel, and distributed and 

approach [34]. 

The neural network is essentially characterized by its topology which consists of the choice 

of the transfer function and learning modes and type of interconnection. The neurons that 

construct the network characterize the structure of the model, a distributed representation 

in which each neuron contributes. They can be used in industrial equipment supervision 

problems. The fault-tolerance properties of neural networks are defined by their capacity to 

maintain their processing ability in the presence of network damage and execute the 

assigned task in the presence of information with errors. The structure of an ANN is shown 

in figure II.16. 
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Figure II.16 Artificial Neural Network structure. 

C. ADAPTIVE NEURO FUZZY INFERENCE SYSTEM (ANFIS)  

Adaptive Neuro-Fuzzy Inference System (ANFIS) is implemented as part of adaptive 

networks fuzzy inference systems which use a hybrid learning technique. Its architecture 

adjusts the human expert's fuzzy rules in order to describe the input/output relationship of 

complex systems. ANFIS is known to give better trajectory tracking, dynamic control, 

signal processing, and nonlinear approximation. 

In addition, when ANN and ANFIS are compared, the ANFIS algorithm gives a lower 

mean percentage error when compared with the one generated by ANN. ANFIS is also 

characterized by better performance and a learning capacity that is faster than ANN. In the 

case of using the largest number of inputs, ANFIS has the property of increasing the 

forecasting data accuracy [35]. ANFIS is a combination of data-driven and knowledge-

oriented methods. In the case of prognostics based on ANFIS, a data-driven method, a 

stream from multidimensional data to the output is noted. The ANFIS structure is shown in 

figure II.17. 

 

Figure II.17 Adaptive Neuro-Fuzzy Inference System structure. 
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D. THE BAYESIAN NETWORK (BN) 

The Bayesian Network (BN) is a technique used to model multiple random variables 

probability distributions which is used in information fusion [36]. Bayesian Networks are 

used in literature to detect the correct movement direction of the actual output voltage of 

PV arrays. In order to verify the objective of operating at the MPP, the Bayesian Network 

flowchart is shown in figure II.18. 

 

Figure II.18 Bayesian Network structure. 

 

II.2.3.2.2 MPPT TECHNIQUES BASED ON BIO-INSPIRED (BI) 

A. PARTICLE SWARM OPTIMIZATION (PSO) 

PSO is a method of the large family of swarm intelligence and which mimics the social 

behavior and collaboration between individuals often referred to as particles [25], [37]. The 

analysis of the environment and the neighborhood describe the social behavior and 

therefore constitutes an optimum search method by analyzing the trends of neighboring 

particles. Each particle has the objective to optimize its chances by following the tendency 

of its neighborhood, which it moderates by its own experience. The algorithm is usually 

initialized randomly and possible solutions are randomly positioned in the objective 

function search space. The PSO central concept is that particles have acceleration in the 

direction of the best solutions [38]. They iteratively assess the suitability of candidate 

solutions and have a history of their best fitness value. Each particle has the property to 

communicate with the particles around it and has a memory of its best-visited solution. The 

particles move at each iteration considering their best position and the neighbor's best 

position. The objective is to change their trajectory so that they converge to the optimum. 

The processes of intelligence and movement in a dynamic system result in an optimal 

operating point. The PSO priorities cooperation over competition and without selection. A 
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particle that has poor performance at a given iteration is preserved in case it will find the 

best solution. According to some literature results, this technique does not have problems 

found in other evolutionary techniques. The flowchart of PSO is shown in figure II.19 (a). 

B. WHALE OPTIMIZATION ALGORITHM (WOA) 

This technique tries to mimic the bubble net hunting algorithm of humpback whales 

presented in [39], [40], [41]–[46]. The biggest of all whales is called Humpback which has 

a spiral bubble-net feeding special hunting mechanism. By generating distinctive bubbles 

in a circular trajectory, the whales haunt the school of krill or fishes on the surface. During 

the behavior of hunt and encircling, the prey is encircled by Humpback whales. The 

flowchart of the WOA is shown in figure II.19 (b). 

C. MOTH-FLAME OPTIMISATION (MFO) 

Moth-flame Optimization is based on the behavior of the moth which depends on the 

process of transverse orientation [47], [48], [49]–[59]. The heterocerus chase the flames 

which are considered the best positions of the moth, MFO begins with the random 

initialization of moth and flames populations. The main function of the MFO is to move 

the moth in search spaces to reach the flames [60]–[63]. A logarithmic spiral mechanism is 

used to update the position of the moth until the termination criterion is met. MFO is based 

on the movement of two populations which are moth and flames in search space. The 

flowchart of the MFO is shown in figure II.19(c). 

 

Figure II.19 Flowchart (a) PSO, (b) WOA, (c) MFO. 
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II.2.3.3 HYBRID MPPT TECHNIQUES 

Hybrid MPPT techniques are the combination of conventional/conventional or soft 

computing /soft computing or conventional/soft computing as shown in figure II.20.In 

order to handle the partial shading conditions (PSCs) and track the Global peak (GP) 

accurately and efficiently. There are many variations in such combinations between 

different approaches[64]. In this work, an example has been selected for each hybrid 

category in order to illustrate the principles of hybridization. 

 

 

Figure II.20 Hybrid Technological Grouping. 

II.2.3.3.1 CONVENTIONAL WITH CONVENTIONAL (CV/CV) 

In this combination, individual conventional techniques are associated in order to achieve a 

common objective with enhanced performance. 

A. FRACTIONAL CURRENT (FC) WITH INCREMENTAL CONDUCTANCE (IC) 

The combination of the Fractional current approach and the Incremental Conductance 

method ensures a rapid and effective track of the MPP [65]. The FC/IC combination 

technique is shown in figure II.21. 

 

Figure II.21 Hybrid Maximum Power Point Tracking controller [65]. 



 

 
 

CHAPTER II     CLASSIFICATION OF MPPT TECHNIQUES 32 

II.2.3.3.2 SOFT COMPUTING WITH SOFT COMPUTING (SC/SC) 

Soft computing includes artificial intelligence techniques and bio-inspired algorithms 

which have different capabilities for searching solutions to complex problems. The 

combination of different approaches allows adding capacities from one domain to another 

to achieve a common objective. 

A. FUZZY LOGIC CONTROL WITH GENETIC ALGORITHM (FLC/GA) 

In [66], a Fuzzy Logic Control has been combined with some Soft computing, like the 

Genetic Algorithm [67]. The FLC with GA combined is shown in figure II.22. 

 

Figure II.22 Membership functions coded with Genetic Algorithm [66]. 

II.2.3.3.3 CONVENTIONAL WITH SOFT COMPUTING (CV/SC) 

The gradual search of conventional techniques in the true seeking of MPP alleviates the 

drawbacks of soft computing techniques by solving issues related to the gradual variation 

of climatic conditions. 

A. HILL CLIMBING WITH FUZZY LOGIC CONTROL (HC/ FLC) 

In [68], HC has been combined with the Fuzzy Logic Control Soft computing technique. 

The HC/FLC combination flowchart is given in figure II.23. 
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Figure II.23 Hill-Climbing with Fuzzy Logic Control [68]. 

 A summary of the classified MPPT techniques is given in Table II.2. 

 

From the conducted research on optimization algorithms and their applications, we became 

aware of conventional approaches that include true seeking methods. The latter are based 

on gradual perturbation of the operating point and the calculation of mathematical 

quantities to decide the next direction of the perturbation of the P-V curve. The indirect 

methods are based on approximations of the maximum power point using known values 

such as open-circuit voltage or short circuit current. Modern MPPT techniques have been 

introduced to overcome drawbacks found in conventional approaches such as steady-state 

oscillations, rapid change in climatic conditions, or the presence of an irradiation mismatch 

along with PV panels. Artificial intelligence-based techniques use approximate reasoning 

and human brain processing architectures in order to construct trained structures able to 

estimate the optimal operating point at the actual climatic conditions. Bio-inspired MPPT 

algorithms have known increasing use to solve mismatching issues in PV arrays which 

Table II.2  Comparison of MPPT techniques  

MPPT TECHS COMPLEXITY EFFICIENCY CONVERGENCE SPEED 

C
O

N
V

E
N

T
IO

N
A

L
 

IN
D

I

R
 

CV Low Low Low 

FV Low Low Medium 

FC Medium Low Medium 

D
IR

 HC Low Low Low 

P&O Medium Low Medium 

INC Medium High Fast 

S
O

F
T

 C
O

M
P

U
T

IN
G

 

( 
A

-I
 )

 FLC High High Fast 

ANN High High Fast 

ANFIS High High Fast 

BN High High Fast 

( 
B

-I
 )

 PSO Medium Very High Medium 

WAO Medium Very High Medium 

MFO Medium Very High Medium 
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adds the functionality of using a multi-agents searching strategy that allows the 

convergence to the global MPP in the presence of multi-peak P-V characteristic curve. It 

has been shown in the literature that metaheuristic optimization-based MPPT algorithms 

are efficient in all operating conditions including partial shading. The MFO based MPPT is 

considered the best performing algorithm. 

II.3 CONCLUSION 

Extracting the maximum power of the PV system is recently becoming the spotlight in the 

solar energy sector. While PV power capacity increases continuously with newly installed 

PV stations, Maximum Power Point Tracking MPPT control techniques keep developing. 

Different MPPT techniques have been revised and discussed earlier in this Chapter, and the 

characteristics of these techniques have been analyzed to give a better understanding of 

each MPPT technique and its impact on the system performance. Based on this review, it 

can be concluded that the bio-inspired Maximum Power Point Tracking algorithms, 

especially, when these methods have been hybridized between them by taking advantage 

of each one, will help to construct a perfect algorithm for the Maximum Power Point 

Tracking search problem. 
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CHAPTER III 

 

 

 

III.1 INTRODUCTION 

The output power of Photovoltaic (PV) energy generation systems depends mainly on 

operating conditions that include climatic conditions and occurrence of faults as shown in 

Figure  Current-Voltage characteristic curves show different operating regions that are 

characterized by different transient responses in varying operating conditions and in the 

special case of the presence of the partial shading condition. Dynamic performance 

evaluation of the PV system is performed both in open loop and in the presence of a 

feedback controller.  

 

Figure III.1 Understanding the characteristics of a solar panel. 
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III.2 PV ARRAY CHARACTERISTIC CURVES 

The PV array is usually characterized by its Current-Voltage (I-V) and Power -Voltage (P-

V) relationships. Different operating regions could be shown and the effect of 

environmental conditions could be illustrated as well [69].  

The PV array is composed of PV panels connected in series and in parallel to provide 

adequate voltage and current according to the load requirements. Panels connected in 

series (figure III.2) are used to identify the influence of the environmental conditions on 

the operating regions. The equivalent electric circuit model of the PV array is depicted in 

figure III.3. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure III.2 PV array used to illustrate the effects of varying environmental conditions. 
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Figure III.3 Equivalent electric circuit of the used PV array. 

The output current of the PV array is given by equations. (III.1-6): 

 𝐼𝑝𝑣 = 𝐼𝑚 − 𝐼𝑝 (III.1) 

 𝐼𝑚 = 𝐼𝑝𝑕 − 𝐼𝑑 (III.2) 

 𝐼𝑝 =
𝑉𝑝𝑣 + 𝐼𝑝𝑣𝑅𝑠𝑁𝑠𝑠

𝑅𝑝𝑁𝑠𝑠
 (III.3) 

 𝐼𝑝𝑣 =  𝐼𝑝𝑕 − 𝐼𝑑 −
𝑉𝑝𝑣 + 𝐼𝑝𝑣𝑅𝑠𝑁𝑠𝑠

𝑅𝑝𝑁𝑠𝑠
 (III.4) 

 𝐼𝑝𝑕 = ( 𝐼𝑝𝑕, 𝑛 + 𝐾𝐼∆𝑇)
𝐺

𝐺𝑛

 (III.5) 

 𝐼𝑑 = 𝐼𝑜  exp  
𝑉𝑝𝑣 + 𝐼𝑝𝑣𝑅𝑠𝑁𝑠𝑠

𝑎𝑉𝑡𝑁𝑠𝑠
 − 1  (III.6) 

Where Nss represents the number of panels connected in series (03 in the present study), 

Rs, Rp the series and parallel resistances of the PV panel, respectively. The photocurrent 

Iph depends on the irradiation G and Temperature T as shown in equation III.5. Iph,n is the 

nominal generated current (given at nominal conditions: T = 25 °C  and         G = 1000 

W/m²), KI is the short-circuit current/temperature coefficient, ∆T = T - Tn (T and Tn are the 

current and nominal temperatures), G and Gn are the current and nominal irradiations. Id 

the current in the diode as shown in equation III.6. Io the reverse saturation current, a is the 

diode ideality constant, Vt is the thermal voltage of the PV array. 

The characteristic curve of the PV has been identified for the first time to include two 

distinctive operating regions namely current and voltage source regions as in [70] and four 

(04) operating regions with additional Power region I and II as in [71]. The suitable 

classification to Maximum Power Point Tracking algorithms is the three (03) regions 
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proposed in [72], where the characteristic curve is sub-devised into the current source, 

power and voltage source regions. 

figure III.4 shows the operating regions of the PV array at Standard Test Conditions (STC) 

using the PV panel with the characteristics given in Table III.1(appendix B). The I-V 

characteristic curve presents three (03) operating regions that include the current source 

region characterized by almost constant current, power region characterized by constant 

power and voltage source region characterized by almost constant voltage. 

Temperature Variations induce a change in the open circuit voltage of the PV array as 

shown in figure III.5 (a) which in turn have a major impact on the constant voltage and 

power regions. Irradiation changes affect mainly the short circuit current and a slight 

change is noticed in the open circuit voltage. The irradiation change also modifies largely 

the constant current and power regions as shown in figure III.5 (b). 

The major impact on all operating regions is noticed when the partial shading condition is 

introduced. The partial shading condition creates several patterns of superposed I-V curves 

with a repetitive current source and power regions terminating by a voltage region in the 

vicinity of the open circuit voltage operating point as shown in figure III.5 (c). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure III.4 Operating regions of PV array at STC. 
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Figure III.5 Operating regions of PV array at different operating conditions:  

(a) variation of temperature, (b) variation of irradiation, (c) partial shading. 

 

(c) 

(b) 

(a) 
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Table III.1  Kyocera KC200GT PV panel characteristics at STC(appendix B). 

 

 

Figure III.6 Association PV array/boost DC-DC converter and its operation. 

 

III.3 PV ARRAY DYNAMIC PERFORMANCE EVALUATION 

III.3.1 OPEN LOOP RESPONSE OF PV ARRAY/BOOST DC-DC CONVERTER 

In order to show the effect of the operating condition on the photovoltaic energy generation 

system, the PV array is associated with a boost DC-DC converter as shown in figure III.6 

in which its operation is also illustrated(appendix C). The association PV array/boost DC-

DC converter is then evaluated in an open loop scheme as illustrated in figure III.7 using 

the duty cycle presented in figure III.8 under variations of temperature and irradiation in 

addition to the case of the presence of partial shading. 

Maximum power, Pmax 200 W (+10%/-5%) 

Open circuit voltage,VDC 32.9 V 

Short circuit current, ISC 8.21 A 

Temperature coefficient of current, Ki 3.18e-3 A/°C 

Temperature coefficient of voltage, Kv -1.23e-1 V/°C 

Maximum power voltage 26.3 V 

Maximum power current 7.61 A 
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It can be noted that the open loop response in the case of a change in temperature or 

irradiation has minor changes on the responses in each operating region (figure III.9 and 

figure III.10). However, the change in the shape of the response in terms of overshoot and 

response time is noticeable in the case of the partial shading condition as shown in figure 

III.11. 

 

Figure III.7 Association PV array/boost DC-DC converter (Open Loop). 

 

Figure III.8 Duty cycle evolution used to drive the open loop response of the association 

PV array/boost DC-DC converter. 
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Figure III.9 Open loop response to variation of temperature. 
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Figure III.10 Open loop response to variation of irradiation. 
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Figure III.11 Open loop response at partial shading. 
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III.3.2 CLOSED LOOP RESPONSE OF PV ARRAY/BOOST DC-DC CONVERTER 

The PV energy generation system shown in figure III.12 is controlled using PV voltage 

and a Proportional Integral (PI) controller as shown in figure III.12. The reference voltage 

used to evaluate the PV system at various operating regions is shown in figure III.13. In 

addition temperature variation has been introduced which results in a change of overshoot 

as shown in figure III.14 (a). The change in irradiation increases the time response as 

shown in figure III.14 (b). The partial shading affects the response of the PV system in an 

unpredicted effect as in figure III.14 (c). 

 

Figure III.12 Association PV array/boost DC-DC converter and its operation (Closed Loop). 

 

Figure III.13 Closed loop response of association PV array/DC-DC converter along the 

characteristic curve: Voltage reference 
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Figure III.14 Closed loop response of association PV array/DC-DC converter along the 

characteristic curve: (b) variation of temperature, (c) variation of irradiation, (d) partial shading. 

 

(a) 

(b) 

(c) 
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In figure III.14, The initial voltage is that of the open circuit (Voc) because the boost 

converter is used as the main power converter. We can also notice that the starting point is 

influenced by the variation of climatic conditions. Depending on the operating conditions, 

the convergence of the voltage towards that of the reference takes a considerable time. 

Oscillations are even present in some cases. The PSH condition clarifies the previous 

observations in the transient response. 

It has been shown in previous research works that PV arrays Power-Voltage characteristic 

curves are characterized by three operating regions which are multiplied in the case of 

partial shading occurrence. The mathematical model of PV systems could be affected by 

the region at which it was introduced. The conventional fixed parameters controller is 

efficient only in the power region. Analysis of the effect of the climatic conditions on the 

PV system shows that the transient response gives different behavior at the fixed input and 

the same environmental conditions. This is mainly due to the existence of multiple models 

depending on the operating region. In addition, the present research work has shown that 

controller tuning has a direct effect on the Maximum Power Tracking algorithm 

performance. 

III.4 CONCLUSION 

The dynamic performance of PV energy generation systems is affected by the operating 

region, climatic conditions and the occurrence of unexpected operating conditions such as 

faults and partial shading. The PV system operation in different regions and with the 

presence of environmental conditions is characterized by a complex dynamic behavior. 

The dynamic response of the PV system, both in open and closed-loop has been identified.  

Variations in overshoot and response time could be so easily depicted. Such dynamic 

effects are further noticeable along the characteristic curve when the partial shading 

condition occurs. 
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CHAPTER IV 

 

 

 

IV.1 INTRODUCTION 

The MPPT algorithms use controllers to modify the operating point of the PV energy 

generation system in order to correspond to the generated reference. Different versions of 

MPPT are found in the literature with various choices of the tracking variable [73]. Figure 

IV.1 shows some of the variants for the choice of controlled variable that include open 

loop duty cycle (figure IV.1 (a)), voltage (figure IV.1 (b)) and current (figure IV.1 (c)) 

regulation. 

 

Figure IV.1 Different versions of the MPPT algorithms: (a) Duty cycle based MPPT,  

(b) Voltage regulation based MPPT, (c) Current regulation based MPPT. 
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As it has been presented in the previous section, where the dynamics of the PV system 

exhibit complex behavior which may controller design challenging. 

An adapted control strategy is proposed in order to improve The PV system dynamics. The 

PV voltage is regulated using a Fractional Order PID controller tuned in various regions 

and partial shading patterns using Particle Swarm Optimization. The PV current is 

regulated using a sliding mode controller that does not require using Pulse Width 

Modulation (PWM). It is also shown that MPPT algorithms are affected by the 

conventional tuning approach of the feedback controller. To remedy this issue, the Moth 

Flame Optimization based MPPT technique is implemented and associated with the 

proposed control strategy to improve the performance PV system in different operating 

conditions.  

The cascade control loop is suggested for electrical systems and especially for boost 

converter [74]. The current control was considered as an inner loop due to the fastness of 

current compared to the voltage. The cascade control loop is considered for the PV system 

voltage control. The dynamic behaviour of the closed loop system is so improved and, 

consequently,   the MPPT algorithm reached a high performance. 

In the proposed control strategy, a combination between sliding mode control technique 

and fractional order control approach has been used. The transient performance 

enhancement of the PV system subject to different operating conditions has been obtained. 

The bio-inspired MPPT strategy based on Moth flame optimization has been used to track 

global maximum power point. 

IV.2 PROPOSED CONTROL STRATEGY 

The PV system voltage and current regulation loops are cascaded [74] as illustrated in 

figure IV.2. The linear PV voltage is regulated using a Fractional Order Controller tuned 

offline by the particle swarm optimization algorithm for various operating regions and 

different partial shading patterns. 
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Figure IV.2 Cascade control strategy of the PV system. 

IV.2.1 SLIDING MODE CONTROLLER 

Sliding mode control (SMC) is considered a powerful tool for robust control of nonlinear 

systems [74]. The basis of this control is the construction of a sliding surface S defined by 

trend error to zero then application a control effort which guarantees that the dynamics of 

the controlled system will approach this surface.  

In the low frequency range for a boost converter, the work presented in [75] demonstrated 

the equivalence between the Pulse Width Modulation (PWM) and the Sliding Mode 

Controller (SMC) [74]. The SMC is used to control the PV current where the switching 

signal u of the sliding mode controller takes discrete values set as {0,1}, whereas the 

sliding surface for PV current regulation is given as follows: 

 𝑠 = 𝑒(𝑡) = 𝑖𝑝𝑣 − 𝑖𝑟𝑒𝑓    (IV.1) 

The control signal of the sliding mode controller is given as follows: 

 𝑢 =
1

2
 1 − 𝑠𝑖𝑔𝑛(𝑠)      (IV.2) 
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The controller given by equation IV.2 is easily implemented without a need of tuning 

parameters which simplifies its applicability. 

IV.2.2 FRACTIONAL ORDER CONTROLLER 

The fractional order PID controller noted PI
λ
D

µ 
which is a generalization of the 

conventional integer order PID controller was proposed in [76]. Its form is given in time 

domain as follows (equation IV.3): 

 𝑢 𝑡 = 𝐾𝑃𝑒 𝑡 + 𝐾𝐼𝐷
−𝜆𝑒 𝑡 + 𝐾𝐷𝐷

𝜇𝑒(𝑡) (IV.3) 

The corresponding transfer function is given as follows (equation IV.4): 

 𝐺𝑐 𝑠 =
𝑈 𝑠 

𝐸 𝑠 
= 𝐾𝑃 + 𝐾𝐼𝑠

−𝜆 + 𝐾𝐷𝑠
𝜇  𝜆, 𝜇 > 0  (IV.4) 

As shown in equations IV. 3 – 4, the fractional order controller has additional parameters 

when compared with the classical PID which gives additional flexibility. The two 

additional parameters which are the fractional order integral λ and the fractional order 

derivative µ are used to improve the dynamic behavior of the closed loop system. 

From figure IV.3, it is illustrated that the classical P, PI, PD and PID controllers are 

particular cases of the fractional PID controller when additional parameters λ and µ takes 

integer values 0 or 1. Indeed, the use of the PI
λ
D

µ
 controller offers more flexibility and a 

more possibility for the generation of control signal u(t) of equation IV.3 which extends 

the control space. 

From equation IV.4, the transfer function of the PI
λ
D

μ
 controller seems to be irrational. 

Therefore, the implementation of this controller needs an approximation by a rational 

transfer function. Several methods exist in the literature which allows the approximation of 

fractional order operators by a rational transfer function in a limited frequency band. The 

most widely used techniques are presented in [77] and [78]. 

IV.2.3 FRACTIONAL ORDER CONTROLLER PARAMETERS TUNING 

The tuning of the parameters of the fractional order controller may be classified as in [79]. 

Two main approaches are adopted. Model-based-tuning as in [80], [81], [82] and model-

free tuning as in [83], [84]. 
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Figure IV.3 Fractional PI
λ
D

μ
 Controller. 

 

A model-based approach for parameters tuning is carried out using the Particle Swarm 

Optimization technique by minimizing the Integral Square Error performance index as 

shown in figure IV.4 (b). The position of the swarm particles is updated using 

equations.(IV.5-6) where c1 and c2 are constants and give the movement weight towards 

personal best or global best respectively. r1, r2 are randomly generated numbers in the 

range [0, 1]. w is the adaptive inertia factor. The movement of the swarm is illustrated in 

figure IV.4 (a). The resulting tuned fractional order controller is then used for PV voltage 

regulation to track reference given by the MPPT block as shown in figure IV.4. 

 𝑉𝑖(𝑡 + 1) = 𝑤𝑉𝑖(𝑡) + 𝑐1𝑟1 𝑃𝑖 𝑡 − 𝑋𝑖 𝑡  + 𝑐2𝑟2 𝐺𝑏 𝑡 − 𝑋𝑖 𝑡   (IV.5) 

 𝑋𝑖 𝑡 + 1 = 𝑋𝑖 𝑡 + 𝑉𝑖(𝑡 + 1) (IV.6) 

Figure IV.3 (b) shows the flowchart of the used algorithm for tuning five parameters of the 

fractional order PID controller. The main idea of this tuning is to optimize the performance 

criteria under different operation regions presented in figure III.5 (c). The proposed 

controller overcomes the imperfections of the conventional controller designed for the 

power region. The latter has the disadvantage of reducing the performance of other regions 

and slows down the convergence of the MPPT algorithm as well. 
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    (a)       (b) 

Figure IV.4 Tuning of the parameters of the Fractional Order PID using the PSO algorithm: 

(a) Operation of PSO swarm, (b) Flowchart of PSO tuning algorithm. 

 

Figure IV.5 Proposed control strategy for voltage and current regulation of the PV system. 
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The controller's parameters are fixed for each agent by means of offline tuning. The 

corresponding PSO algorithm searches the optimal controller and the tuning procedure is 

carried out for different scenarios. The latter are selected by the designer and include the 

partial shading condition before the system start-up.  

The proposed tuning strategy allows us to obtain a robust controller that can work in 

different operating conditions. The complex dynamic performance presented in the 

previous chapter could be defined and well analyzed. 

IV.3 GLOBAL MPPT ALGORITHM 

The Moth Flame Optimization algorithm is based on the navigation method of moths at 

night using a light source [47]. The original navigation mechanism is based on using the 

moonlight to maintain a fixed angle when traveling for long distances. However, when 

moths are exposed to artificial light sources, their behavior changes to a deadly spiral 

motion around the flame. 

The MFO technique [24] mimics the movement of moths as they navigate at night towards 

a light source. The original navigation mechanism is based on using the moonlight to 

maintain a fixed angle when traveling for long distances. However, when moths have 

exposed to artificial light sources their behavior changes to a deadly spiral motion around 

the flame. 

The position (Mi) and Flames (Fj) and the corresponding fitness (FitM) and (FitF) 

respectively of the moths in 1-D search space are defined as follows (equation IV.7) [47]: 

 

𝑀𝑖 =  

𝑚1

𝑚2

⋮
𝑚𝑛

 , 𝐹𝑖𝑡𝑀 =

 
 
 
 
𝐹𝑖𝑡𝑀1

𝐹𝑖𝑡𝑀2

⋮
𝐹𝑖𝑡𝑀𝑛  

 
 
 

, 𝐹𝑗 =  

𝐹1

𝐹2

⋮
𝐹𝑚

 , 𝐹𝑖𝑡𝐹 =

 
 
 
 
𝐹𝑖𝑡𝐹1

𝐹𝑖𝑡𝐹2

⋮
𝐹𝑖𝑡𝐹𝑚  

 
 
 

 (IV.7) 

Where n represents the number of moths. As iterations increase, the flames number 

decreases as follows: 𝑚 = 𝑟𝑜𝑢𝑛𝑑  𝑁 − 𝑙 ∗
𝑁−1

𝑇
 . N represents the maximum number of 

flames, the current number of iteration is represented by l, and T indicates the maximum 

number of iterations. 
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The position of moths M represents the position of the searching agents and F the best 

positions of moths which represents the flames. The positions of moths are evaluated as 

follows (equation IV.8): 

 𝑀𝑖 = 𝐷𝑖𝑒
𝑏𝑡𝑐𝑜𝑠 2𝜋𝑡 + 𝐹𝑗  (IV.8) 

where Di represents the distance between the i
th

 moth and j
th

 flame which is calculated as 

follows (equation IV.9): 

 𝐷𝑖 =  𝐹𝑗 −𝑀𝑖  (IV.9) 

 in which b represents a constant that defines the shape of the spiral, t is a random number 

in [-1,1]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure IV.6 Movement of the moth: (a) illustration of the navigation mechanism of moths, 

(b) Mathematical description of the movement. 

(a) 

(b) 
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The displacement of the moths in a spiral trajectory around the flame is illustrated in figure 

IV.6 (a). The mathematical model in equation (IV.8) is simulated in figure IV.6 (b) where 

the parameter t is +1 when the moth is the farthest from the flame and -1 when it is the 

closest to the flame. Figure IV.7 shows the displacement in the P-V curve with its 

corresponding interpretation using the spiral motion. The MPPT is started by positioning 

the Moths along with the range [0 voc], then each one makes a transition to the next 

iteration by displacing by an amount of Di (i=1..n) towards the flame Fj (j=1..N) until the 

convergence of the algorithm to the GMPP. The flowchart of the MFO algorithm including 

the steps for its implementation is given in figure IV.8 [85]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure IV.7 Displacement in the P-V curve with its corresponding interpretation using the 

spiral motion. 
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Figure IV.8 Flowchart of the MFO algorithm. 

 IV.4 RESULTS AND DISCUSSION 

The PV generation system shown in figure IV.9 composed of three PV panels in series 

with selectable temperature and irradiation patterns is associated with a boost DC-DC 

converter and evaluated using the proposed control strategy under different operating 

conditions. 

The characteristic curves for the considered simulation scenarios are presented in figure 

IV.10 (a) where different operating points are chosen at different operating regions for 

each operating condition. The patterns have the characteristics given in Table IV.1, where 

different positions of the GMPP are selected to cover all possible cases (left, center, right). 
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Figure IV.9 PV array associated with boost DC-DC converter and load. 

 

The partial shading pattern P1 exposes the first PV panel to 900 W/m², the second PV 

panel to 700 W/m² and the third PV panel to 500 W/m². The partial shading pattern P2 

exposes the three PV panels to the values (800,500,200) W/m² respectively. Whereas P3 

considers the pattern (700,200,100) W/m² as irradiation values for the PV panels. 

The response of the PV energy generation system equipped with the combined fractional 

order controller and sliding mode controller for successive setpoint change is given in 

figure IV.10 (b). It can be noted that the controlled system has good performance in CPR 

and VSR regions, and have an oscillating response in CSR. Such an effect has been 

previously highlighted in [71].  

From figure IV.10 (b) it can be seen that the dynamic behavior of the PV system in the 

current source region presents an oscillatory mode bounded from 0 to 70 volts for STC 

region (as C point at 35 volts). However, in the same region [0 70], and with different 

condition (P1, P2 and P3) the six points (F L R) and (H L T) present an intermediate power 

region with an over damped dynamics modes. In addition there is a special behavior that 

occurred with a different degree as it is shown in point T compared to the H. 

From the obtained results, it can be concluded that at the same operation point from the 

known viewpoint of the three regions [13] the PV system can have different dynamic 

behavior depending on the climatic condition. As an example, the operation point (V=25 
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volts) of the system has four different dynamics as shown in figure IV.10 (b) horizontally 

(H, N, T and C). These phenomena may affect the convergence of the MPPT algorithms to 

track the true MPP. 

Table IV.1 Maximum power points of the PV array for simulation scenarios. 

 

 

Figure IV.11 shows the displacement in the P-V curve with its corresponding interpretation 

using the spiral motion. 

The proposed strategy is first tested in STC where both algorithms (MFO-FOPID and 

MFO-PI) converge to the MPP as shown in figure IV.12 (a)-(c). Furthermore, the proposed 

MFO-FOPID technique has provided the best capability with respect to three different 

performance evaluation criteria over the test period that are the steady state oscillations 

(ΔVPV), tracking accuracy (ξ) and tracking time (Tr) as shown in Table IV.2. 

For the partial shading patterns P1, P2 and P3, the proposed tracking strategy (MFO-

FOPID) is characterized by the convergence to the GMPP whereas the MFO-PI converges 

to a local MPP (figure IV.12 (a)-(c)). The gain in power is evaluated at 35.33W for the 

case of the pattern P1 which is the highest in the considered scenarios (Table IV.1). 

As mentioned above, the tuning of the classical controller PI is designed by only 

considering the STC in which this controller can provide almost similar results as the 

proposed FOPID controller that is designed by considering all kinds of voltage, power, and 

current regions according to different test conditions. But, when the region in which the PV 

system works is changed, the classical controller PI based MFO fails to converge to the 

GMPP whereas the MFO- FOPID always converges to global MPP. 

 

Patterns 

Solar irradiance 

Level (W/m
2
) 

Voltage at 

MPP, V 

Current at 

MPP, A 

Power at 

MPP, W 

Position of 

GMPP 

STC 1000,1000,1000 78.90 7.61 600.43 Center 

P1 900,700,500 83.527 3.97 331.6 Right 

P2 800,500,200 54.554 3.926 214.193 Center 

P3 700,200,100 26.17 5.317 139.15 Left 
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Figure IV.10 Evaluation of the PV energy generation system using the proposed strategy:                  

(a) The characteristic curves for the considered simulation scenarios, 

(b) Response in various operating regions and climatic conditions. 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

Figure IV.11 Movement of agents of the MFO MPPT algorithms during transitions. 
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Figure IV.12 Response of the proposed MPPT strategy to various operating conditions:  

(a) PV voltage, (b) PV current, (c) PV power. 
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Table IV.2 Comparative results between the proposed approach and the conventional technique. 

 

IV.5 CONCLUSION 

The MPPT algorithm has been found to be sensitive to the feedback controller tuning 

region particularly in the power region which leads to a decreased performance. A 

fractional order controller tuned with the Particle Swarm Optimization technique around 

various operating regions and with the presence of partial shading patterns has been used 

for PV voltage regulation to overcome this disadvantage.  In addition, the PV current is 

regulated using a Sliding Mode Controller which eliminates the need for a pulse width 

modulation. The combination of both regulation loops are used to enhance the dynamic 

performance of the PV array. 

The Moth Flame Optimization algorithm has been used and combined with the proposed 

control strategy to search the GMPP for various patterns of partial shading and operating 

regions. Simulation results show a better performance of the MFO-based MPPT associated 

with the proposed control strategy when compared with the conventional approach. 

 

 VPV (V) IPV (A) PPV (W) ΔVPV (V) ξ (V) Tr (S) 

STC 

MFO-PI 78,8178 7,6162 600,3 0,129 0,0822 0,0685 

MFO-FOPID 78,9546 7,6024 600,39 0,055 0,0546 0,0657 

P1 

MFO-PI 53,9795 5,4880 296,24 0,09 29,5475 0,06615 

MFO-FOPID 83,579 3,9671 331,57 0,111 0,052 0,0728 

P2 

MFO-PI 49,3019 4,0637 200,35 0,61 5,2521 0,09065 

MFO-FOPID 54,6139 3,9217 214,1825 0,0537 0,0599 0,08385 

P3 

MFO-PI 20,0293 5,6967 114,1025 0,42 6,1407 0,04 

MFO-FOPID 26,14625 5,3194 139,064 0,0185 0,02375 0,0865 
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CHAPTER V 
 

 

 

In this chapter the main conclusions obtained within the present thesis are given, followed 

by personal recommendations and suggestions for future works related to photovoltaic 

panels based solar energy generation systems integrated in electric power systems.  

V.1. CONCLUSIONS 

The main focus of this thesis has been the design of a novel maximum power point 

tracking algorithm with enhanced control strategy under partial shading conditions. 

Significant technical challenge has been addressed to define the best possible uses of solar 

energy.  The impact of humanity's increasing energy demand on the environment and 

climatic conditions makes the subject very timely and deserves it to be highlighted.   

The search of different possible combinations between conventional and modern MPPT 

techniques for PV energy generation systems has been carried out. It has been pointed out 

that the best combination is settled between the Bio-inspired/Bio-inspired methods by 

selecting the advantages of each one.  Although this approach seems to be complex and 

induces certain additional costs, its implementation is promising for the search of a best 

performance of PV energy generation systems operating with the presence of STC and 

partial shading conditions. The latter impose a constraining dynamic behavior for the PV 

systems operation. 

The effect of different climatic conditions on the I-V characteristic has been analyzed. The 

resulting rate of change of current concerning PV voltage gives a hint in developing a new 

idea for optimal extraction of power from PV array under STC and partial shading 

conditions. 

The PV system operation in different regions and with the presence of environmental 

conditions is characterized by a complex dynamic behaviour. 
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The dynamic response of the PV system, both in open and closed loop has been identified.  

Variations in overshoot and response time could be so easily depicted. Such dynamic 

effects are further noticeable along the characteristic curve when the partial shading 

condition occurs. 

The conventional techniques related to MPPT algorithms fail to determine the MPP under 

varying atmospheric conditions which degrades the PV array's performance and reduces 

the system's overall efficiency. Thus to improve the PV system's performance, the MFO 

has been developed and implemented for various operating conditions to improve the 

power extraction efficiency, reduce tracking time, and decrease power fluctuations. The 

objectives of the work have been successfully achieved. 

V.2 RECOMMENDATIONS AND FUTURE WORKS  

There is a broad scope for extending this research work by integrating the system with 

standalone load, grid, hybrid system, Etc. Some of the extensions of the research work that 

can be made in the future are listed as follows: 

- The MPPT analysis for the PV inverter systems tied with AC commercial and 

household loads could be performed based on findings of the present thesis.  

- Sun tracker based MPPT algorithms can be implemented to improve the efficiency 

of the PV systems. 

- Future research could investigate other converters' topologies such as buck, buck-

boost, cuk, sepic along with the proposed MPPT techniques. 

- PV system's performance can be determined for the different types of loads such as 

batteries or motors instead of resistive load. 

- The proposed algorithm may be implemented with advanced microcontrollers such 

as Texas Instruments C2000 DSP and FPGA boards. By doing so, the efficiency of 

the PV system control can be validated. 

- The PV system cannot continuously deliver energy to the load throughout the day, 

and so battery backup is necessary for a PV-based standalone system. A power 

management concept can be implemented in such systems to be extracted from PV 

and the remaining from batteries. 
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