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Abstract

The increasing demand for renewable energy has led to significant interest in
solar photovoltaic (PV) systems as a sustainable and clean energy source. However,
the efficiency of PV systems is highly dependent on environmental conditions such as
solar irradiance and temperature. To address this challenge, Maximum Power Point
Tracking (MPPT) techniques are widely used to ensure that the PV system operates at
its optimal power point.

This project focuses on the design, modeling, and implementation of a DC—
DC boost converter integrated with an MPPT algorithm for photovoltaic applications.
The boost converter is used to step up the low output voltage of the PV panel to a
higher and regulated level suitable for the load. An appropriate MPPT technique is
applied to maximize the energy extraction from the solar panel under varying

environmental conditions.

The system is first modeled and simulated using MATLAB/Simulink to
analyze its performance and validate the control strategy. Key parameters such as
output voltage, efficiency, and response to changes in irradiance are evaluated.
Finally, the implementation aspects of the system are discussed to demonstrate its

practical feasibility.

The results show that the integration of the boost converter with MPPT
significantly improves the overall efficiency and performance of the photovoltaic

system, making it a reliable solution for renewable energy applications.

Keywords: DC/DC Boost Converter - Photovoltaic (PV) System -Maximum
Power Point Tracking (MPPT) -Solar Energy
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Résumé

La demande croissante en énergie renouvelable a suscité un intérét
considérable pour les systémes photovoltaiques (PV) en tant que source d’énergie
durable et propre. Cependant, I’efficacité des systémes PV dépend fortement des
conditions environnementales telles que I’irradiation solaire et la température. Pour
relever ce défi, des techniques de suivi du point de puissance maximale (MPPT) sont

largement utilisées afin de garantir que le systeme PV fonctionne a son point de

puissance optimal.

Ce projet se concentre sur la conception, la modélisation et la mise en ceuvre
d’un convertisseur élévateur DC—DC (boost) intégré a un algorithme MPPT pour des
applications photovoltaiques. Le convertisseur boost est utilise pour élever la faible
tension de sortie du panneau photovoltaique a un niveau plus élevé et régulé, adapté a
la charge. Une technique MPPT appropriée est appliquée afin de maximiser
I’extraction d’énergie du panneau solaire dans des conditions environnementales

variables.

Le systeme est d’abord modélis¢ et simulé a I’aide de MATLAB/Simulink
afin d’analyser ses performances et de valider la stratégie de contrdle. Des parametres
clés tels que la tension de sortie, le rendement et la réponse aux variations
d’irradiation sont évalués. Enfin, les aspects liés a la mise en ceuvre du systéme sont

discutés afin de démontrer sa faisabilité pratique.

Les résultats montrent que I'intégration du convertisseur boost avec le MPPT
améliore significativement le rendement global et les performances du systeme
photovoltaique, ce qui en fait une solution fiable pour les applications d’énergie

renouvelable.



List of Abbreviations

PV Photovoltaic

DC Direct current

AC Alternating current

MPPT Maximum Power Point Tracking

Voc Open circuit voltage

Isc Short circuit current

Vupep Voltage at maximum point

IGBT Integrated bipolar transistor

INC Incremental conductance

P&O The Perturbation and Observation Algorithm
MPP Maximum Power Point

Pmax Maximum Power

Vmpp Voltage at maximum point

Imp Current at maximum point

Rsh Shunt Resistance

Rs Series Resistance

A Diode ideality factor

a Short-circuit current temperature coefficient Isc
B Voltage temperature coefficient Voc
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General Introduction

General Introduction

The increasing global demand for electrical energy and the environmental
problems caused by fossil fuels have accelerated the search for clean and renewable
energy sources. Among the available renewable technologies, photovoltaic (PV) systems
have become one of the most promising solutions due to their reliability, sustainability,
and ability to directly convert solar energy into electrical energy. However, the efficiency
of PV systems is highly affected by environmental conditions such as solar irradiance and
temperature, which leads to continuous variations in the output power of the system.

To improve the performance of photovoltaic systems, power electronic converters
and Maximum Power Point Tracking (MPPT) techniques are widely used. DC-DC
converters play an essential role in adapting and regulating the output voltage of PV
generators, while MPPT algorithms ensure the extraction of the maximum available
power under changing climatic conditions. The integration of these techniques
significantly enhances the overall efficiency, stability, and reliability of solar energy
systems.

This work focuses on the study, modeling, and simulation of a photovoltaic
system associated with a DC-DC Boost converter and MPPT control techniques. The
objective is to analyze the behavior of the PV system and evaluate the performance of
different MPPT algorithms under varying environmental conditions.

This dissertation is organized into four chapters:

The first chapter presents a general overview of photovoltaic systems, including
their operating principles, components, characteristics, and applications.

The second chapter focuses on DC-DC converters, particularly the Boost
converter, its operating principles, and mathematical modeling.

The third chapter discusses Maximum Power Point Tracking (MPPT) techniques
and introduces the most commonly used algorithms for extracting maximum power from
photovoltaic systems.

The fourth chapter is dedicated to the modeling and simulation of the photovoltaic
system using MATLAB/Simulink, as well as the comparative analysis of different MPPT
algorithms under varying irradiance and temperature conditions.

Finally, the work concludes with a summary of the obtained results and
perspectives for future improvements in photovoltaic energy conversion systems.



CHAPTER I:

GENERAL
OVERVIEW OF
PHOTOVOLTAIC




Chapter I General Overview Of Photovoltaic Systems

I.1. Introduction

In the realm of renewable energy solutions, photovoltaic systems stand as pivotal
entities, drawing their power from sunlight, the quintessential source of energy. This chapter
delves into the intricate world of photovoltaic systems, illuminating their importance in the
contemporary landscape of sustainable energy [1]. Amidst the urgency of the global climate
crisis, the imperative for clean, renewable energy has never been more pronounced.
Photovoltaic systems, commonly known as solar power systems, exemplify human
innovation, encapsulating our pursuit of a sustainable tomorrow [2].

Photovoltaic systems represent one of the most prominent modern technologies in the
field of renewable energy generation. They rely on the direct conversion of solar energy into
electrical energy in a clean and silent manner, without the need for moving mechanical parts.
This technology is based on the physical properties of semiconductor materials, particularly
silicon, which has the ability to generate an electric current when exposed to solar radiation.
This process produces direct current (DC), which can later be converted into alternating
current (AC) through specialized devices in order to meet the requirements of various
electrical applications.

Photovoltaic systems are characterized by their wide range of applications. They can
be used to power small electronic devices such as watches and calculators, and they also play
a significant role in supplying electricity to remote areas that are not connected to the
electrical grid. In addition, they are used in telecommunications systems and can be integrated
with public power grids. The ease of installation, low maintenance requirements, quiet
operation, and environmentally friendly nature of these systems make them an ideal choice
for both residential and commercial building applications.

In essence, this chapter embarks on an odyssey, tracing the evolution of an idea into a
cornerstone of clean energy. It is a voyage through time, science, and engineering, where
sunlight becomes more than illumination; it becomes the life force propelling sustainable
progress. As we delve deeper into the ensuing chapters, the narrative woven here will serve as
the foundation, grounding us in the profound significance of photovoltaic systems and their
pivotal role in shaping a sustainable future.

I.2. Photovoltaic systems Foundation and its impact in Algeria

Algeria, a nation endowed with abundant sunlight, has astutely recognized the
potential of solar energy as a transformative solution to its energy challenges [3]. Photovoltaic
systems, often referred to as solar power systems, have emerged as pioneering technologies,
significantly reshaping Algeria in several fundamental dimensions.

1.2.1. Diversification of Energy Sources

Historically reliant on finite fossil fuels, Algeria has strategically diversified its energy

mix by investing in photovoltaic systems [4]. The vast desert expanses, notably the Sahara,

receive intense sunlight throughout the year, making them ideal locations for solar power

projects. By integrating photovoltaic systems into its energy grid, Algeria has substantially
~2 ~
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reduced its dependence on finite fossil fuels, thereby enhancing energy security and
sustainability [5] as illustrated in Fig.1.

M Gas Turbine

I Combined Cycle

Il Steam turbine
Renewable energy

M Diesel

Figure LI.1: Diversification of Energy Sources

1.2.2. Economic Development

The adoption of photovoltaic systems has catalyzed economic growth in Algeria. The
establishment and maintenance of solar power plants have generated employment
opportunities, stimulating local economies [6]. Additionally, the decreased reliance on
imported fuels for electricity generation has alleviated financial burdens, allowing redirected
funds to vital sectors such as education, healthcare, and infrastructure projects [7]. In 2014,
the Algerian government introduced a feed-in tariff mechanism, a pivotal initiative in the
country's energy sector, incentivizing renewable energy adoption [8]. Algeria has also
instituted a structured pricing scale for electricity generated from various sources, creating a
framework for sustainable energy production and consumption [9] as shown in Table 1.

Table I.1: Power, and Tariffs for the two energy sources Wind, Solar PV[75]

Feed-In Tariff (DZD/KWh)
Energy source | Power (MW) _ _
5 initial Years 15 Remaining Years
) 1-5 13.10 9.55-16.66
Wind
>5 10.48 7.64-13.33
1-5 15.94 11.80-20.08
Solar PV
>5 12.75 9.44-16.06
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1.2.3. Environmental Conservation

Algeria's commitment to photovoltaic systems aligns with global efforts to combat
climate change. By generating electricity from renewable sources, particularly solar power,
Algeria has significantly reduced its carbon footprint. This transition to clean energy has
mitigated the adverse environmental effects associated with fossil fuel combustion, leading to
improved air quality and diminished greenhouse gas emissions [10].

1.2.4. Rural Electrification and Social Impact

In numerous remote and rural areas of Algeria, access to electricity was once a luxury.
Photovoltaic systems, especially in the form of off-grid solar installations, have facilitated
rural electrification [11]. By bringing electricity to these regions, these systems have elevated
the quality of life for residents. Access to electricity has enabled enhanced healthcare,
education, and communication, fostering social development and empowerment [12].

1.2.5. Research and Innovation

The implementation of photovoltaic systems has stimulated research and innovation in
Algeria. Academic institutions and research centres are delving into solar technology, aiming
to enhance efficiency and reduce costs [13]. This focus on research not only enriches
Algeria’s knowledge base but also contributes valuable insights to the global solar energy
community.

1.2.6. Energy Export Potential

Algeria's strategic investment in photovoltaic systems positions the country as a
potential energy exporter in the future. With advancements in energy storage technology,
surplus solar energy can be stored and transported to neigh boring regions, creating economic
opportunities and strengthening diplomatic ties through energy cooperation [14].

1.2.7. Solar Radiation Patterns and Implemented Solar Installations

As illustrated in Fig.2, In Algeria, solar photovoltaic technology stands as the most
viable energy solution, primarily due to the country's extensive solar exposure, covering
approximately 90% of its vast landmass spanning 2,382 million km?2 [15]. The region benefits
from an estimated annual sunshine duration of 3000 hours and daily energy absorption of up
to 5 kWh per square meter on most horizontal surfaces. However, the uneven and variable
distribution of solar irradiation poses a challenge, varying significantly from one geographical
location to another [16].
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Figure 1.2: Solar Irradiation in Algeria

1.3. Solar Radiation

The energy that reaches the ground is less than 1354 W/m? (the solar constant)
because part of the solar radiation is absorbed by the atmosphere (about 15%) and re-emitted
in all directions in the form of diffuse radiation. The atmosphere also reflects a portion of the
solar radiation back into space (about 6%). Thus, the global radiation at ground level is the
sum of direct radiation and diffuse radiation. The energy received by a surface depends on
several factors such as the season, altitude, weather conditions, terrain, pollution, the
orientation of the surface, etc. At ground level, several components are distinguished [17].

I.4. Types of Solar Radiation

1.4.1. Direct Solar Radiation

It is received directly from the sun, without being scattered by the atmosphere. It is the
difference between global radiation and diffuse radiation [18].

1.4.2. Diffuse Solar Radiation

It consists of light scattered by the atmosphere (air, cloudiness, aerosols). Scattering is
the phenomenon that divides a parallel beam into a multitude of beams spreading in all
directions. In the sky, air molecules, water droplets (clouds), and dust particles all contribute
to this dispersion of the sun’s rays. Therefore, it mainly depends on weather conditions [19].
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1.4.3. Reflected Solar Radiation

It is the radiation that is reflected by the ground or by objects located on its surface.
This albedo can be significant when the ground is particularly reflective (such as water, snow,
etc.)[20].

1.4.4. Global Solar Radiation

On a horizontal surface: It is the total solar radiation coming from the sun that reaches
a horizontal surface on planet Earth. This therefore includes the vertical component of direct
solar radiation as well as diffuse solar radiation.

On an inclined surface: Global radiation on an inclined surface corresponds to the sum
of direct, diffuse, and reflected radiation[18].

Reduction of solar
radiation

Reflected

Figure 1.3: Components of Solar Radiation

L.5. Solar Energy

The Sun irreversibly transforms every second 564 million tons of hydrogen into 560
million tons of helium. The Sun therefore loses 4 million tons, which are dispersed in the
form of radiation. The energy emitted by the Sun each second is therefore about 3.85 x 102°
W. However, only a very small fraction of this power is received by the Earth because of the
small solid angle under which our planet is seen from the Sun: approximately two billion
times less. This still gives a considerable value (about 1.9 x 10'7 W)..

~6~
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The solar energy received per unit area perpendicular to the Sun’s rays, at a Sun—Earth
distance equal to its average value, is called the solar constant, which is estimated at 1,367
W-m2 [21][22].

Albert Einstein, while working on the photoelectric effect, discovered that light does
not only have a wave nature, but that its energy is also carried by particles called photons. The
energy of a photon is given by the relation:

E = mec? (1.1)
m: mass in kilograms(kg).

c: the speed of light.

Thus, the shorter the wavelength, the greater the energy of the photon.[23] The Sun
emits electromagnetic radiation (Figure 1.2) within a wavelength band ranging from 0.22 to 10
microns (um) [24].

The energy associated with this solar radiation is approximately distributed as follows:
* 9% in the ultraviolet band (< 0.4 pm).
* 47% in the visible band (0.4 to 0.8 um).

* 44% in the infrared band (> 0.8 um).
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Figure 1.4: Solar spectrum [25]
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I.6. Types of Solar Energy

1.6.1. Thermal solar energy

This energy is the transformation of the sun's rays into thermal energy (heat). This
energy can be used directly either for heating or to obtain hot water. The general principle
is to concentrate the sun’s rays in one place. They are then trapped by glazed solar thermal

collectors, which transfer the solar energy to metallic absorbers [26][27].

1.6.2. Thermodynamic solar energy

These are large power plants equipped with solar ray concentrators, called mirrors, to
heat a fluid to high temperatures in order to produce steam through heat exchange, and then
use a steam turbine to generate electricity [20].

1.6.3. Photovoltaic solar energy

Photovoltaic solar energy harnesses the sun as a source of light. This energy is
captured and converted into electricity using solar panels installed on the facades or roofs of
buildings. This conversion process is known as the photovoltaic effect [28][29].

1.6.3.1. The photovoltaic effect

The photovoltaic effect is a process that converts solar energy, emitted in the form of
photons, into electrical energy using a semiconductor device called a solar cell [30].

However, this effect can only occur if a potential barrier exists within the
semiconductor prior to illumination. Such a barrier appears, for example, at the interface
between two differently doped regions, where two types of impurities are introduced at
different concentrations, thereby forming a P—N junction. When this material is exposed to
light, the incident photons transfer their energy to the electrons in the semiconductor, making
them mobile. Under the influence of the potential barrier, the generated electric charges are
separated: positive charges move to one side while negative charges move to the other side,
which results in the generation of an electric current [30].

Among the materials used in the fabrication of photovoltaic cells, crystalline silicon is
the most widely used and currently accounts for approximately 90% of the photovoltaic
panels produced worldwide. Nevertheless, other technologies also exist, such as thin-film
solar cells, which are already industrialized, as well as other technologies that are still under

research and development [31].
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Figure 1.5: Working Principle of the Photovoltaic Effect [32]

1.7. Photovoltaic cells

The PV cell, also called a photocell, is the smallest element of a photovoltaic
installation. It is composed of semiconductor materials and directly converts light energy into

electrical energy [33].

The operation of the photovoltaic cell is based on the photovoltaic effect, generating
a voltage that can vary between 0.3 V and 0.7 V depending on the material used, its structure,
as well as the temperature and aging of the cell [34].

The energy efficiency performances achieved industrially are 13-14% for mono
crystalline silicon cells, 11-12% for polycrystalline silicon, and 7-8% for amorphous silicon
thin films. The photocell or solar cell is the basic element of a photovoltaic generator [35].

Electrode mndgative \
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N
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Figure 1.6: A photovoltaic cell [36]
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I.7.1. Operating Principle of Photovoltaic Cells

A photovoltaic cell can be considered as a photosensitive diode, and its operation
is based on the properties of semiconductor materials.

The photovoltaic cell allows the direct conversion of light energy into electrical
energy. Its operating principle is based on the photovoltaic effect. A cell is composed of two
layers of a semiconductor. These two layers are doped differently. The (N) layer has an excess
of valence electrons, while the (P) layer has a deficit of electrons. Thus, the two layers create
a potential difference. The energy of the incoming light photons captured by the valence
electrons (in the N layer) enables them to cross the potential barrier and generate a direct
electric current. To collect this current, electrodes are deposited by screen printing on the two
layers of the semiconductor (Figure 1.5). The upper electrode is a grid that allows light rays to
pass through. An anti-reflection layer is then deposited on this electrode in order to increase
the amount of absorbed light [37].
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Figure 1.7: Principle of Photovoltaic Cells

1.8. Different types of photovoltaic cells

Nowadays, there are several types of cells with diverse and varied characteristics,
each suited to a specific function. We will therefore mention the different technologies used in
the manufacturing of these cells [30].

1.8.1. Mono crystalline cells

Mono crystalline cells are first-generation photovoltaic cells. They are made from a
single block of silicon crystallized into one piece. These cells are generally a uniform blue
color. They have good efficiency, typically between 12% and 20% for industrial cells, but the
production method is labor-intensive and costly [34].

~10 ~
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Figure 1.8: Mono crystalline cells [36]

1.8.2. Polycrystalline cells

Polycrystalline cells are made from a block of silicon crystallized into multiple
crystals. When viewed closely, the different orientations of the crystals can be seen (different
shades). They have an efficiency of about 11% to 13%, but their production cost is lower than
that of mono crystalline cells. During the cooling of silicon, several crystals are formed. This
type of cell is blue, but not uniform; patterns created by the different crystals can be
distinguished [38].

Figure 1.9: Polycrystalline cells

~11 ~
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1.8.3. Amorphous silicon cells

These cells are composed of a glass or synthetic material substrate on which a thin
layer of silicon is deposited (the arrangement of atoms is no longer regular as in a crystal).
Their efficiency is around 5-10%, which is lower than that of crystalline cells. They are used
in small consumer products (watches, calculators) but are rarely used in solar installations

[35].

Figure 1.10: Amorphous silicon cells [39]

1.8.4. Comparison of different technologies

Table 1.2: Comparison of different cell technologies [18]

technologies

Mono crystalline cells

Polycrystalline cells

Amorphous silicon cells

Efficiency 14-17% 12-15% 6-10%
* High efficiency for a | « High efficiency for |
Advantages cell 2 module Easy to produce

* High costs and loss of
raw materials during

* High costs and loss
of raw materials

* Low yield, high costs,
and loss of raw materials

Disadvantages the manufacturing during the . during the manufacturing
manufacturing
process. process
process
Lifetime 35 Years 35 Years <10 Years
Power 100 to 150 Wp/m2 100Wp/m? 50Wp/m?
7TM2/kWp 8Mz2/kWp 16M%kWp
Market share 43% 47% 10%
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1.9. Photovoltaic modules

To increase the operating voltage, several photovoltaic cells are connected in series to
form a photovoltaic module. The nominal voltage of the module is usually adapted to a 12-
volt load, and the module will therefore generally have 36 cells. Moreover, the fragility of the
cells to breakage and corrosion requires protection from the environment, and they are
generally encapsulated under glass or plastic compound. The whole assembly is called a
“photovoltaic module”.

Modules can also be connected in series and in parallel to increase the operating
voltage and current [40].

— Aluminium Frame
—— Tempered Glass
—— Encapsulant - EVA

— Solar cells

—— Encapsulant - EVA
—— Back sheet

Junction Box

Figure 1.11: Composition of a photovoltaic (PV) solar module

1.9.1. Role of the PV solar module

The photovoltaic (PV) solar module is the component of a PV solar system that
produces electricity (direct current) when it is exposed to sunlight. The amount of electricity
the module can generate depends on the following factors [41].

* The availability of sunlight (direct, diffuse, reflected, night, etc ).
* The orientation of the module (whether it faces North-South or not)
* The tilt of the module (angle relative to the horizontal)

» The location where the PV solar module is installed.

~13 ~
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1.10. Connection of photovoltaic modules

The association of modules with each other forms photovoltaic panels. The three
types of association of photovoltaic modules are [42]:

1.10.1. Series connection

The individual cell, an essential component of a photovoltaic system, produces only a
very small amount of electrical power, generally around 0.5 W with a voltage of less than one
volt. To increase power output, cells are combined to form a module (or panel) [43]. The
series connection of photovoltaic modules delivers a voltage equal to the sum of the
individual voltages and a current equal to that of a single module [42].
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Figure 1.12: Series connection of solar cells [44]

1.10.2. Parallel Connection

The parallel connection of photovoltaic modules delivers a current equal to the sum of
the individual currents and a voltage equal to that of a single module [42].
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Figure 1.13: Parallel connection of photovoltaic cells [44]
1.10.3. Mixed connection (Series — Parallel)

To achieve satisfactory current and voltage, it is necessary to use a mixed
arrangement, that is, series-parallel [43].
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Figure 1.14: Parallel and series connection of photovoltaic cells [45]
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I.11. photovoltaic system

In addition to the main component, the photovoltaic generator—which represents
more than 50% of the total cost of the system—the PV system also includes secondary
components such as the storage system and the power conditioning stage.

The storage device often consists of one or more rechargeable batteries. Batteries are
very expensive components and must be selected carefully. The power conditioning stage
involves a static converter, either DC/DC or DC/AC.

Batteries typically have a lifespan of 8 to 10 years, while PV modules last between 20
and 30 years [46].

1.11.1. Autonomous systems

Autonomous systems play the role of supplying power to one or more consumers in
areas far from the electrical grid. A standalone solar panel system consists of a storage system
associated with solar generators to ensure continuous power supply at all times and for several
days, even in case of production interruption, as well as static converters for the adaptation
stage between the solar generator and the loads [47].Two types can be distinguished:

« Sun-tracking (direct-use) systems.

« Systems with storage.
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Figure 1.15: Autonomous photovoltaic installation [48]
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1.11.2. Grid-connected systems

Grid-connected photovoltaic systems are connected to the public grid through an
appropriate inverter, because a photovoltaic module only produces direct current (DC).

Grid-connected photovoltaic systems can be divided into two types:
* Decentralized grid-connected photovoltaic systems.

* Centralized grid-connected photovoltaic systems [49].
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Figure 1.16: Diagram of a grid-connected photovoltaic installation [36]

1.11.3. Hybrid systems

Hybrid systems consist of a photovoltaic generator combined with one or more
renewable energy sources, a generator, or both simultaneously. In the event of a discharge,
these systems may also include batteries that can be recharged by the other source [50].
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Figure 1.17: Autonomous hybrid photovoltaic installation [48]

1.12. Power electronic converters

Power electronic devices play a major in the functioning of photovoltaic system either
in stepping up or stepping down DC the voltage generated by the solar panels and these are
known as DC-DC converters or during the conversion of direct current to alternating current
and these referred to as (DC-AC converters). The choice of these power electronic devices
rests entirely on the types of loads used, either AC or DC loads [51].

1.12.1. DC-DC converters

These devices are considered solid-state power electronics, as they are used to step up
or step-down direct current (DC) voltage. DC-DC converters operate based on pulse width
modulation (PWM) technology, where a high-frequency pulse signal is generated to control
the switching on and off of electronic switches, allowing precise control of the output voltage

level [51].

DC
DC

Figure 1.18: Symbol of a DC-DC converter [52]
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1.12.2. DC-DC Converters for Solar Energy Systems

A chopper can be implemented using a controlled electronic switch (a power transistor
operating in 0—1 switching mode), which opens and closes, such as GTO thyristors, bipolar
transistors, or insulated-gate field-effect transistors operating in switching (on/off) mode.

The principle of the chopper consists of periodically establishing and interrupting the
connection between the source and the load using this electronic switch. This switch must be
able to be opened or closed at will in order to obtain an adjustable continuous output voltage.

For this purpose, DC-DC converters (or choppers) are used in solar energy systems to
adapt the variable DC source (PV panel) to the load, which generally requires a constant DC
voltage [53].
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Figure 1.19: Voltages Ve and Vs in a DC/DC converter [54]

1.12.3. Types of DC-DC converters

DC-DC converters (or choppers) are used in solar energy systems to adapt a variable-
amplitude DC source (PV panel) to a load that generally requires a constant DC voltage. The
three basic configurations are [55]:

* Buck converters,
* Boost converters.

» Buck — boost converters.
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1.13. Advantages and disadvantages of a photovoltaic system [56][57]

1.13.1. Advantages

 Solar photovoltaic energy generates neither noise, nor harmful emissions, nor polluting
gases.

* Reliable and stable systems.
« Its output varies with the days and seasons, but it is relatively predictable.

» Safe and risk-free technology.

1.13.2. disadvantages
* The investment cost is relatively high.
» The efficiency of PV cells remains quite low.

* There is no electricity production in the evening and at night.

1.14. Conclusion

Solar photovoltaic energy is one of the most important global fields in sustainable
development. Despite the mastery of solar cell manufacturing technology and their
encapsulation, photovoltaic systems are still expensive. Therefore, mastering the technology
alone is no longer sufficient to reduce the cost of PV systems; proper design and sizing
techniques can also help minimize the cost per watt-peak produced.

In this chapter, the main focus was on the basic components of a photovoltaic system
(solar cells and PV modules), as well as the current-voltage (I-V) characteristics of a PV
module.

Thus, designing a photovoltaic field requires thorough knowledge of the performance
of the photovoltaic generators used and their behavior under different environmental
conditions.
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Chapter 11 Modeling and Analysis of Dc-Dc Converters

I1.1. Introduction

Modern electronic devices must meet several criteria such as high quality, reliability,
compact size, light weight, and low cost. Linear power regulators, whose operating principle
is based on current or voltage division, can provide a very high-quality output voltage [58].
However, this type of regulator remains inefficient because its main field of application is at
low power levels.

Switching regulators, known as DC/DC converters, use electronic switches based on
semiconductors such as thyristors, power transistors, or IGBTS, as they generate low power
losses during transitions from one state to another. These converters ensure high energy
conversion efficiency and can operate at high frequencies. The dynamic characteristics of
DC/DC converters improve as the switching frequency increases. High operating frequencies
therefore allow for a faster dynamic response to rapid changes in load current or input voltage
[59].

I1.2. Step-down converter (Buck converter)

The step-down converter (Figure I1.1) is often found in the literature under the name
Buck converter or series chopper. The latter, which is a switch, can only connect two sources
of different types (current/voltage or vice versa).

The use of the Buck converter in photovoltaic conversion systems is quite appropriate,
since the photovoltaic generator is a direct current source, while the load generally a battery
behaves like a voltage source.

Its typical application is to convert the input voltage into a lower output voltage,
where the conversion ratio a = Vo/Vi varies with the duty cycle of the switch [60].

-
[
-
L 3

Figure IL.1: Principal diagram of a Buck converter
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I1.2.1. Principle of operation

A buck converter is an electronic circuit used to step down a higher DC voltage to a
lower DC voltage with high efficiency. Its operation is based on the rapid switching of an
electronic switch (usually a transistor) along with energy storage elements such as an inductor
and a capacitor. When the switch is closed (ON state), energy is transferred from the source to
the load, and the inductor stores part of this energy in the form of a magnetic field, while the
diode is reverse-biased. When the switch is opened (OFF state), the inductor maintains the
current flow by releasing its stored energy and supplying it to the load through the diode. This
switching process repeats at a high frequency, resulting in a stable output voltage that is lower
than the input voltage. The output voltage is controlled by the duty cycle, following the
approximate relation Vout = D x Vin. The inductor and capacitor help smooth the signal and
reduce ripple, making the buck converter highly efficient and widely used in modern
electronic applications.

11.2.2. Mathematical model

To determine the actual behavior of this converter, it is necessary to know its
mathematical model in detail. For this purpose, we must represent the equivalent circuit in
both states of the switch and then derive the mathematical model that relates the input and
output variables.

(Figure 11.2) shows the equivalent circuit diagram of a step-down (buck) converter with the
switch closed during aTs, while (Figure II.1) represents the step-down converter with the
switch open during (1 — a))Ts [61].

I I g
i
VI

Vil o —olV,

Figure I1.2: Equivalent circuit diagram of the series chopper when t € [0, aTs].
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When Kirchhoff’s law is applied to the circuit above, the following equations are
obtained:

A

ric1(t) = C1% = §;(t) — i, (t)
(o = 62 = 1y 0) ~ ig(0) @)
di, (t)

Vi) = L —== = Vi(©) = Vo(®)

I1.2.3. Conversion and yield report

voltage as follows [62]:

the input power:

Conversion ratio M(d)

The conversion ratio M is defined as the ratio between the output voltage and the input

M) = (2.2)

SIS

Where 7 is the efficiency of the converter, defined as the ratio of the output power to

B Wl (2.3)
= P Vi

1.0

o0.s |

0.6

0.4 1

0.2

0.0 : | ' ' :

oz o o6 oe 10

Duty cycle ratio d

Figure I1.3: the conversion ratio M(d) of a series chopper (DC-DC converter)
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11.2.4. Continuous conduction mode

The Continuous Conduction Mode (CCM) is the most prevalent and efficient
operational state for Buck converters. This mode occurs when the minimum inductor current
I} min remains strictly greater than zero throughout the entire switching period (T). Physically,
this implies that the inductor does not completely discharge its stored energy into the load
before the next switching cycle begins, thereby ensuring a continuous flow of current toward
the output.

The converter’s response in this mode is characterized by two fundamental stages: the
first occurs when the electronic switch is closed (Switch ON), where the current increases
linearly as the inductor stores energy; the second occurs when the switch is opened (Switch
OFF), where the current decreases through the free-wheeling diode to feed the load, while
maintaining a positive value.

From a design perspective, CCM is preferred in power applications due to its ability to
minimize current ripple, which reduces stress on electrolytic capacitors and enhances the
quality of the output voltage. Furthermore, the relationship between input and output voltage
in this mode is linear and depends exclusively on the duty cycle (D), according to the
following mathematical expression:

Vour =D * Viyy (24)

This linear proportionality significantly simplifies the design of control circuits and
closed-loop systems, ensuring higher stability for the converter under various loading
conditions.
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Figure 11.4: Current and voltage waveforms in a Buck converter
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11.2.5. Discontinuous conduction mode

Discontinuous Conduction Mode (DCM) in a Buck converter is defined as the
operating state where the inductor current i;falls to zero before the end of the switching
period Ts This mode typically occurs under light load conditions (high load resistance) or
when the inductance value is too small to maintain a continuous current flow. Mechanically,
the DCM cycle consists of three distinct intervals: the ON-state, the OFF-state where the
current decreases, and a third interval where the inductor current remains at zero. While DCM
can lead to higher output voltage ripples and requires a different mathematical approach for
modeling, it offers certain advantages such as the elimination of the reverse recovery loss in
the diode and a simplified control loop due to the reduction in the system's order.

i) AT 5T
On .
-g -& - >
S on Off on
o :
]
T e = >
) JRY
EVO 0
S 0 :
v, | o N VL
= = 4 _ . = I R L
%— /\ \t
|
0 DT T

Figure IL1.5: Evolution of the voltages and currents with time in an ideal buck converter
operating in discontinuous mode.

I1.3. Step-up converter (Boost converter)

This is a step-up converter, also known as a boost converter or a parallel chopper; it
transforms any input voltage into a higher output voltage. Its basic circuit is shown in (Figure
11.6)[63].
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Figure 11.6: Basic diagram of a Boost converter

I1.3.1. Principle of operation

When switch K is closed, during the period t,y, i.e., t € [0, aTs], the current gradually
increases, allowing the inductor to store more energy throughout the entire closing time of K.
Then the switch turns off, i.e., during the period tyzr,t € [aTs, Ts] During this transition from
the closed state to the open state, the inductor L opposes the change in the current I, in its
circuit. This variation also causes a change in the magnetic flux in its core, and thus it
generates a voltage across its terminals that adds to the source voltage, the whole appearing
across the capacitor C,[64].

I1.3.2. Equivalent mathematical model

To be able to synthesize the functions of the boost chopper in steady state, it is
necessary to present the equivalent circuit diagrams for each position of switch K. The one in
(Figure I1.5) presents the equivalent circuit of the boost converter when K is closed, i.e.,
between [0;a-Ts].[63].

, : 3 1
kY, I—H
1 K L
Vi __al e Vo

Figure I1.7: Equivalent circuit diagram of the boost chopper when t € [0; a,Ts]
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Similarly to the buck circuit, applying Kirchhoff’s laws to the equivalent circuits of
the two operating phases gives:

lc1()—C1 ;E)—ii(t)_iL(t)
25
1 in® =q dv;’t(t)=—io(t) &
diy (t)
| n®=L—— il 40

At the open state of switch K, the equivalent circuit for the operation of the boost
converter is as follows

. L '
i R, l oy
& Y iﬁ I A
Vi — ¢ Vo

Figure 11.8: Equivalent circuit of a boost chopper when t € [a,Ts; Ts]

( dv(t)
iea(0) = 6 = 60 — iy (1)
dv,(t) (2.:6)
Vicz2(t) = CZT =i, (t) — ip(t)
di; (t)
V) =1 =22 = v - ()

I1.3.3. Conversion and yield report

: .V
We can calculate the conversion ratio 70 as follows:[63]
i

0 1 :
M(a)=v=1_a &0
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Conversion ratio M(d)

Duty cycle d

Figure 11.9: Shape of the conversion ratio as a function of the duty cycle

I1.3.4. Continuous conduction mode

The "Continuous Conduction Mode (CCM)" in a boost converter is defined as the
operating state where the inductor current I, remains strictly greater than zero throughout the
entire switching period T Physically, this implies that the energy stored in the inductor during
the "ON" state of the power switch is not fully depleted into the capacitor and the load during
the "OFF" state, ensuring an uninterrupted flow of current. This mode is characterized by
lower current ripples compared to the "Discontinuous Conduction Mode (DCM)", which
reduces electromagnetic interference and thermal stress on electronic components.
Consequently, CCM is preferred for high-power applications requiring stability and high
efficiency, such as "Maximum Power Point Tracking (MPPT)" systems in photovoltaic. In
this mode, the relationship between the input voltage V;, and the output voltage V,,; is
governed by the duty cycle (D) according to the following equation:

Vin (2 . 8)
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Figure 11.10: Current and voltage waveforms in a Boost converter

I1.3.5. Discontinuous conduction mode

The "Discontinuous Conduction Mode (DCM)" in a boost converter occurs when the
inductor current I, falls to zero before the end of the switching cycle. This mode typically
arises when the converter operates under light load conditions (high load resistance), uses an
inductor with low inductance (L), or functions at a lower switching frequency.This mode is
characterized by three distinct operational intervals within a single switching period:

1 ON-State Interval (DT): The switch is closed, energy is stored in the inductor, and the
current increases.

*2 OFF-State Interval (D, T): The switch opens, and the stored energy is transferred to the
load through the diode.

*3 IDLE Interval (D, T): This is the defining feature of DCM, where the inductor current
reaches zero and remains there until the start of the next cycle. Consequently, the output
voltage gain becomes dependent not only on the duty cycle (D) but also on the load resistance
and inductance value, making the converter’s dynamic response significantly different from
the Continuous Conduction Mode (CCM).
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Figure I1.11: Waveforms of inductor current and voltage in a boost converter operating
in discontinuous mode.

I1.4. Buck-Boost Converter

This converter combines the two previous functionalities, namely step-up and step-
down. It transforms any input voltage into either a lower or higher output voltage depending
on the requirements. Its basic schematic is illustrated in (Figure 11.12)[63].

D
L1 \
™~ )
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Figure I1.12: Buck-Boost Converter
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I1.4.1. Principle of operation

When the switch K is closed, during the time interval toy ;. t € [0,aTs] the diode is
blocked, while the current increases linearly inside the inductor with a slope equal to a = %
This allows the inductor to store more energy throughout the entire time K remains closed.

When the switch opens, i.e., during torr With t€ [aT T;] the diode conducts through

the inductor, in which the current also decreases linearly with a slope equal to g = —% [62].
When the switch K is closed, the equivalent circuit is shown in (Figure 11.13).
I lo
—— >
Vici ir
Vi - E TV T —ca |V
” | Vric_? %

Figure 11.13: Equivalent circuit of a Buck-Boost converter when t € [0, aT]

By applying Kirchhoff’s law to this circuit, we obtain the following equations:[60][62]

(. dv;(t) .
(2 (6) = G = = 1(®) ~ ()
d (2.9)
U ia® =620 i
di; (t
L neo=1 80y

When switch K is open, the equivalent circuit is shown in (Figure II 14).

i o
R oy — o
" A
el Ir
Vi - L IVL c2 | Vo
, | Yo |

Figure I1.14: Equivalent circuit of a Buck-Boost converter when t € [aT,, T,]
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The equation model in this configuration is as follows:

. dv;(t) |
ic1(t) = C1T = (1)
. dve(t) . (2.10)
ic2(t) = G, - i, (t) — ip(t)
di, (t)

@) =1L i =Vo(t)

I1.4.2. Conversion and yield report

The conversion ratio is calculated as follows:[63]

Conversion ratio M(d)

M) = Vo _ (2.11)

—4 -

—10

0.0

0.2 0.4 0.6 0.8
Duty cycle d

Figure II.15: Conversion ratio as a function of the duty cycle

11.4.3. Continuous conduction mode

The "Continuous Conduction Mode (CCM)" is considered the preferred operational

regime for the "Buck-Boost converter” in applications requiring high stability and low output
voltage ripple. In this mode, the inductor current i, remains strictly positive throughout the
switching period (T = Toy + Torr), €nsuring a consistent energy transfer to the load.
Mathematically, maintaining CCM operation depends on selecting an inductance value
greater than the critical inductance L. This regime simplifies the system's dynamic modeling
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and the design of feedback control loops, as the converter exhibits a more predictable
behavior compared to the Discontinuous Conduction Mode (DCM).

Current (1) Voltage (V) < Switch State

Figure 11.16: Current and voltage waveforms in a Buck-Boost converter

11.4.4. Discontinuous conduction mode

The "Discontinuous Conduction Mode (DCM)" in a Buck-Boost converter is
characterized by the inductor current i, dropping to zero during the discharge sub-interval and
remaining null until the start of the next switching period. This mode of operation is
encountered when the inductance value is lower than the critical inductance (L < L,;;) or
when the load current is significantly reduced. Structurally, the converter transitions through
three distinct states within a single period. In the final state, the inductor is completely
depleted of energy, causing the output voltage to become dependent not only on the duty
cycle (D) but also on the load resistance and the inductance value. While DCM allows for
smaller magnetic components and faster transient response, it requires more complex control
analysis due to the increased dependency on operating parameters.
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Figure I1.17: Waveforms of current and voltage in a buck-boost converter operating in
discontinuous mode.
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Chapter 11

II1.5. Simulation results

I11.5.1. DC/DC Boost converter simulation

Discrete
1e-06s

powergui

100 T

Voltage [V]
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i i
L 0.3 04 0.5
Time [s]

Figure I1.19: Time response of the output voltage V,,; under duty cycle step changes
compared to the input voltage V;,
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The figure (11.19) illustrates the dynamic response of the output voltage V,,,; relative
to a constant input voltage V;,, = 40 V under duty cycle step changes across different time
intervals. At the initial and transient instances (t = 0s, t = 0.2s, and t = 0.4s), voltage
oscillations and overshoots are observed due to the effect of the circuit's energy storage
components.

I1.6. Conclusion

In this chapter, we have briefly presented the main DC-DC converters, namely the
boost, buck, and buck-boost converters. These serve as the interface stage between the
photovoltaic generator and the load. The converter is modeled according to the needs of the
application and represents the key element of the system to be controlled. For our application,
we have chosen the boost converter, which ensures an output voltage higher than the voltage
generated by the photovoltaic panel.
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Chapter 111 Maximum Power Point Tracking Principles and Algorithms

II1.1. Introduction

The power delivered by a photovoltaic generator (PVG) depends strongly on the level
of solar irradiance, the temperature of the cells, shading conditions, and also on the nature of
the load being supplied. Therefore, it is highly unpredictable.

The power characteristic curve of the PVG exhibits a maximum power point (MPP),
which corresponds to a specific operating point defined by the voltage VMPP and the current
IMPP (see Figure II1.1).

Since the position of the MPP depends on the level of irradiance and the temperature
of the cells, it is never constant over time. Therefore, an MPPT (Maximum Power Point
Tracker) converter must be used to track these changes. An MPPT converter is a power
conversion system equipped with an appropriate control algorithm that enables the extraction
of the maximum power that the PVG can deliver[31].

I11.2. Principle of Maximum Power Point Tracking (MPPT)

(Figure TIII1.2) shows the basic schematic of a conventional MPPT converter. The
MPPT control varies the duty cycle of the static converter (SC) using an appropriate electrical
signal in order to extract the maximum power that the PV generator (GPV) can provide.

The MPPT algorithm can be more or less complex in searching for the maximum
power point (MPP). In general, it is based on adjusting the duty cycle of the SC according to
the evolution of its input parameters (current | and voltage V, and consequently the PV
generator power) until it operates at the MPP[65].

p Maximum Power Point Tracking with Iteration Process

cyan: variables / [abels

Power

(P) Xypp (7P)

Pypp
Maximum Power
(Paep)

X;: iteration point

Vorl

Reference Voltage or Current Vorreror L cr
g TEfTEl el Voltage or Current

Figure I11.1: Power characteristic curve of a PV generator
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Figure I11.2: Principal diagram of an MPPT converter

I11.3. Classification of (MPPT) algorithms according to the search method
II1.3.1. Direct methods

This type of control determines the optimal operating point (MPP) from the measured
currents, voltages, or powers in the system. It can therefore react to unpredictable changes in
the operation of the PV generator (PVG). Generally, these procedures are based on a search
algorithm, in which the maximum of the power curve is determined without interrupting
operation. For this purpose, the operating point voltage is incremented at regular intervals. If
the output power increases, then the search direction is maintained for the next step;
otherwise, it is reversed. The actual operating point then oscillates around the MPP. This
basic principle can be protected against interpretation errors by other algorithms.

These errors may occur, for example, due to an incorrect search direction resulting
from a power increase caused by a rapid rise in the level of solar irradiance.

Determining the power value of the PV generator, which is essential for MPP
tracking, requires measuring the voltage and current of the generator and multiplying these
two variables. Among these methods are the differentiation method, the Perturb and Observe
(P&O) method, the incremental conductance method, etc[66].

I11.3.2. Indirect methods

This type of control uses the existing relationship between measurable variables (Isc
or Voc), which can be easily determined, and the approximate position of the MPP. It also
includes control methods based on an estimation of the PV generator operating point,
performed using a predefined parametric model.

There are also control methods that track the optimal voltage by taking into account
only the variations in cell temperature provided by a sensor. These methods have the
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advantage of being simple to implement. They are mainly intended for low-cost and low-
precision systems operating in geographical areas with little climatic variation. Among these
methods, we find the open-circuit voltage method of the generator, the short-circuit method,
etc[66].

I11.4. MPPT Algorithms

In the literature, several MPPT algorithms exist; the most commonly used ones are:

II1.4.1. Perturb and Observe (P&QO) Algorithm

The P&O (Perturb and Observe) method is generally the most widely used due to its
simplicity and ease of implementation. This algorithm uses the values of voltage Vpv and
current Ipv as inputs, and produces the duty cycle a as output [67].

The principle of this algorithm (as its name suggests and as shown in (Figure 111.4)) is
to apply a perturbation on the voltage Vpv while acting on the duty cycle a. Following this
perturbation, the power generated by the panel P(k) is calculated and compared with the
previous power value P(k—1) [66].

If the power increases, the operating point moves closer to the Maximum Power Point
(MPP), and the variation of the duty cycle is kept in the same direction. On the contrary, if the
power decreases, the operating point moves away from the MPP. In this case, the direction of
the duty cycle variation must be reversed. As illustrated in (Figure II1.3) [68].
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Figure I11.3: Search for the MPP using the P&O method.
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Measurements of V(k), I (k)

v
Calculation of P(k)

P(k) = V(k) x I(k)

Calculation of AP, AV
AP = P(k) — P(k — 1)
AV =V (k) —V(k—1)

a(k) =alk—1) +da a (k) =alk—1) —da
Y I J

Update: P(k—1) = P(k)

Vk—1) = V(k)
|

Figure I11.4: Flowchart of the P&O algorithm.

I11.4.2. Incremental Conductance Algorithm (INC)

The incremental conductance algorithm is an algorithm that adapts well to rapid
changes in the site’s weather conditions. It is relatively more stable than the P&O method;
however, its practical implementation is more difficult [69].

The principle of this algorithm is based on the knowledge of the conductance value
G:é and the incremental conductance AA—‘I/ in order to determine the position of the operating
point relative to the Maximum Power Point (MPP).

« If the incremental conductance AA—; is greater than the negative of the conductance (—G), the
duty cycle is decreased.

« If the incremental conductance is less than the negative of the conductance, the duty cycle is
increased.

This process is repeated until the MPP is reached, where the derivative of power is
equal to zero (Figure II1.5), as indicated in Equation (3.1)[70].
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This equation can be rewritten as follows:

d(lpv ) Vw) _ Vov * dlpy n lpy - AV
AVyy AVyy dVpy,

This implies that:

Ipv [A]
EE:
I
|
e

(3.1)

(3.2)

(3.3)

(3.4)

PPM

My Iy

<
tﬁ VP I VP V

Vv [V

Figure II1.5: Positioning of the operating point according to the value of Al,,/AV,, on the

I-V characteristics
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Measure V (k), 1(k)

!

AV =V(K) —-V(K—1)
Al =I(K) —I(K—1)

a(k)=a(k—1) —da (k) =a(k—1) +da

: l l
v

Itk — 1) = I(k)
V(k—1) =V(k)

Figure I11.6: Flowchart of the INC algorithm

I11.4.3. Constant Voltage Algorithm

The approximate linear relationship (3.5) linking the voltages Vypp and V. of the PV
generator (GPV) has led to the so-called Constant Voltage (CV) method[71][72]:

Vapp = kq - Voc (3.5)

where K is a proportionality constant. Since K; depends on the characteristics of the
panel used, it must be determined in advance by empirically measuring Vypp and V,. under
different atmospheric conditions. According to research results, the factor K;generally lies
between 0.71 and 0.78. Once K, is determined, V,ppcan be calculated using the above
expression (3.5), with V,.measured periodically by momentarily opening the power converter
(open-circuit condition). The voltage V,,pp is then used as the operating voltage for a certain
time, after which the cycle is repeated.

The drawback of this algorithm is the loss of available power during the disconnection
of the load from the PV generator. Also, the MPP is not always between 71% and 78% of the
open-circuit voltage V,. To overcome this issue, pilot cells are used to obtain V..

These cells must be carefully selected so as to accurately represent the characteristics
of the PV generator.
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Once the voltage Vypp has been approximated, a closed-loop control of the power
converter can be used to asymptotically reach the desired voltage.

Since the expression is only an approximation, the panel never operates exactly at the
MPP. Moreover, in the case of partial shading, K; is no longer valid. Although this technique
is not truly an MPP method, it is simple and inexpensive to implement.

I11.4.4. Constant Current Algorithm

This technique stems from the fact that, under varying atmospheric conditions, the
IMPP current is approximately linearly related to the short-circuit current Isc of the PV
generator. It has been shown that[71][72].

Vmpp = Kl (3.6)

Where K, is a proportionality constant. As with the CV method, K, is determined for
the PV generator used. The constant K, is generally between 0.78 and 0.92. Measuring the
short-circuit current I during operation is problematic. A switch is usually added to the
power converter to short-circuit the panel and measure the Is. current using a current sensor.
This increases the number of components and therefore the cost. The output power is reduced
during the measurement of ;.. Moreover, the MPP is never reached.

I11.4.5. Hill Climbing Algorithm

The control technique called Hill Climbing is one of the most widely used methods for
MPPT control due to its simplicity of implementation [73]. However, it has oscillations
around the Maximum Power Point (MPP) in steady-state operation and an occasional loss of
MPP tracking when there are rapid changes in weather conditions [74]. The algorithm of this
method is illustrated in Figure (2.30) [73].

I Start |
h 2
Measure of [,,, and V,,;,

1
I Calculate P, = Vi, * Iy I
_’/—"F’/’D;:n;(k) - Ppu(k — 1) R Yes

\,(//

P})u(k) = Ppu(k - 1) No 1
Complement of the
Yes sign of SLOPE
| a(k) = a(k — 1) +~da = slope } |

a(k — 1) = a(k)
va(k — 1) = va(k)

Figure II1.7: Flowchart of the Hill Climbing Algorithm
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With:

* SLOPE: corresponds to a variable that takes the value “1” or “-1” depending on the direction
that must be given to the search in order to increase the output power of the panel.

Periodically, the power of the panel is compared with the previously determined value.
Based on the result of this comparison, the sign of the Slope value either changes or remains
the same. Once the MPP is reached, the system oscillates around it indefinitely [74].

II1.5. Conclusion

This chapter presented the principle of Maximum Power Point Tracking (MPPT) used
to maximize the power extracted from photovoltaic systems. The role of the DC-DC
converter was explained as an interface that adjusts the PV operating point through duty cycle
control. In addition, the classification and types of MPPT algorithms were introduced,
highlighting common methods used to track the maximum power point efficiently.
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Chapter IV Simulation Résultant and Comparative Analysis

IV.1. Introduction

This chapter discusses the modeling and simulation of the photovoltaic generator
using the MATLAB/Simulink environment to understand the impact of dynamic
changes in solar irradiance and temperature on the electrical characteristic curves (1-V)
and (P-V). It also reviews the role of the DC/DC Boost Converter in dynamically
matching impedance to direct the system toward the Maximum Power Point (MPP).
Finally, the chapter concludes with a comparative study to evaluate the tracking
efficiency and transient response speed of three Maximum Power Point Tracking
(MPPT) algorithms: Perturb and Observe (P&O), Hill Climbing (HC), and Incremental
Conductance (INC) under varying environmental conditions.

IV.2. Simulation Results

IV.2.1. Open circuit PV Panel Simulation Via MATLAB/Simulink

The solar panel block is modeled by electrical equations, with temperature T and
irradiation G as inputs, and current | and voltage V as outputs

: )0
T 1V
—p Y
1000 O
X
G |
Product PV

— P

PV mode!

Figure IV.1: Simulation scheme of Open circuit PV Panel
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Solar Characteristics at G=1000 Wlm2 & T=25°C
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Figure IV.2: Characteristic Curves of a PV Module: Current-Voltage (I-V) and
Power-Voltage (P-V) at Standard Test Conditions (STC)

The figure(IV.2) illustrates the electrical characteristics of a PV module under
Standard Test Conditions (STC: G = 1000 W/m?, T = 25°C) using two curves sharing a
common Voltage (V) axis. The Current-Voltage (I-V) curve features a short-circuit
current I =~ 9.3 A and an open-circuit voltage V,. ~ 46 V, showing a sharp
exponential current drop after remaining relatively constant at lower voltages. The
Power-Voltage (P-V) curve, calculated as P = IV, rises to its peak at the Maximum
Power Point (MPP), which delivers optimal performance at V,,,,, =~ 37.5V, L, = 8.7A,
and a peak power P, ,x between 325W and 330W This peak underscores the vital role
of Maximum Power Point Tracking (MPPT) algorithms in solar controllers and
inverters to continuously extract maximum efficiency under varying environmental
conditions.

~ 49 ~



Chapter IV Simulation Résultant and Comparative Analysis

IV.2.1.1. Irradiance variation test
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Figure IV.3: I-V Characteristics of the PV module under Solar Irradiance
Variation with constant temperature

The figure(IV.3) illustrates the current-voltage (I-V) characteristics of the
photovoltaic generator at a constant temperature (25°C) under varying solar irradiance
levels (1000, 750, 500, and 250W/m?2). A strong direct proportionality is observed
between the irradiance intensity and the short-circuit current Isc, which increases
linearly with higher irradiance. In contrast, the open-circuit voltage V,. remains
minimally affected by these variations, experimentally confirming that solar irradiance
is the primary determinant of the current produced by photovoltaic cells.
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P-V vs Irradiance (at 25°C)
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Figure IV.4: P-V characteristics of the PV module under solar irradiance variation
with constant temperature

The figure(IV.4) shows the influence of varying solar irradiance on the electrical
performance of the PV module through its 1-V and P-V characteristics. It can be
observed that the maximum power output P, ,x is highly dependent on solar irradiance,
decreasing significantly from approximately 325 W at 1000 W/m? to 80 W at 250
W/mz, Conversely, the open-circuit voltage V,. remains relatively stable with minimal
variations around 47V.This non-linear behavior highlights the necessity of
implementing Maximum Power Point Tracking (MPPT) techniques to optimize energy
extraction under changing atmospheric conditions.
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IV.2.1.2. Temperature variation test
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Figure IV.5: I-V Characteristics of a PV module under temperature variation with
constant solar irradiance

The figure(IV.5) illustrates the effect of temperature on the current-voltage (I-V)
characteristics of the photovoltaic cell under constant irradiance (1000W/m?). It is
observed that an increase in temperature (from 25°C to 85°C) leads to a sharp and
significant decrease in the open-circuit voltage V. contrasted with a very slight and
negligible increase in the short-circuit current I .. As a result of this disparity, the
maximum output power P,,,x decreases, and the overall performance efficiency of the
cell noticeably drops as its operating temperature rises.
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Figure IV.6: P-V Characteristics of a PV module under temperature variation
with constant solar irradiance

Figure(IV.6) Power-Voltage (P-V) characteristics of the photovoltaic module
under a constant irradiance of 1000 W/m? and varying temperatures (25°C, 45°C, 65°C,
85°C). The curves clearly indicate that an increase in temperature leads to a shift of the
Maximum Power Point (MPP) toward lower voltage values, resulting in a direct
reduction of the maximum extracted power. This confirms the adverse effect of
temperature on the energy efficiency of the PV panel.
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1V.2.2. Effect of Load Resistance on Solar Panel Operating Points and
Power Output
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Figure IV.7: I-V characteristics of the PV panel and operating points with
different resistors loads

The figure(IV.7) illustrates the impact of varying load resistance values (R) on
determining the operating point of the photovoltaic generator along it’s 1-V
characteristic curve. It is observed that shifting the resistance alters the intersection
point: a low resistance (2 Q) drops the voltage, yielding a low power of 174W, while a
high resistance (10Q) restricts the current, resulting in 188W. Conversely, the optimal
resistance value (4.2Q) perfectly matches the maximum power point P,pp= 323W,

highlighting the critical importance of impedance matching to ensure maximum system
efficiency.
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1V.2.3. Effect of DC/DC Boost Converter Duty Cycle on Solar Panel
Operating Point
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Figure IV.8: Effect of the DC/DC Boost Converter duty cycle on the operating
point of the PV solar panel

The figure(IV.8) demonstrates that the DC/DC boost converter acts as a variable
impedance matcher, where adjusting the duty cycle (D) shifts the operating point along
the PV panel's (I-V) curve. Changing from a low duty cycle (D = 0.3) to a high one (D
= 0.7) shifts the system from a high-voltage, low-current region to a high-current, low-
voltage region, passing through the Maximum Power Point (MPP) at an intermediate
duty cycle (D = 0.5). This highlights the vital role of MPPT algorithms in dynamically
optimizing the duty cycle to extract maximum power under varying conditions.
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Simulation Résultant and Comparative Analysis

IV.3. Simulation of PV system under Perturb and Observe MPPT
method via MATLAB/Simulink
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Figure IV.9 :Simulation block diagram of a PV solar system under
(P&O0O),(INC),(HC) algorithm

IV.3.1. Simulation results
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Figure IV.10 : Solar irradiance curve
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The figure(IV.10) illustrates the sudden changes (step changes) in solar
irradiance as a case study for variable environmental conditions over a time span of 1.5
seconds. The curve goes through three main phases: starting with a high constant
irradiance level of 1000 W/m? until 0.5 s, followed by a sharp drop to 400 W/m? lasting
until 1 s (simulating cloud passage), and finally recovering to stabilize at 800 W/mz.
This dynamic profile is utilized to evaluate the transient response and efficiency of
Maximum Power Point Tracking (MPPT) algorithms under rapidly changing
environmental conditions.
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Figure IV.11: Dynamic Power curve with variable irradiance under P&O
algorithm

The curve(IV.11) illustrates the dynamic performance of the maximum power
point tracking P,y for the photovoltaic generator over time, under sudden variations in
operating conditions at 0.5s and 1s. It is observed that the tracking algorithm exhibits a
highly rapid dynamic response and a brief settling time when transitioning between
different power levels (from 325W to 130W, then to 260W). Furthermore, the system
demonstrates near-perfect stability with negligible steady-state oscillations, which
proves the high efficiency and robustness of the deployed control system.
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Figure 1V.12: voltage curve with variable irradiance under P&O algorithm

The curve(IV.12) illustrates the dynamic response of the photovoltaic generator
voltage Vp, over time. It is observed that the voltage rapidly stabilizes at its optimal
value (around 37.5 V then 38.2 V) following the sudden variations at 0.5s and 1s. The
system exhibits minor and brief transient undershoots during transitions, confirming the
control system's high capability in voltage regulation and stability maintenance.
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Figure IV.13: current curve with variable irradiance under P&O algorithm
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The curve(IV.13) illustrates the dynamic response of the photovoltaic generator
current Ip, tracked via the P&O algorithm. The system demonstrates fast and accurate
tracking under sudden step changes at 0.5s and 1s, where the current smoothly
transitions and stabilizes at the new optimal values (around 8.7A, 3.5A, and 7A,
respectively). Furthermore, the minimal steady-state oscillations reflect the high
efficiency of the algorithm in reducing power losses.

IV.4. Simulation of PV system under Incremental Conductance (INC)
MPPT algorithm via MATLAB/Simulink

IV.4.1. Simulation results
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Figure IV.14: Dynamic Power curve with variable irradiance under INC algorithm
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The curve(IV.14) illustrates the dynamic performance of the maximum power
point tracking Ppy using the Incremental Conductance (INC) algorithm. The results
display an instantaneous and highly rapid response during sudden step changes at 0.5s
and 1s, with the power transitioning accurately between the three levels (325W, 130W,
and 260 W). Furthermore, the curve exhibits ideal stability with zero steady-state
oscillations, proving the superior tracking efficiency of the INC algorithm.
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Figure IV.15: Dynamic voltage curve with variable irradiance under INC
algorithm
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The curve(IV.15) illustrates the dynamic response of the photovoltaic generator
voltage Vp, using the Incremental Conductance (INC) algorithm. It shows minor
oscillations in the initial interval [Os - 0.5s] during the search for the optimal point,
followed by a highly rapid response at the transition times of 0.5s and 1s. The voltage
directly settles with robust stability at the new reference values (37V and 38V) with
zero steady-state ripples, highlighting the algorithm's strong capability in precise
voltage regulation.
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Figure IV.16: Dynamic current curve with variable irradiance under INC
algorithm

The curve(IV.16) illustrates the dynamic response of the photovoltaic generator
current I, tracked via the Incremental Conductance (INC) algorithm. Minor initial
oscillations are observed in the interval [0Os - 0.5s] during the primary tracking phase,
followed by a highly rapid and accurate response to sudden step changes at 0.5s and 1s.
The current transitions smoothly and settles immediately at the new optimal values
(3.5A and 6.9A) with zero steady-state ripples, confirming the algorithm's high
efficiency in maximum power point tracking and system stability.
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IV.5. Simulation of PV system under Hill Climbing (HC) MPPT
algorithm via MATLAB/Simulink

IV.5.1. Simulation results
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Figure IV.17: Dynamic power curve with variable irradiance under Hill Climbing
(HC) algorithm

The curve(IV.17) illustrates the dynamic performance of the maximum power
point tracking Pp, using the Hill Climbing technique. The results demonstrate a highly
rapid and accurate response to sudden step changes at 0.5s and 1s. The power smoothly
transitions between the three levels (325W, 130W, and 260W) with nearly zero steady-

state oscillations, highlighting the algorithm's effectiveness in maintaining maximum
power extraction.
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Dynamic Voltage via Hill Climbing (va)
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Figure IV.18: Dynamic voltage curve with variable irradiance under Hill
Climbing (HC) algorithm

The curve(IV.18) illustrates the dynamic behavior of the photovoltaic generator
voltage Vp, using the Hill Climbing technique. The system demonstrates excellent
stability around the optimal voltage values (approximately 37.2V, 36.6V, and 37.5V).
Although brief transient overshoots and undershoots occur during the step changes at
0.5s and 1s, the rapid settling time highlights the algorithm's robustness and efficiency
in voltage regulation under dynamic conditions.
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PV Array Current via Hill Climbing (Ipv)
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Figure IV.19: Dynamic current curve with variable irradiance under Hill
Climbing (HC) algorithm

The curve(IV.19) illustrates the dynamic performance of the photovoltaic
generator current I, tracked via the Hill Climbing technique. The system exhibits a
highly rapid response during sudden step changes at 0.5s and 1s, where the current
smoothly transitions and directly settles at the new optimal values (around 8.7A, 3.5A,
and 6.9A, respectively). The stable and smooth steady-state profile indicates negligible
oscillations, ensuring an efficient reduction in power losses
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IV.6. Comparison between Perturb & Observe (P&O), Incremental
Conductance (INC), and Hill Climbing methods
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Figure IV.20: Dynamic power comparison between P&O, INC and Hill Climbing
MPPT algorithms under varying irradiance

The curve(IV.20) presents a dynamic performance comparison of the maximum
power point tracking Pp, among three algorithms: Hill Climbing, P&O, and Standard
INC. While all three methods successfully track the maximum power point across
different levels, the Standard INC algorithm demonstrates superior performance in
terms of instantaneous response, perfect stability, and zero steady-state oscillations. The
Hill Climbing technique follows with a smooth transition, whereas the P&O algorithm
exhibits minor transient drops and oscillations during the step changes at 0.5s and 1s.
This confirms the technical superiority and higher efficiency of the INC approach under
dynamic operating conditions.
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Figure IV.21: Dynamic voltage comparison between P&O, INC and Hill Climbing
MPPT algorithms under varying irradiance

The curve(IV.21) presents a dynamic response comparison of the photovoltaic
generator voltage V,, among the three algorithms: Hill Climbing, P&O, and INC. The
results highlight distinct behaviors in voltage regulation during the step changes at 0.5s
and 1s. The INC algorithm demonstrates the fastest settling time and the highest steady-
state stability despite the initial peak. Conversely, the P&0O method exhibits a sharp
drop and continuous steady-state ripples, while the Hill Climbing technique shows a
significant transient undershoot at 1s before recovering. This confirms the superior
capability of the INC approach in precise and robust voltage regulation.

IV.7. Conclusion

This chapter concluded with a dynamic study demonstrating the direct
proportional effect of solar irradiance on current and the adverse effect of temperature
on the PV generator's voltage and efficiency, while confirming the pivotal role of the
boost converter as an impedance matcher. Although the comparative simulation results
showed that all tracking techniques successfully extracted maximum power, the
Incremental Conductance (INC) algorithm proved its technical superiority by delivering
an instantaneous response, the fastest settling time, and zero steady-state ripples in both
power and voltage compared to the P&O and Hill Climbing methods.
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General Conclusion

In conclusion, this dissertation has focused on the study of photovoltaic systems as
one of the most important renewable energy sources that have experienced significant
development in recent years due to the increasing demand for clean and environmentally
friendly energy. The work mainly concentrated on improving the performance of photovoltaic
systems through the use of DC-DC power converters and Maximum Power Point Tracking
(MPPT) techniques in order to increase energy conversion efficiency and minimize power
losses caused by changing environmental conditions.

First, a general study of photovoltaic cells and panels was presented, including their
operating principles, electrical characteristics, and the main factors affecting their
performance such as solar irradiance and temperature. In addition, the different components
of a photovoltaic system and its practical applications were discussed, highlighting the
important role of solar energy in meeting the growing global demand for electrical power.

Next, DC-DC converters were studied with particular emphasis on the Boost
Converter. Its operating principle, different operating modes, and mathematical modeling
were explained in detail. The study showed that this converter plays a vital role in increasing
and regulating the output voltage of photovoltaic panels according to load requirements,
thereby improving system stability and efficiency.

Furthermore, Maximum Power Point Tracking (MPPT) techniques were investigated
as one of the most effective methods for enhancing photovoltaic system efficiency. These
techniques allow the extraction of the maximum available power from solar panels despite
continuous changes in weather conditions. The most commonly used MPPT algorithms were
presented, together with their operating principles, advantages, and limitations, which helped
in understanding the importance of selecting the appropriate algorithm depending on system
requirements and operating conditions.

In the practical part of this work, the photovoltaic system was modeled and simulated
using MATLAB/Simulink in order to analyze its behavior under varying irradiance and
temperature conditions. The simulation results demonstrated the effectiveness of combining
MPPT techniques with the Boost Converter in improving the extracted power, stabilizing the
output voltage, and increasing the overall efficiency of the photovoltaic system.

Finally, this study confirms that the integration of photovoltaic systems with modern
control techniques represents an effective solution for developing renewable electrical energy
systems. Moreover, this field remains open to many future research opportunities, particularly
in the development of more intelligent and faster MPPT algorithms, the improvement of
power converter performance, and the integration of artificial intelligence and energy storage
systems to achieve more efficient and reliable solar energy systems.
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Appendix 01

Appendix 01

The Electrical Parameters of the PV Generator

Parameter Value & Unit

Maximum Power Pmax 330 W
Short-Circuit Current Isc 9.35A
Open-Circuit Voltage Voc 458V
Current at Maximum Power Imp 8.85A
Voltage at Maximum Power Vmp 373V
Number of Cells in Series Ns 72
Series Resistance Rs 0.220Q
Shunt Resistance Rsh 500 Q
Temperature Coefficient of Isc a 0.0006 A/K
Temperature Coefficient of Voc B -0.133 V/K
Diode Ideality Factor A 1.3
Load/Circuit Resistance R 200
Filter Inductance L 0.001 H (1 mH)
Filter Capacitance C 0.00022 F (220 uF)
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