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ملخص
الدراسة تبدأ الذاتية. الشمسية الطاقة انٔظمة في التحكم و وتحجيم تصميم حول شاملة دراسة المذكرة هذه تقدم
مثل مختلفة تقنيات باستخدام (MPP) القصوى الطاقة نقطة لتتبع تصعيد محول بواسطة ادٕارته يتم شمسي مولد بنمذجة
نظام ادٕخال يتم .(PSO) الجسيمات سرب تحسين تقنية و الضبابي، المنطق ،(PO) والمراقبة الاضطراب خوارزميات
الطاقة ادٕارة نظام مع ،PI منظم بواسطة اتجاهين ذو DC/DC محول عبر فيه التحكم يتم البطاريات، على يعتمد تخزين
شمسي نظام تحجيم خلال من الشمسية الطاقة لانٔظمة الدقيق التحجيم اهٔمية المذكرة تبرز كما المتكامل. (EMS)

.AC حمولة يغذي كامل لنظام والمحاكاة التصميم وتقدم حقيقي، ذاتي
القصوى الطاقة نقطة التصعيد، محول الكهروضوئية، المولدات المستقلة، الكهروضوئية الانٔظمة : مفتاحية كلمات
محول ،(PSO) الجسيمات سرب تحسين خوارومية الضبابي، المنطق ،(PO) والمراقبة الاضطراب خوارزمية ،(MPP)

AC حمولة ،(EMS) الطاقة ادٕارة نظام الاتجاه، ثنائي

Résumé
Cette thèse présente une étude approfondie sur la conception, le dimensionnement et
le contrôle des systèmes photovoltaïques autonomes. Elle inclut la modélisation d’un
générateur photovoltaïque (GPV) géré par un convertisseur élévateur pour suivre le point
de puissance maximale (MPP) utilisant des techniques comme les algorithmes de perturba-
tion et d’observation (P&O), la logique floue et l’optimisation par essaim de particules
(PSO). Un système de stockage par batteries est intégré, contrôlé par un convertisseur
DC/DC bidirectionnel avec régulation PI, accompagné d’un système de gestion de l’énergie
(EMS). La thèse souligne également l’importance du dimensionnement précis des systèmes
photovoltaïques à travers l’étude d’un système réel, et propose la conception et la simulation
d’un système complet alimentant une charge AC.

Mots clés : Systèmes photovoltaïques autonomes, GPV, convertisseur élévateur,
MPP, P&O, logique floue, PSO, convertisseur DC/DC bidirectionnel, système de gestion
de l’énergie (EMS), charge AC

Abstract
This thesis presents a comprehensive study on the design, sizing, and control of standalone
systems. It begins with the modeling of a photovoltaic generator (PVG) managed by a
boost converter to track the Maximum Power Point (MPP) using various techniques
such as perturb and observe (P&O) algorithms, fuzzy logic (FL), and Particle Swarm
Optimization (PSO). A battery-based storage system is introduced, controlled by a bidirec-
tional DC/DC converter with a PI regulator, along with an integrated Energy Management
System (EMS). The thesis also underscores the importance of precise system sizing through
the study of a real autonomous solar system, and provides the design and simulation of a
complete system powering an AC load.

Keywords : Standalone systems, PVG, boost converter, MPP, P&O, fuzzy logic,
PSO, bidirectional DC/DC converter, EMS, AC load
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General Introduction

There is a significant perception of future high global energy consumption. In recent
years, declining fossil-fuel reserves and climate change have encouraged the development
of renewable energy sources in order to reduce global warming. One of the candidates to
replace pollutant fossil-fuel energy sources is Photovoltaic (PV) energy [1]. Its advantages
include cheap repair costs, the absence of moving or rotating elements, and little worldwide
impact. The entire amount of incident solar energy on Earth exceeds the world’s current
and expected energy needs. Solar energy has the ability to provide all of the world’s energy
needs if properly harnessed. During operating, it emits no greenhouse gases or hazardous
substances. Its use serves to minimize reliance on fossil fuels, which contributes to a
reduction in environmental impact. Due to all its advantages, it is expected that in the
21st century solar energy will become the most important renewable source during the
energy transition towards a sustainable development. These reasons justify why solar
energy is a focus of such research interest [2].

The control of solar photovoltaic (PV) systems has recently gained a lot of interest.
In recent years, there have been numerous reports on control objectives and controllers.
Two main aims can be identified. The primary goal is to obtain the maximum available
PV power with maximum power point tracking (MPPT) management, while the second
goal is to maximize PV power utilization. PV panels provide power that can be used to
meet load demands or injected into the electrical grid. PV systems fall into two types
based on their application: Standalone systems and grid-connected systems [2].

Many photovoltaic systems function independently. Such systems include a photovoltaic
generator, energy storage (such as a battery), AC and DC consumers, and power conditioning
components. A stand-alone system, by definition, does not interface with the electric grid.
A PV generator can comprise many arrays. Each array is made up of multiple modules,
each of which contains multiple sun cells. When the PV modules’ power exceeds the load
demand, the battery bank stores it and releases it when the PV supply is insufficient. A
stand-alone PV system can have a variety of loads, including both DC (television, lighting)
and AC (electric motors, heaters, and so on). The power conditioning system connects
all of the PV system’s components, providing protection and control. The most common
components of a power conditioning system are blocking diodes, charge regulators, and
DC-AC converters [3].
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Problem Statement

The rise in global energy demand along with the lowering reserves of fossil fuel and
immediate requirement to solve the problems of climate change, new sustainable and
renewable energy sources are needed. Solar energy, particularly photovoltaic (PV) technology,
stands out as a great option due to its potential to meet the world’s energy needs without
emitting greenhouse gases.

However, there are still some challenges we need to overcome to exploit the most of solar
energy in stand-alone PV systems. These challenges include variation of meteorological
conditions, effective energy storage, and optimizing the control and conversion of the
energy. Addressing these issues is important for making solar energy a dependable and
mainstay power source for the future.

Objectives and Challenges

In this work, our objective is to design the various components of a standalone photovoltaic
power system to supply an AC load. We will consider the energy requirements for
laboratory equipment at the national polytechnic school as a practical case study, providing
a detailed step-by-step design procedure. The design of a stand-alone PV system will be
developed using the MATLAB/Simulink software including the components : a photovoltaic
generator, DC-DC converters, battery-based storage, a DC-AC inverter, and a single-
phase transformer.

The main challenges in designing a photovoltaic system center around modeling the PV
array, extracting maximum power from the PV panels, managing energy storage, and
converting energy efficiently. Through this work, we focus on modeling a photovoltaic
array using the single-diode model. We aim to develop and implement efficient control
techniques to track the maximum power point, including Perturb & Observe (P&O),
fuzzy logic (FL), and Particle Swarm Optimization (PSO) methods. Additionally, the
implementation of PI controllers to manage energy flow within the PV system components
via a bidirectional DC-DC converter. Finally, we will design a DC-AC inverter with a
single-phase transformer to meet the load requirements.

Organization of the thesis

This work is organized into several chapters to provide a systematic and comprehensive
exploration of standalone photovoltaic systems. This is how the thesis is organized :

This chapter serves as an introduction to the topic, offering an overview of the objectives
and challenges of this work. It also defines the scope of the study and gives the structure
of the following chapters.

The first chapter presents an overview of photovoltaic systems with a focus on their
general structure and main elements, as well as their importance. It includes a state-
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of-the-art review, highlighting the motivations behind using photovoltaic system for a
sustainable renewable energy.

The second chapter will focus on modeling photovoltaic systems managed by boost converters
and provide a comprehensive understanding of their mathematical and electrical representations.
It also provides details about the dynamics and characteristics of PV modules and boost
converters.

The third chapter will present various control techniques to optimize the extraction of
maximum power from PV panels using a boost converter. It compares classical and
advanced methods such as Perturb and Observe (P&O), Fuzzy Logic (FL), and Particle
Swarm Optimization (PSO), discussing their design, implementation and performance
evaluation.

The fourth chapter will address the integration of battery-based storage into PV systems,
which is an essential component, particularly in standalone systems. An energy management
system will be designed and implemented to enhance the system performance.

The fifth chapter will cover a real-world case study, demonstrating the practical application
of the concepts discussed in previous chapters. It includes the sizing of the system to
determine the energy requirements, followed by the design of an overall standalone PV
system. This chapter provides a step-by-step approach to design a PV system to meet
specific energy requirements.

The thesis concludes with a summary of our research findings and explores potential
future investigations and advancements in the field of photovoltaic systems.
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Background and State-of-the-art of Photovoltaic Systems

1.1 Introduction

Renewable energy sources are considered alternative energy sources because of rising
environmental concerns and depleting conventional energy resources. Solar energy has
a significant role in meeting the increased requirement for electricity with a reduced
environmental impact.

In the first chapter of our study, we provide a simple overview of photovoltaic systems,
focusing on how they connect to loads, the use of static converters to improve efficiency,
the importance of energy storage for reliable power supply, and the latest advancements in
MPPT control techniques. This chapter aims to lay a solid foundation for understanding
photovoltaic systems in today’s energy context.

1.2 Renewable Energies

As the world population grows and places more demand on limited fossil fuels, renewable
energy becomes more relevant as part of the solution to the impending energy dilemma.
Renewable energy is now included in national policies, with goals for it to be a significant
percentage of generated energy within the coming decades [4].

At the end of 2022, global renewable generation capacity amounted to 3372 GW. Renewable
hydropower accounted for the largest share of the global total, with a capacity of 1256
GW. Solar and wind energy accounted for most of the remainder, with total capacities
of 1 053 GW and 899 GW respectively. Other renewable capacities included 149 GW of
bioenergy and 15 GW of geothermal, plus 524 MW of marine energy [5].

Figure 1.1 : Renewable Generation Capacity by Energy Source .

Renewable generation capacity increased by 295 GW (+9.6%) in 2022. Solar energy
continued to lead capacity expansion, with a massive increase of 192 GW (+22%), followed
by wind energy with 75 GW (+9%). Renewable hydropower capacity increased by 21 GW
(+2%) and bioenergy by 8 GW (+5%). Geothermal energy increased by a very modest
181 MW. Solar and wind energy continued to dominate renewable capacity expansion,
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jointly accounting for 90% of all net renewable additions in 2022. This growth in wind
and solar led to the highest annual increase in renewable generating capacity and the
second highest growth on record in percentage terms [5].

Figure 1.2 : Renewable Power Capacity Growth.

1.2.1 What is Renewable Energy ?

Renewable energies are energy sources that naturally regenerate over time and do not run
out. They are the most important part of the transition to an energy system that moves
away from fossil fuels, thus countering global warming. And they are clean energies that
safeguard human health and the environment [6].

All countries in the world share the same need to produce increasingly more renewable
energy and to abandon conventional sources. According to data from the latest International
Renewable Energy Agency (IRENA)1 report, in 2022 as much as 83 percent of all electricity
capacity added lo was from renewable sources. While in 2021, according to a report
published by the independent climate think tank Ember, renewables generated 38 percent
of the world’s electricity [6].

1.2.2 Types of Renewable Energy Sources

There area range of renewable sources that have been developed, with each offering
their own advantages and challenges depending on factors such as geographical location,
requirements for use and even the time of year [7]. The mostly used renewable energy
sources are :

1IRENA : The International Renewable Energy Agency (IRENA) is an intergovernmental
organisation that supports countries in their transition to a sustainable energy future, and serves as
the principal platform for international co-operation, a centre of excellence, and a repository of policy,
technology, resource and financial knowledge on renewable energy.
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1.2.2.1 Solar Energy

Solar energy is the most abundant of all energy resources and can even be harnessed
in cloudy weather. The rate at which solar energy is intercepted by the Earth is about
10,000 times greater than the rate at which humankind consumes energy.

Solar technologies convert sunlight into electrical energy either through photovoltaic
panels or through mirrors that concentrate solar radiation. The cost of manufacturing
solar panels has plummeted dramatically in the last decade, making them not only
affordable but often the cheapest form of electricity. Solar panels have a lifespan of
roughly 30 years, and come in variety of shades depending on the type of material used
in manufacturing [7].

1.2.2.2 Wind Energy

Wind energy harnesses the kinetic energy of moving air by using large wind turbines
located on land (onshore) or in sea- or freshwater (offshore). Wind energy has been used
for millennia, but onshore and offshore wind energy technologies have evolved over the
last few years to maximize the electricity produced - with taller turbines and larger rotor
diameters.

Though average wind speeds vary considerably by location, the world’s technical potential
for wind energy exceeds global electricity production, and ample potential exists in most
regions of the world to enable significant wind energy deployment.

Many parts of the world have strong wind speeds, but the best locations for generating
wind power are sometimes remote ones. Offshore wind power offers tremendous potential
[7].

1.2.3 Renewable Energy in Algeria

Within the framework of the dynamics of energy transition, Algeria, like many other
countries in the world, seeks to use renewable energy sources to enhance its energy security
by diversifying its energy mix and reducing its dependence on fossil fuels. The country
enjoys great potential for renewable energy, especially solar and wind energy, due to
abundant sunlight and strong winds in certain areas [8].

- Solar Energy : On account of its geographical location, Algeria holds one of the
highest solar potentials in the world which is estimated at 13.9 TWh per year. The
country receives annual sunshine exposure equivalent to 2,500 KWh/m². Daily solar
energy potential varies from 4.66 kWh/m² in the north to 7.26 kWh/m² in the south.
The high solar potentials make people’s life easier with lots of environmentally-
friendly products and services such as LED lighting, electricity production and car
title loans [9].

- Wind Energy : Algeria has promising wind energy potential of about 35 TWh/year.
Almost half of the country experience significant wind speed. The country’s first
wind farm is being built at Adrar with installed capacity of 10MW with substantial
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funding from state-utlity Sonelgaz. Two more wind farms, each of 20 MW, are to be
developed during 2014- 2013. Studies will be led to detect suitable sites to realize
the other projects during the period 2016-2030 for a power of about 1700 MW [9].

1.3 Photovoltaic Systems

Solar energy is environmentally friendly technology, a great energy supply and one of
the most significant renewable and green energy sources. It plays a substantial role in
achieving sustainable development energy solutions. Therefore, the massive amount of
solar energy attainable daily makes it a very attractive resource for generating electricity.
Both technologies, applications of concentrated solar power or solar photovoltaic, are
always under continuous development to fulfil our energy needs [10]. Photovoltaics (PV)
are probably the most elegant way to convert solar energy into electricity.

1.3.1 Photovoltaic Cell

A photovoltaic (PV) cell is an energy harvesting technology, that converts solar energy
into useful electricity through a process called the photovoltaic effect. There are several
different types of PV cells which all use semiconductors2 to interact with incoming photons
from the sun in order to generate an electric current.

1.3.1.1 Types of PV Cells

Photovoltaic cells are made of semiconductors based on silicon (Si), germanium (Ge),
selenium (Se), cadmium sulfide (CdS), cadmium telluride (CdTe) or gallium arsenide
(GaAs). Silicon is currently the most widely used material for photovoltaic cells, because
it is so abundant in nature. It is found in nature in the form of silica stone. Silica is
a chemical compound (silicon dioxide) and a mineral with the formula SiO2[11]. The
different types of PV cells available are:

- Monocrystalline silicon cells are bluish-gray or black with a uniform appearance,
with an efficiency of 13 to 17%, (a)

- Polycrystalline silicon cells are blue with a mosaic appearance, yield 11-15%, (b)

- Thin-Film Solar Cells (TFSC) are 6 to 10 % efficient, (c)

2Semiconductor : Semiconductors offer variable conductivity, making them useful for regulating
electrical current. Their conductivity can be altered by factors such as applied voltage, current or exposure
to specific wavelengths of light, hence their application in photovoltaic systems.
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Figure 1.3 : Types of PV Cells

1.3.1.2 Photovoltaic Effect

The photovoltaic effect is a process that generates voltage or electric current in a photovoltaic
cell when it is exposed to sunlight. These solar cells are composed of two different types
of semiconductors a p-type and an n-type that are joined together to create a p-n junction
as shown in figure (1.4) [12].

By joining these two types of semiconductors, an electric field is formed in the region
of the junction as electrons move to the positive p-side and holes move to the negative n-
side. This field causes negatively charged particles to move in one direction and positively
charged particles in the other direction [12].

Light consists of photons, which are small bundles of electromagnetic energy. When
photons of suitable wavelengths hit solar cells, their energy is transferred to electrons in
the semiconductor material, causing the electrons to jump to the conduction band. In
this excited state, electrons are free to move, generating an electric current in the cell.

Figure 1.4 : A diagram showing the photovoltaic effect
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1.3.1.3 Photovoltaic Cell Characteristics

The photovoltaic cell is characterized by :

- Open-circuit voltage (Voc):
A solar cell is placed under a constant light source, with no receiver at its terminals,
and will produce a DC voltage of between 0.3 and 0.7, depending on the semiconductor
material used, the cell temperature and its state of aging.

- Short-circuit current Isc :
If a solar cell is short-circuited, it will deliver a maximum current at zero voltage is
known as the short-circuit current.

- Current-voltage characteristic
The I = f(V ) characteristic of a solar cell represents the variation in current it
produces at its terminals.

- Power-voltage characteristic
The P = f(V ) characteristic of a solar cell represents the product of current and
voltage delivered by a solar cell P = V.I

Figure 1.5 : I-V and P-V characteristic curves

1.3.2 Photovoltaic Module

Photovoltaic modules, commonly known as solar panels, are a web that captures solar
power to transform it into sustainable energy. Photovoltaic modules are made up of many
individual, interconnected photovoltaic cells. To ensure the modules are tilted correctly
and facing the sun, they are housed in support structures. Every module has two output
terminals that collect the generated current and transfer it to the management systems
at a solar power station [13].
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PV cells are wired in parallel to increase current and in series to produce a higher voltage.
36 cell modules are the industry standard for large power production.

1.3.2.1 Association of Photovoltaic Cells

Modules can also be connected in series and parallel to increase voltage and current.
However, it is important to take a few precautions, as the existence of less efficient cells
or the occlusion of one or more cells (due to shade, dust, etc.) can permanently damage
the cells.

- In Series :
The voltage delivered by a photovoltaic cell is limited to the gap voltage of the
semiconductor used, so several cells are connected in series to increase the output
voltage. The same current flows through these cells, and the generator voltage is
proportional to their number[14].
In terms of equations, we have :

{
Vocns = NsVoc

Isc = Iscns

(1.1)

With
VOCns : Voltage across Ns cells in series ; VOC : Voltage across a single cell
ISCns : Current through Ns cells in series ; ISC : Current through a single cell
Ns : Number of cells in series The I-V characteristic of series grouping shown in
figure is therefore obtained by adding voltages to a given current.

- In parallel
For parallel connection, we need to check that the voltages of the photovoltaic cells
are identical, and the current obtained represents the product of the current of the
elementary cell and the number of these cells for a voltage that remains the same
.[14]

{
ISCnp = NpISC
VOC = VOCnp

(1.2)

With :
ISCnp : Current flowing through Np cells in parallel
VOCnp : Voltage across Np cells in parallel
Np : Number of cells in parallel

- Mixed Association (series and parallel)
Increasing the power output of photovoltaic generators requires group photovoltaic
cells in series and in parallel to obtain an equivalent mixed generator.[14]
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1.3.3 Photovoltaic Array

1.3.3.1 What is a Photovoltaic Array ?

If photovoltaic solar panels are made up of individual photovoltaic cells connected together,
then the Solar Photovoltaic Array, also known simply as a Solar Array is a system made
up of a group of solar panels connected together as shown in figure 1.6.

Figure 1.6 : Photovoltaic cell, module and array

A photovoltaic array is therefore multiple solar panels electrically wired together to form
a much larger PV installation (PV system) called an array, and in general the larger the
total surface area of the array, the more solar electricity it will produce [15].

1.3.3.2 Association of Solar Panels

PV modules can be associated in three primary configurations: series, parallel and mixed.

- Series Connection : In a series connection, the positive terminal of one module is
connected to the negative terminal of another module, and so on. This configuration
increases the voltage output while keeping the current constant [16].

- Parallel Connection : In a parallel connection, the positive terminals of all
modules are connected together, and the negative terminals are connected together.
This configuration increases the current output while keeping the voltage constant
[16].

- Mixed Connection : A mixed connection combines series and parallel connections
to achieve a desired voltage and current output. This configuration is often used in
large-scale solar installations to optimize energy production and system design [16].
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1.3.4 Influence of External Parameters on PV System Characteristics

1.3.4.1 Influence of Irradiance

The value of the short-circuit current is directly proportional to the radiation intensity.
The open-circuit voltage, on the other hand, does not vary to the same extent, remaining
virtually unchanged even at low irradiance as shown in figure (1.7) [17]

Figure 1.7 : Influence of irradiance on I-V and P-V characteristics

1.3.4.2 Influence of Temperature

The temperature has a negligible influence on the value of the short-circuit current. On
the other hand, the open-circuit voltage drops quite sharply with increasing temperature,
and consequently the extractable power decreases as shown in figure (1.8) [17].

Figure 1.8 : Influence of temperature on I-V and P-V characteristics
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1.4 PV-Load Connection

1.4.1 Direct Connection

The simplest type of PV system one could ever design is by connecting single or multiple
PV modules directly to the DC load as shown in figure (1.9) below [18].

Figure 1.9 : Direct connected PV module with DC load

The overall capacity of the modules is such that it can supply power only during the
sunshine hours. No special arrangement is made to have the maximum utilization of the
modules by tracking the maximum power point of the modules with a charge controller
throughout the day.

1.4.2 Indirect Connection via DC-DC Adaptation

In order to address the issue raised, it was necessary to add an adaptation stage, as
indicated in figure (1.11). This stage ensures the transfer of energy under optimal
operating conditions for the PV generator and the load.

Figure 1.10 : PV-load connection through a DC/DC converter

For the system to function ideally, various control loops are required at the input and
output of the adaptation stage :

- At the input, they ensure the extraction of the available PPM (Peak Power Maximum)
at the terminals of the PV generator at each moment.

- At the output, they allow optimal operation of each application in its most suitable
mode.
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The techniques used for the input control loops involve associating with the adaptation
stage a control called MPPT (Maximum Power Point Tracking) ”1.7”, which continuously
searches for the maximum power point (PPM).

1.5 DC-DC Static Converters

1.5.1 Overview on DC-DC Converters

A DC-DC converter is an electrical system (device) which converts direct current (DC)
sources from one voltage level to another. In other words, a DC-DC converter takes as
input a DC input voltage and outputs a different DC voltage. The output DC voltage can
be higher or lower than the DC input voltage. As the name implies, a DC-DC converter
only works with direct current (DC) sources and not with alternative current (AC) sources
[19].
A DC-DC converter is also called a DC-DC power converter or voltage regulator.

Figure 1.11 : Operational principle of DC-DC converters

1.5.2 Types of DC-DC Converters

1.5.2.1 Buck Converter

This steps down the input voltage to a lower output voltage while increasing the output
current. It employs a series of switches, an inductor, and a capacitor to regulate the output
voltage by adjusting the duty cycle of the switches. Buck converters are commonly used
in applications that require a lower voltage level than the input supply, such as battery-
powered devices and voltage regulation in computer systems [19].

1.5.2.2 Boost Converter

This steps up the input voltage to a higher output voltage while decreasing the output
current. It utilizes switches, an inductor, and a capacitor to manage energy transfer,
resulting in an increased output voltage. Boost converters are commonly used in applications
requiring a higher output voltage than the input supply, such as power LED drivers or
voltage boosting for portable devices [19].

1.5.2.3 Buck–Boost Converter

This is a versatile topology that can step up or step down the input voltage, depending
on the duty cycle of the switches. This topology combines elements of both buck and
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boost converters, making it suitable for applications with varying input voltages or when
both step-up and step-down conversions are needed. Buck-boost converters are used in
applications such as solar power systems and battery-powered devices with fluctuating
voltage levels [19].

In the figure (1.13) [20] below, the electrical representations of different DC-DC converter
configurations are illustrated, highlighting the fundamental components and connections
of Buck, Boost, and Buck-Boost converters :

Figure 1.12 : Electrical circuits of most common DC-DC converters

1.6 Energy Storage in Photovoltaic Systems

In stand-alone photovoltaic (PV) systems, energy storage is important for providing
continuous power to the load when sunlight is not available. The most common form of
storage is batteries, which store the electrical energy generated by the PV panels during
sunshine hours [21].

Figure 1.13 : Photovoltaic system with energy storage

1.6.1 Solar Batteries

Batteries are essential components in off-grid solar systems as they store excess energy
generated by the solar panels. This stored energy can be used when the sun isn’t shining,
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ensuring a consistent power supply. The type and size of the batteries depend on the
user’s energy needs and consumption patterns. Choosing the best battery for any solar
system depends on various factors, including cost, maintenance requirements, and lifespan
[22].

A bidirectional DC-DC (buck-boost) converter is an important part of standalone solar
Photovoltaic systems for interfacing the battery storage system. It provides the required
bidirectional power flow for battery charging and discharging mode. The duty cycle of the
converter controls charging and discharging based on the state of charge of the battery
and direction of the current [23] .

1.6.2 Characteristics of Solar Batteries

A solar battery also called stationary battery is characterized by a certain number of
parameters:

- Battery Voltage : The terminal voltage during operating condition is known as
nominal voltage or working voltage. This voltage will be specified by manufactures.
It may be 3V, 6V, 12V, 24V etc... [21]

- Battery Capacity : The storage capacity of the battery is represented in Ampere
hour or Ah. If V is the battery voltage then the energy storage capacity of the
battery can be Ah x V = Watt-hour. Usually battery capacity will be specified
for a given discharge/charge rating or C rating. The actual capacity depends on
operating conditions such as load, temperature, etc... [21]

- Battery Life Cycle : It is the number of complete charge – discharge cycles a
battery can work before the nominal capacity decreases less than 80% of its rated
initial capacity. After the specified life cycle, the battery will work with reduced
capacity. It can be used but the capacity will be lower [21].

- Depth of discharge (DOD) : The depth of discharge is the specified amount of
energy that can be safely drawn from the battery before it needs to be recharged.
It is also known as the solar battery discharge limit. Batteries used in solar PV
systems need to have a high DoD to maximize the usable energy stored [24].

- The State of Charge (SOC) : The state of charge of a battery is the difference
between the full charge and the depth of discharge of the battery in percentage. If
the DOD is 25% then the state of charge is (100 - 25) = 75% [21].
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1.7 Principle of Maximum Power Point Tracking (MPPT)

Photovoltaic generation systems have two major problems: the conversion efficiency of
electric power generation is very low (9%-17%), especially under low irradiation conditions,
and the amount of electric power generated by solar arrays changes continuously with
weather conditions.
Moreover, the solar cell V-I characteristic is nonlinear and varies with irradiation and
temperature. As a general rule, the photovoltaic system as a whole (array, inverter, etc.)
operates most efficiently and generates the greatest power output at a single point on the
V-I or V-P curve, known as the Maximum Power Point (MPP). Although the position
of the MPP is unknown, it can be found using search algorithms or calculation models.
The operating point of the photovoltaic generator must therefore be maintained at its
maximum power point (MPP) using maximum power point tracking (MPPT) procedures
[25].

1.7.1 MPPT Basic Concept

1.7.1.1 MPPT Controller

MPPT (Maximum Power Point Tracking), maximum efficiency tracker, also known as
solar controller. The MPPT controller can flexibly adjust the output voltage and output
current of the PV photovoltaic cell array, allowing the photovoltaic cells to work near the
maximum power point to maximize the solar output conversion efficiency.

1.7.1.2 MPPT Working Principle

MPPT control is generally accomplished through DC/DC conversion circuits. Its schematic
block diagram is shown in the figure (1.17). The photovoltaic cell array and the load are
connected through a DC/DC circuit, and the maximum power tracking device continuously
detects the current and voltage changes of the photovoltaic array. And adjust the duty
cycle of the PWM drive signal of the DC/DC converter according to its changes.

Figure 1.14 : Structure of a PV system with MPPT controller

In summary, the MPPT controller will continuously track the maximum power point in
the solar panel to bring out the maximum efficiency of the solar panel. The higher the

32



Background and State-of-the-art of Photovoltaic Systems

voltage, the more electricity can be outputted through maximum power tracking, thus
improving the charging efficiency. In this sense, the MPPT solar charge and discharge
controller is bound to eventually replace traditional solar controllers [26].

1.7.2 State-of-the-Art in MPPT Control Techniques

In the realm of photovoltaic systems, the need for efficient energy conversion has led
to the development of various MPPT techniques. These techniques play a pivotal role
in optimizing the power output of solar panels by continuously adjusting the operating
conditions to extract the maximum available power. Some of the key control applied to
MPPT in PV systems can be classified as follows :

Figure 1.15 : Classification of MPPT Control Techniques

1.7.2.1 Convential Methods

• Indirect Methods
Indirect methods used to control MPPT (Maximum Power Point Tracking) systems
are techniques that estimate the maximum power point (MPP) using external
sensors or parameters such as temperature, irradiance, or open-circuit voltage.
These methods indirectly estimate the MPP without directly measuring the voltage
and current of the photovoltaic (PV) array. The most applied indirect methods are:

- Fractional Open Circuit Voltage (FOCV) method [27].

- Constant Voltage (CV) method [28].

• Direct Methods
Direct methods of MPPT (Maximum Power Point Tracking) in PV systems involve
measuring the actual instantaneous values of PV voltage and currents to track the
MPP. These methods directly track the MPP by scanning through the I-V curve of
the solar cell. The most applied direct methods are :

- Incremental Conductance method (InCon) [29, 30, 31, 32].

- Perturb & Observe method (P&O) [33, 34, 35, 36].
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1.7.2.2 Soft Computing Methods

• AI Methods
Artificial Intelligence (AI) methods are increasingly being used for Maximum Power
Point Tracking (MPPT) control in photovoltaic (PV) systems to improve their
efficiency and performance. AI-based MPPT techniques can adapt to changing
environmental conditions and improve the tracking speed and output DC power,
thereby enhancing the overall efficiency of PV systems. The AI methods used in
controlling photovoltaic (PV) systems include :

- Artificial Neural Network based MPPT (ANN)[37, 38].

- Fuzzy Logic based MPPT [39, 40, 41].

- Genetic Algorithms Optimized Fuzzy Logic based MPPT [42, 43, 44].

- Adaptive Neuro Fuzzy Inference System (ANFIS) based MPPT [45, 46, 47, 48,
49].

- Deep Reinforcement Learning based MPPT [50, 51, 52].

• Bio-Inspired Methods
Bio-inspired methods are a class of Maximum Power Point Tracking (MPPT) techniques
that are based on the behavior of living organisms or natural phenomena. These
methods are used to optimize the energy output of photovoltaic (PV) systems by
tracking the maximum power point (MPP) under various environmental conditions.
The Bio-Inspired methods used in controlling photovoltaic (PV) systems include :

- Genetic Algorithms based MPPT (GA) [53, 54, 55].

- Particle Swarm Optimization (PSO) based MPPT [56, 57, 58].

- Ant Colony Optimization (ACO) [59, 60, 61].

1.8 Photovoltaic Systems Applications

Photovoltaic systems can be divided into two broad categories: Stand-alone systems, i.e.
those not connected to an electricity grid, and systems connected to the public electricity
distribution network.

1.8.1 Stand-Alone Systems

Autonomous or ”stand-alone”, these isolated installations are dedicated to domestic, rural
or other off-grid use, but must ensure that load demand is covered at all times. The power
output of the photovoltaic array is not sufficient to meet the load demand. The system’s
autonomy is therefore ensured by an energy storage system, an inverter and a control
system.
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Figure 1.16 : Stand-alone photovoltaic system

1.8.2 Grid-Connected Systems

Grid-connected PV systems are the most frequent because they are easier to construct
and often less expensive than off-grid PV systems that rely on batteries. Grid-connected
PV systems enable homes to use less energy from the grid while also supplying unused or
excess energy to the utility grid. The system’s structure and size are determined by its
intended use.

Figure 1.17 : Grid-connected system

1.9 Conclusion

In conclusion, this chapter has provided a comprehensive overview of photovoltaic systems
and their key components. We’ve discussed how these systems connect to loads, the
role of static converters in improving efficiency, the importance of energy storage for a
reliable power supply, and the latest advancements in MPPT control techniques. By
understanding these basics, we can better harness the potential of photovoltaic systems
to meet our energy needs while reducing environmental impact. In the following chapters,
we’ll introduce deeper aspects such as system modeling, control strategies, energy management
and systems sizing.
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Photovoltaic Systems Modeling

2.1 Introduction

Modeling is a very important part of any engineering practice. Today it is possible to
model incredibly complicated systems, predict their performance and monitor them using
computers and powerful software. A typical photovoltaic system may consist of the solar
generator itself and other components that maybe any one of the following: The utility
grid, storage components (particularly in standalone systems), power converters (DC/DC
or inverters), and related control circuitry [62].

It is important for system sizing, cost analysis, and monitoring to have models of each
of these parts available at every step of system development, particularly for the solar
generator itself. Moreover, such models may be tested together with other distributed
system models in order to evaluate and predict the overall system performance [62].

In the following chapter on modeling, we will explore the specific techniques used in
our project, particularly focusing on the single diode model used to accurately represent
the photovoltaic generator. Additionally, we will elaborate the modeling and sizing of the
boost converter, highlighting how these modeling approaches contribute to the efficient
design and optimization of photovoltaic systems.

2.2 Photovoltaic Panel Modeling

A standard PV panel datasheet provides the following parameters: open circuit voltage
Voc, short-circuit current Isc, maximum power point (MPP) voltage Vmp, maximum power
point current Imp and maximum power Pm, at standard test condition (STC) which is
defined as the solar irradiation of 1000 W/m² equivalent to one sun at 25°C. In addition
tothese parameters, the temperature coefficients at Voc and Isc are provided by these
datasheets [63].

2.2.1 Mathematical Modeling of PV Module

Various methods of modelling photovoltaic panels exist. In this case, a single exponential
model has been selected, which is also known as one diode model. The equivalent circuit
of a PV cell is shown in Figure 2.1 [64].

Figure 2.1 : Equivalent circuit of one-diode model of a PV cell

The current source Iph represents the cell photocurrent. Rsh and Rs are the intrinsic shunt
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and series resistances of the cell, respectively. Usually the value of Rsh is very large and
that of Rs is very small, hence they may be neglected to simplify the analysis [64].
The voltage–current characteristic equation of a solar cell is provided as :

- Module photo-current Iph :

Iph = [Isc +Ki(T − 298)]× Ir

1000
(2.1)

Iph : photo-current (A); Isc : short circuit current (A) ;
Ki : short-circuit current of cell at 25 °C and 1000 W/m2 ;
T : operating temperature (K); Ir : solar irradiation (W/m2) ;

- Module reverse saturation current Irs :

Irs =
Isc[

exp
(

qVOC
NSknT

)
− 1

] (2.2)

q : Electron charge, q = 1.6× 10−19 C ;
VOC : Open circuit voltage (V) ;
NS : Number of cells connected in series
n : Ideality factor of the diode
k : Boltzmann’s constant, k = 1.3805× 10−23 J/K.

- The module saturation current I0 :
It varies with the cell temperature and it is given by :

I0 = Irs

[
T

Tr

]3
exp

[
q × Eg0

nk

(
1

T
− 1

Tr

)]
(2.3)

Tr : Nominal temperature, Tr = 298.15K
Eg0 : Band gap energy of the semiconductor, Eg0 = 1.1 eV

- The diode current Id :

Id = I0

[(
exp

(
q(V + IRs)

nKNsT

)
− 1

)]
(2.4)

VT : Volt equivalent temperature

VT =
k · T
q

(2.5)

- Shunt current Ish :

Ish =
V + IRs

Rsh
(2.6)

- The current output of pv cell :

I = Iph − Id − Ish (2.7)

I = Iph − I0

[
exp

(
q(V + IRs)

nkNsT

)
− 1

]
− V + IRs

Rsh

(2.8)
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2.2.2 Mathematical Modeling of PV Array

The equivalent circuit for PV array is shown in Figure 2.1 [64]. C

- The current output of PV array :

I =NP × Iph −NP × I0 ×
[
exp

(
V /nSNS + I ×Rs/NP

n× Vt

)
− 1

]
− Ish (2.9)

With :

Ish =
V ×NP/nSNS + I ×RS

Rsh

(2.10)

NP : Parallel connected modules ; NS : Series connected cells in module
ns : Series connected modules
The formulas of Iph, I0 and Vt are sated in equations 2.1, 2.3 and 2.5 respectively.

2.2.3 Characteristics of The PV Panel

To verify the authenticity of our modeled system, we utilized the 1 Soltech 1STH-250-WH
photovoltaic module as a reference for comparison and validation. The 1Soltech 1STH-
250-WH PV panel is a high-efficiency solar module designed for optimal performance in
various environmental conditions.

Table 5.3 provides a detailed overview of the characteristics of the 1Soltech 1STH-250-WH
PV panel at standard test conditions (STC) :

Isc[ A] Short-circuit current 8.66
Voc[ V] Open circuit voltage 37.3
Imp[ A] Current at maximum power point 8.15
Vmp[ V] Voltage at maximum power point 30.7
Pmax[W] Maximum power 250.205
Rs[Ω] Series resistance 0.23724
Rsh[Ω] Shunt resistance 224.1886
α[A/C] Temperature coefficient of Isc 0.086998
β[V/C] Temperature coefficient of Voc -0.36901

Table 2.1 : Characteristics of the PV panel 1SolTech 1-STH-250-WH at standard test conditions

2.2.3.1 I-V and P-V Characteristics at 25°C with Varying Irradiances

Irradiance [ W/m²] 1000 700 500
Imp[ A] 8.091 9.15 8.163
Vmp[ V] 32.106 30.7 29.32
Pmax[W] 259.793 250.205 239.35

Table 2.2 : Characteristics of the PV panel 1Soltech 1STH-250-WH at 25°C and varying irradiances

39



Photovoltaic Systems Modeling

2.2.3.2 I-V and P-V Characteristics at 1000 W/m² with Varying Temperatures

Temperature [ °C] 15 25 35
Imp[ A] 8.091 9.15 8.163
Vmp[ V] 32.106 30.7 29.32
Pmax[W] 259.793 250.205 239.35

Table 2.3 : Characteristics of the PV panel 1Soltech 1STH-250-WH at 1000 W/m² and varying
temperatures

2.2.4 Photovoltaic Panel Model

To model the 1Soltech 1STH-250-WH photovoltaic module, we employed a widely used
one-diode model that integrates the shunt resistance, as illustrated in Figure (2.1) in
section (2.2.1). This model offers a good compromise between simplicity and accuracy.
Many power electronic designers prefer this model for the simulation of PV devices with
power converters. Its characteristic equation is given in eqaution (2.8) in section (2.2.1).

To simulate the I(V) and P(V) characteristics of the 1Soltech STH-250-WH PV panel,
we required the data mentioned in table 2.4 :

Isc[ A] Short-circuit current 8.66
Voc[ V] Open circuit voltage 37.3
Rs[Ω] Series resistance 0.23724
Rsh[Ω] Shunt resistance 224.1886
Rsh[Ω] Shunt resistance 224.1886
α[A/C] Temperature coefficient of Isc 0.086998
n Diode ideality factor 1.019
Np Parallel connected modules 1
Ns Series connected modules 1

Table 2.4 : Characteristics of the PV panel 1Soltech 1STH-250-WH used in simulation

2.2.5 Simulation Setup

We implemented the equations (2.1), (2.3) and (2.10) using MATLAB functions and
Simulink blocks, as illustrated in the figure (2.2) below :
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Figure 2.2 : Simulink Model of the PV Panel

2.2.6 Simulation Results

2.2.6.1 I-V and P-V Characteristics at Standard Test Conditions (STC)

Figure 2.3 : Simulation of I-V and P-V characteristics of the PV model at STC
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2.2.6.2 I-V and P-V Characteristics at 1000 W/m² with Varying Temperatures

Figure 2.4 : Simulation of I-V and P-V characteristics of the PV model at 1000W/m² and varying
temperatures

2.2.6.3 I-V and P-V Characteristics at 25°C with Varying Irradiances

Figure 2.5 : Simulation of I-V and P-V characteristics of the PV model at 25°C and varying irradiances

2.2.7 Results Analysis

- Figure (2.3) shows the model’s performance, closely aligning with the actual characteristics
of the 1-Soltech 1STH-250-WH. The PV model achieves a maximum power output
of 256 Watts, compared to the real-world value of 250 Watts, resulting in a small
difference of just 6 Watts. Additionally, the maximum voltage provided by the
model, at 30.9 Volts, nearly matches the real Vmp of the PV panel, which is 30.7
Volts. Furthermore, there is only a small error of 0.1 Amperes between the maximum
current generated by the model and the real Imp value, proving the model’s accuracy.

- When analyzing temperature variations, Figure (2.4) shows a decrease in both the
maximum output voltage and output power as temperature increases with its values
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for voltage, current, and power closely matching the characteristics of the real PV
panel.

- When varying irradiance, Figure (2.5) illustrates an expected increase in PV power
and current as irradiance increases with its values for power and current are closely
equal the real PV panel’s characteristics under varying irradiance.

2.3 Boost Converter Modeling

A boost converter in a solar system effectively raises the low voltage output from photovoltaic
arrays to a higher level. This enables effective power transfer and consumption, especially
in different weather conditions. Boost Converters optimize power extraction from solar
panels, maintain high efficiency, minimize current ripple, and use MPPT algorithms to
operate around the maximum power point. [65].

2.3.1 Boost Converter Working Principle

Boost converters are a type of DC-DC switching converter that efficiently increases (steps
up) the input voltage to produce a greater output voltage. This voltage conversion is made
feasible by storing energy in an inductor during the switch-on phase and transferring it
to the load during the switch-off phase. Boost converters are particularly useful in power
electronics applications that require a higher output voltage than the input source. Boost
converter equivalent circuit is illustrated in the figure (2.6) below [66] :

Figure 2.6 : Basic boost converter circuit diagram

The boost converter works by storing energy in an inductor’s magnetic field and then
transferring it to the output capacitor, increasing the voltage. This is how it works :

- Switch-On State : When the switch is turned on, the input voltage is applied
across the inductor, causing current to increase and store energy in the magnetic
field. During this time, the output capacitor delivers energy to the load [67].

- Switch-Off State : When the switch is turned off, the inductor attempts to
continue the current flow. This causes the voltage across the inductor to invert,
so forward-biasing the diode. The inductor then discharges its stored energy via the
diode to the output capacitor and load [67].
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The output voltage is always higher than the input voltage. The voltage conversion ratio
is determined by the duty cycle of the switch :

Vout =
Vin

(1−D)
(2.11)

Where D is the duty cycle, defined as the ratio of switch-on time to the total switching
period [67].

The inductor limits the input current ripple, while the output capacitor filters the output
voltage ripple [67].

The boost converter can efficiently increase the input voltage to a higher controlled output
voltage by managing the switch duty cycle. This makes it suitable for applications that
require a greater voltage than the input source [67].

2.3.2 Components Sizing

When building boost converters, a variety of factors must be addressed, including component
selection, input/output voltage and current requirements, switching frequency, and target
efficiency. The primary design elements and calculations for developing a boost converter
are discussed below : [68] :

2.3.2.1 Duty Cycle

D = 1− Vin

Vout
(2.12)

Vin : Input voltage
Vout : Output voltage

2.3.2.2 Inductance L

L =
Vin · (Vout − Vin )

∆IL · fs · Vout
(2.13)

Vout : Output voltage
Vin : Input voltage
fs : Switching frequency
∆IL : Estimated inductor ripple current [69]

∆IL = ∆I% × Iout ×
Vout

Vin
(2.14)

∆I% : The ripple factor ; typically between 20% and 40%
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2.3.2.3 Capacitor C

C =
Iout ·D

fs ·∆Vout
(2.15)

D : Duty cycle
Iout : Output current
fs : Switching frequency
∆Vout : Estimated output ripple voltage, it’s typically lower than 1% of the average
output voltage [69].

2.3.3 Boost Converter Model

In the initial stage of design, the calculation of the parameters for the boost converter
circuit must be performed based on the characteristics of the 1Soltech 1STH-250-WH PV
panel, as detailed in table 5.3.

The purpose of this simulation is to step up the voltage from the 1Soltech 1STH 250
WH PV panel, which has a maximum power point voltage Vmp of 30.7 V to an output
voltage of 60 V.

Based on the equations provided in section (2.3.2) ; the parameters of the designed boost
converter are written in the table 2.5 below :

D Duty cycle 0.488
L[ mH] Inductance 7.97
C[ µF] Capacitor 339

Table 2.5 : Boost converter parameters
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2.3.4 Simulation Setup

The schematic diagram of the DC–DC boost converter is shown in Figure 2.7, where the
PV source is connected to the load through a converter to meet the requirements of the
load. Efficient converters will determine the performance of the PV panel.

Figure 2.7 : Simulink model for a PV panel connected to the load via boost converter

- Input Capacitor Characteristics
A capacitor is attached between the PV panel and power converter to filter voltage
and current ripple, ensuring that ripple content does not influence the PV panel [70].
The minimum value for the input capacitor is usually specified in the datasheet. A
minimum value is required to stabilize the input voltage due to the peak current
requirement of a switching power supply [69].

- Load Characteristics
For the simulation of the Boost Converter, a resistive load was selected to evaluate
the performance of the system. The resistive load was chosen based on the following
parameters :

– Nominal voltage : 60 Volts.
– Nominal power : 250 Watts.

- PWM Generator
It generates a pulse-width modulation (PWM) signal with a duty cycle of 48.8%
and a frequency of 5000 Hz. The PWM signal controls the MOSFET, which in turn
controls the energy transfer from the inductor to the capacitor and load.

2.3.5 Simulation Results

The simulation results obtained from the designed boost converter system are illustrated
below. The simulations were performed using the Simulink model described in the
previous section. The primary objectives of these simulations were to evaluate the performance
of the boost converter in terms of voltage, current, and power outputs when connected to
the 1Soltech 250 WH PV panel at STC.
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Figure 2.8 : Load and PV output voltage.

Figure 2.9 : Load and PV output current.

Figure 2.10 : Load and PV output power.
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2.4 Results Analysis

- The boost converter, as designed, doubles the voltage output from the photovoltaic
(PV) panel, giving in an output voltage of approximately 60 Volts as seen in figure
(2.8). This significant voltage increase is important for meeting the requirements of
the load.

- We can observe a decrease in the PV current from 8.5 to 4 Amperes as shown in
figure (2.9). This decrease in current is an expected outcome of the boost converter’s
operation, as it prioritizes voltage amplification to meet the load’s voltage requirements
while conserving overall power.

- We notice that the boost converter effectively tracks the maximum power point of
the PV panel, ensuring that the system operates at its peak efficiency and delivers
maximum power to the load as illustrated in figure (2.10).

2.5 Conclusion

In conclusion, the modeling and simulation of the photovoltaic (PV) panel and boost
converter have validated our system design. The PV panel model accurately reflects
real-world characteristics with effective maximum power point tracking (MPPT) under
varying environmental conditions.

Additionally, the boost converter’s performance in increasing the PV output voltage, while
simultaneously conserving overall power through a controlled decrease in current, has
been successfully validated through simulation. These results affirm the performance of
our modeling approach and highlight the system’s efficiency in meeting load requirements
while maximizing energy extraction.
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3.1 Introduction

The significance of photovoltaic (PV) systems is on the rise, as they tap into solar
radiation, a sustainable, abundant, and eco-friendly energy source. Nonetheless, PV
systems encounter two main issues: limited energy conversion efficiency and energy loss
due to changing weather conditions [71]. To address these challenges, Maximum Power
Point Tracking (MPPT) control techniques are crucial for maximizing the energy captured
by PV modules. MPPT systems enable the automatic tracking of the Maximum Power
Point (MPP), ensuring optimal energy extraction [71].

The PV systems efficiency is widely enhanced by a continuous operation at the MPP
despite variations in climate conditions; the implementation of MPPT methods ensures
extraction of maximum power from the PV array for all weather conditions. To do so, it
is necessary to automatically track the MPP in terms of voltage and current. In general,
MPPT techniques use values of current and voltage of the PV panel to ccalculate the
MPP and manipulate the duty cycle of the power converter and, in this way, extract the
maximum power available [71].

In this chapter, we provide a comprehensive study of three different MPPT control
techniques: the conventional Perturb and Observe (P&O) method, the AI-based fuzzy
logic MPPT, and the bio-inspired PSO-based MPPT method. Following this, we present
a comparative analysis of the performance of these three methods.

3.2 Perturb and Observe (P&O) Controller

To maximize the available power from a PV system and improve installation efficiency,
various MPPT control techniques are employed. The most popular conventional MPPT
method is perturb and observe (P&O). It is widely used in commercial products and
serves as the foundation for many of the more advanced algorithms discussed in the
literature. P&O is commonly utilized in practice due to its low cost, simplicity, and ease
of implementation [72].

3.2.1 P&O Control Principle

The perturb and observe (P&O) algorithm is a conventional and one of the most widely
used Maximum Power Point Tracking (MPPT) techniques in photovoltaic (PV) systems.
The main objective of the P&O algorithm is to continuously adjust the operating point
of the PV system to maximize power output. [72].

The P&O algorithm works by periodically perturbing (adjusting) the voltage or current
of the PV system and observing the resulting change in power as shown in figure (3.1)
[73]. Based on this observation, the algorithm decides whether to increase or decrease the
voltage or current in the next step.
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Figure 3.1 : Conventional P&O MPPT technique

3.2.2 P&O Algorithm for MPPT

In P&O method, the MPPT algorithm is based on the following steps [74] :

Step 1 : Initialization

- Measure the initial voltage and current of the PV module.
- Calculate the initial power based on these measurements.

Step 2 : Introduce perturbation

- Introduce a minor perturbation to cause the power variation of the PV module.

Step 3 : Measure and Compare Power

- Periodically measure the PV output power.
- Compare the measured power with the previous power.

Step 4 : Decision Making

- If the output power increases : Continue the same process.
- If the output power decreases : Reverse the perturbation direction.

Step 5 : Voltage Adjustment

- If an increase in voltage leads to an increase in power, the operating point
of the PV module is on the left of the MPP. Hence, further perturbation is
required towards the right to reach the MPP.

- If an increase in voltage leads to a decrease in power, the operating point of the
PV module is on the right of the MPP. Hence, further perturbation towards
the left is required to reach the MPP.

Step 6 : Repeat Process

- Continuously repeat the process to track the maximum power point.
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The flow chart of the adopted P&O algorithm for the charge controller is given in figure
(3.2) below :

Figure 3.2 : Flowchart of the conventional P&O MPPT algorithm.

3.2.3 Simulation Setup

To validate the proposed MPPT algorithm model, a simulation of the PV module together
with a boost converter is performed, as illustrated in figure (3.3) The concept involves
controlling the switching operation of the boost converter through the proposed MPPT
algorithm. The duty cycle value varies based on the perturbations in current and voltage
from the PV cells. This dynamic adjustment ensures the system consistently operates at
or near the maximum power point (MPP).

The boost converter is designed to step up the output voltage to meet the load requirements.
Detailed information on the design of the boost converter can be found in chapter 2,
section 2.3.
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Figure 3.3 : Simulation setup of the PV module using P&O controller.

3.2.4 Simulation Results

The simulation results obtained from the Perturb and Observe (P&O) method for tracking
maximum voltage (3.4), current (3.5), and power (3.6) of the PV module are represented
below. These simulations were conducted using the Simulink model detailed in the
previous section. The primary objective of these simulations is to test the performance
of the P&O method in accurately tracking and maintaining maximum power output,
current, and voltage levels when connected to the 1Soltech 250 WH PV panel at STC
(Standard Test Conditions).

Figure 3.4 : Maximum voltage tracking using P&O.
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Figure 3.5 : Maximum current tracking using P&O.

Figure 3.6 : Maximum power tracking using P&O.

3.2.5 Results Analysis

- We observe a consistent tracking of power, voltage, and current references as illustrated
in figures (3.6), (3.4) and (3.5).

- We can notice a considerable perturbations around the MPP. These continuous
oscillations caused by the method’s algorithm cause energy losses.

- The efficiency of the P&O method was evaluated by considering its ability to
accurately track the MPP and the energy losses caused by perturbations. While the
method achieved good MPP tracking, the energy losses from perturbations decreases
the overall efficiency.
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3.3 Fuzzy Logic Controller

Conventional methods of tracking the optimal operating point, such as Perturb and
Observe (P&O), have shown limitations, particularly in managing oscillations around
the Maximum Power Point (MPP). These oscillations result in power loss and reduced
efficiency, especially under rapidly changing environmental conditions.

To overcome these limitations, a Fuzzy Logic-based MPPT controller provides a robust
and adaptive solution. Utilizing Artificial Intelligence through fuzzy logic improves control
performance and enables the controller to effectively track the maximum power point by
designing a fuzzy logic-based model [75].

Unlike convential approaches, Fuzzy Logic controllers do not require a precise mathematical
model and may successfully handle PV systems’ nonlinear features. Fuzzy Logic MPPT,
which uses linguistic variables and a rule-based approach, can reduce oscillations while
improving the overall performance and stability of the PV system under shifting irradiance
and temperature circumstances.

3.3.1 Fuzzy Logic Control Principle

Fuzzy control is an approach that enables the development of nonlinear controllers using
heuristic information derived from expert knowledge.

Figure (3.7) [76] shows the block diagram of a fuzzy controller. The fuzzification block
processes input signals and assigns them a fuzzy value. The collection of rules is based
on process knowledge and allows for the control of variables using a linguistic description.
The inference mechanism interprets the data based on the rules and their membership
functions. The defuzzification block converts fuzzy information from the inference method
into non-fuzzy information, enabling the control process [76].

Figure 3.7 : Block diagram for a fuzzy controller
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3.3.2 Fuzzy Logic Controller Design

Based on the fuzzy diagram above, a fuzzy controller with two inputs and one output was
designed. The two input variables are Error (E) and Change of Error (CE), which are
shown in Equations 3.1 and 3.2 for sample times k [76].

E(k) = P(k)− P(k− 1)

V(k)− V(k− 1)
=

∆P
∆V (3.1)

CE(k) = E(k)− E(k− 1) = ∆E (3.2)

The input E(k) represents the slope of the P−V curve and determines the position of the
MPP in the PV module. The CE(k) input indicates whether the operating point moves
in the MPP direction or not. The output variable is the increment in duty cycle (∆D),
which might be positive or negative depending on the location of the operating point.
This output is supplied to the dc-dc converter, which drives the load. The controller’s
value of ∆D was used to create an accumulator and calculate the duty cycle. [76]. See
Equation 3.3.

D(k) = D(k− 1) + ∆D(k) (3.3)

Figure 3.8 : Input processing for fuzzy logic controller

The internal functioning of a fuzzy controller is based on the structure presented in Figure
3.9 which includes three main blocks : Fuzzification, Fuzzy Inference and Defuzzification.

Figure 3.9 : The synoptic diagram of a fuzzy controller
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3.3.2.1 Fuzzification

FLC works as a black box, hence the initialization of correct input and output variables
with the suitable membership function is a must [77].

Triangular membership functions for the fuzzification process were used. For the inputs E,
CE and for the output ∆D, 7 membership functions were defined in terms of the following
linguistic variables: Negative Big (NB), Negative Medium (NM), Negative Small (NS),
Zero (ZE), Positive Small (PS), Positive Medium (PM) and Positive Big (PB) [78]. The
range for the error is (-50 to 50), for the change of error is (-10 to 10) and for the increment
in duty cycle is (-0.1 to 0.1).

This MPPT approach uses Mamdani1 Fuzzy Inference System (FIS) toolbox of fuzzy
logic. [76]. Figure 3.10 shows the membership functions for the inputs and outputs of
the controller :

(a) (b)

(c)

Figure 3.10 : Membership functions of the fuzzy controller : (a) : input variable E , (b) : iput variable
CE , (c) : output variable Delta D

1Mamdani FIS : Mamdani fuzzy inference was first introduced as a method to create a control
system by synthesizing a set of linguistic control rules obtained from experienced human operators. In a
Mamdani system, the output of each rule is a fuzzy set.
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3.3.2.2 Fuzzy Inference System

For the rule settings of fuzzy logic MPPT, different number of subset has been used. But
for this work, seven subset based forty-nine rules have been used. Tuning forty-nine rules
takes a long time, but it results in higher accuracy and dynamic reaction [78]. Table 3.1
represents the fuzzy rules.

E CE
NB NM NS ZE PS PM PB

NB ZE ZE ZE NB NB NB NB
NM ZE ZE ZE NM NM NM NM
NS NS ZE ZE NS NS NS NS
ZE NM NS ZE ZE ZE PS PM
PS PM PS PS PS ZE ZE ZE
PM PM PM PM ZE ZE ZE ZE
PB PB PB PB ZE ZE ZE ZE

Table 3.1 : The forty-nine fuzzy rules of the fuzzy system

3.3.2.3 Defuzzification

The defuzzification process involves converting fuzzy sets of inputs (E and CE) into
a crisp output value (∆D). In the Mamdani Fuzzy Inference System (FIS) used for
maximum power point tracking (MPPT) in photovoltaic systems, the centroid method is
commonly employed to calculate this crisp output, represented as ∆D, which determines
the adjustment to the duty cycle.
The centroid is computed using the formula 3.4 :

∆D =

∫
µ(x) · xdx∫
µ(x)dx

(3.4)

∆D : The defuzzified output value, representing the change in duty cycle.
x : The variable corresponding to the duty cycle
µ(x) : The membership function of the output fuzzy set.

58



Photovoltaic Systems Control

3.3.3 Simulation Setup

The controller was modeled with the Matlab Fuzzy Logic Toolbox. A Mamdani controller
with the centroid defuzzification method was used. This procedure was carried out using
the fuzzy inference system editor (FIS editor).

Figure (3.11) shows the controller modeled in Simulink, for which a subsystem was
performed to calculate the inputs E and CE.

Figure 3.11 : Implementation of fuzzy logic controller in Simulink

3.3.4 Simulation Results

The simulation results obtained from the Fuzzy Logic Control (FLC) method for tracking
maximum voltage 3.12, current 3.13, and power 3.14 of the PV module are illustrated
below. These simulations were performed using the Simulink model described earlier. The
primary focus of these simulations was to evaluate the performance of the FLC method
in effectively tracking and regulating maximum power output, current, and voltage levels
when connected to the 1Soltech 250 WH PV panel under STC.

Figure 3.12 : Maximum voltage tracking using FLC.
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Figure 3.13 : Maximum current tracking using FLC.

Figure 3.14 : Maximum power tracking using FLC.

3.4 Results Analysis

- We notice that the FLC-based MPPT system has faster tracking speed compared to
the classical P&O method. It achieves high tracking accuracy, minimizes tracking
error and ensures the PV system operates close to its optimal power output as
shown in figure (3.14).

- It can be seen that the tracking results provided by the FLC are stable without
considerable oscillations around the MPP. It conducts to a decrease in energy losses.

- The accuracy in tracking the MPP and stability around the MPP of the FLC prove
its high performance.
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3.5 Particle Swarm Optimization (PSO) Controller

Kennedy and Eberhart introduced the PSO method in 1995, which optimizes multivariable
functions with many local optimal points. The PSO algorithm was developed based on
observations of natural social behavior, including bird flocking and fish schooling. The
PSO stands out from other global optimization approaches due to its ease of implementation
and fast convergence. Researchers are increasingly exploring the usage of PSO in PV
systems alongside MPPT [79].

3.5.1 PSO Control Principle

The PSO consists of a swarm of particles, each of which provides a possible solution to
the optimization issue. The goal behind it is to emulate the success of other particles. In
other words, the location of a particle is modified by the agent’s position recommending
the best solution through the current particle, Pbest,i, and the best solution recommended
through the entire population, Gbest.

Particle position xi is adjusted using equation (3.5) [80] :

xk+1
i = xk

i + vk+1
i (3.5)

Where the velocity component vi represents the step size and is calculated using equation
(3.6) [80] :

vk+1
i = ωvki + c1r1

(
Pbest,i − xk

i

)
+ c2r2

(
Gbest − xk

i

)
(3.6)

ω : The inertial weight.
c1 : Cognitive acceleration coefficient.
c2 : Social acceleration coefficient.
r1, r2 : Random values uniformly distributed within the interval [0, 1].
Pbest,i : Individual best position of particle i.
Gbest : Global best position for the swarm.

If the initialization condition (3.8) is satisfied, the method is updated according to (3.7) :

Pbest,i = xk
i (3.7)

f
(
xk
i

)
> f (Pbest,i) (3.8)

Where f represents the objective function that should be maximized [79].

The operating principles of a basic PSO method can be described as follows:

Step 1 (PSO Initialization) : Particles are often initialized randomly across the
search space, or on grid nodes with equidistant locations. The initial velocity is
chosen randomly.

Step 2 (Fitness Evaluation) : Evaluate the fitness value of each particle. Fitness
evaluation is conducted by supplying the candidate solution to the objective function.
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Step 3 (Update Individual and Global Best Data) : The best fitness values (pbest,
i, and gbest) and locations are updated by comparing new values to prior ones and
replacing them as needed.

Step 4 (Update Velocity and Position of Each Particle) : The position and velocity
of each particle in the swarm are updated using (3.5) and (3.6).

Step 5 (Convergence Determination) : Check the convergence criterion. If the
convergence criterion is met, the process can be terminated; otherwise, the iteration
number will increase by 1 and goto step 2.

3.5.2 PSO Algorithm for MPPT

In the proposed system, the particle position is defined as the duty cycle value d of the
DC–DC converter, and the fitness value evaluation function is chosen as the generated
power Ppv, as demonstrated in equation (3.12), (3.9) respectively.

The purpose of the optimisation process is the maximisation of power extracted from the
PV panel, which is defined to be the objective function(P). The fitness value evaluation
function is defined as :

P
(
dki
)
> P

(
dk−1
i

)
(3.9)

Update Individual and Global Best Duty Cycle

For each duty cycle di, the corresponding PV output power P (dki ) is calculated by
multiplying the measured voltage (VPV i) and current (IPV i). Then, the algorithm proceeds
to check whether this duty cycle value will result in a better individual fitness value
(compared to old Pbest,i) (3.10). In such case, the personal best position (dbest,i) (3.11), as
well as its corresponding best individual fitness value Pbest,i, are updated; otherwise, Pbest,i

retains its present value. The global best duty cycle, dbest, is determined by comparing
fitness values of the actual population with the global best PV power achieved, Pbest.

P
(
dki
)
> P (dbest,i) (3.10)

If it’s satisfied then :
dbest,i = dki (3.11)

Where dbest,i is the personal best position of particle i.

Update Velocity and Position of Each Particle

After the evaluation process, velocity and position of each particle in the swarm are
updated. The new duty cycles are then calculated for each iteration by the equations:

dk+1
i = dKi + vk+1

i (3.12)

vk+1
i = ωvki + c1r1

(
dbest,i − dki

)
+ c2r2

(
dbest − dki

)
(3.13)
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Figure (3.15) shows the flowchart of the proposed PSO-based MPPT technique :

Figure 3.15 : Flowchart of the proposed PSO-based MPPT algorithm.
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3.5.3 Simulation Setup

To validate the proposed MPPT algorithm model using PSO, a simulation of the PV
module together with a boost converter is performed, as illustrated in figure (3.16). The
concept involves controlling the switching operation of the boost converter through the
proposed PSO-based MPPT algorithm. The duty cycle value is optimized based on the
particle swarm optimization technique.

Figure 3.16 : Simulation setup of the PV module using PSO algorithm

3.5.4 Simulation Results

The simulation results obtained from the Particle Swarm Optimization (PSO) method for
tracking maximum voltage (3.17), current (3.18), and power (3.19) of the PV module are
presented below. These simulations were performed using the previous Simulink model.
The main objective of these simulations was to assess the performance of the PSO method
in accurately tracking and optimizing maximum power output, current, and voltage levels
when connected to the 1Soltech 250 WH PV panel at STC conditions.

Figure 3.17 : Maximum voltage tracking using PSO.
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Figure 3.18 : Maximum current tracking using PSO.

Figure 3.19 : Maximum power tracking using PSO.

3.5.5 Results Analysis

- We notice that the PSO algorithm has fast tracking speed. It achieves high tracking
accuracy, minimizes tracking error and ensures the PV system operates consistently
close to its optimal power output as shown in figure 3.19.

- The tracking voltage, current and power provided by the PSO controller show
stability in tracking the MPP minimizing oscillations and perturbations around
it, which reduce the energy losses.

- The PSO method’s ability to track the MPP accurately without oscillations enhances
overall energy efficiency.

3.6 Comparative Study of Control Methods

In photovoltaic (PV) systems, the efficiency of power conversion depends on the control
methods used for Maximum Power Point Tracking (MPPT). This section provides a
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comparison between three different MPPT control methods: the conventional Perturb
and Observe (P&O) method, the Artificial Intelligence-based Fuzzy Logic (FL) method,
and the bio-inspired Particle Swarm Optimization (PSO) method as illustrated in figure
(3.20). By analyzing their convergence and stability, we aim to identify the most effective
approach for optimizing PV system performance under varying environmental conditions.

Figure 3.20 : Simulation setup with MPPT techniques P&O, FL and PSO

3.6.1 Performance Analysis

Based on the results obtained by P&O algorithm (3.2), FL based MPPT (3.3) and PSO
algorithm (3.5) ; we summarize their performances in Table 3.2 below :

MPPT Technique Tracking Time (seconds) Efficiency (%)
P&O 0.06 98.34
FL 0.05 99.05

PSO 0.05 99.03

Table 3.2 : Performance Comparison between P&O, FL, and PSO Based MPPT Techniques

Efficiency(%) =

∫
Ppv∫
Pref

× 100 (3.14)

66



Photovoltaic Systems Control

3.6.2 Robustness to Parameters Changes

Figures (3.22), (3.23) and (3.24) show the simulation results for the response of three
methods under varying irradiance :

Figure 3.21 : Variation of irradiance

Figure 3.22 : MPP tracking using P&O under varying irradiance

Figure 3.23 : MPP tracking using FLC under varying irradiance
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Figure 3.24 : MPP tracking using PSO under varying irradiance

3.6.3 Results Discussion

- We notice that both FLC and PSO track the MPP faster and they are more efficient
than P&O. This means they adjust quickly to changes and keep the power output
at its maximum.

- FLC and PSO show better performance at varying irradiances compared to P&O.
Their robustness in adapting to dynamic changes in solar irradiance levels contributes
to stable and efficient operation across different environmental conditions.

- However, we can see that P&O can have big fluctuations, especially when environmental
conditions change quickly, which can affect the system’s stability and performance.

- P&O is simple and easy to use, making it a popular choice for basic MPPT tasks.
Its simple algorithm and low computing needs make it cost-effective.

- FLC and PSO, while offering best performance in terms of tracking efficiency and
robustness, may require more complex implementation procedures. FLC involves
designing and tuning fuzzy logic rules and membership functions, while PSO involves
parameter optimization and algorithmic adjustments.

3.7 Conclusion

To improve the performance of photovoltaic (PV) systems, various methods have been
used to track the Maximum Power Point (MPP), including conventional, intelligent, and
bio-inspired techniques. This chapter coveres the most used MPPT methods in PV
systems, such as the Perturbation and Observation (P&O) method, the fuzzy logic (FL)
based method, and the PSO-based method. The simulation results proved that fuzzy logic
and PSO-based MPPT controllers perform better than conventional MPPT methods like
P&O. In terms of stability, precision, and speed in tracking the MPP, both the fuzzy
logic and PSO controllers demonstrate better performance. These results highlight the
potential of intelligent and bio-inspired MPPT techniques to optimize the efficiency of
PV systems under diverse environmental conditions.
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4.1 Introduction

Power and energy management are key issues in performance improvement and reliability
enhancement of stand-alone photovoltaic (PV) systems. Solar power is intermittent based
on the sunlight, but this does not eliminate the need to supplies constant energy when
sun is not present; night or cannot shine though cloudy rainy days and winter when day
has a shorter period. These systems also guarantee a good utilization of the energy stored
and overall efficiency gain by using right energy management strategies in stand-alone PV
system.

If energy storage and utilization are properly handled then these systems can generate
power 24/7 in each corner of the world where grid is not available or during grid failure.
Energy storage and management, meanwhile, can help protect batteries as well as other
system components against faults like overcharging or deep discharging.

This chapter provides a detailed analysis of energy storage in standalone photovoltaic
(PV) systems, specifically addressing the control mechanisms involved in charging and
discharging batteries using bidirectional converters. It also details an application of an
energy management system to properly balance between peak load demand fulfillment
and battery safeguarding.

4.2 Energy Storage

Energy storage is an important component in many photovoltaic (PV) systems, particularly
stand-alone systems that are not connected to the electrical grid also known as off-grid,
PV systems. The most common form of storage in PV systems is chemical storage in the
form of batteries.

The choice of battery technology will depend on the investment cost, the lifetime of
the batteries under the operating conditions corresponding to the chosen application,
and the storage capacity. There are three main types of battery technologies that pair
with residential solar systems: Lead acid batteries. Lithium ion batteries. Nickel based
batteries.

In stand solar power systems batteries are important in storing electricity generated from
solar energy, for nighttime use or during emergencies when sunlight is not available. They
are essential because the output, from PV panels or arrays can vary and they convert
energy into energy for later use when solar power is not being generated.

A bi directional DC DC converter enables power to move in both directions to charge
and discharge batteries. The converters duty cycle manages this process by determining
whether to charge or discharge based on the battery’s charge level and the current flow
direction [81].
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4.3 Design of Bidirectional Converter

This section introduces a non-isolated bidirectional buck-boost DC–DC converter design
meant for battery charging and discharging. This design utilizes just one energy storage
element, which is the inductor, and incorporates two bidirectional switches, such as
MOSFETs or IGBTs, to enable the necessary bidirectional power flow [82].

Figure (4.1) shows the non-isolated bidirectional DC-DC converters selected in our project.
When charging the battery, it functions as a buck converter. Conversely, during discharge,
it operates as a boost converter.

Figure 4.1 : Bidirectional buck-boost converter diagram

4.3.1 Buck Mode : Battery Charging

To charge the battery from the DC grid, switch S1 is triggered while switch S2 is kept
off. When S1 is turned on, the input current rises and flows through S1 and inductor L.
As S1 turns off, the current in the inductor decreases until the next cycle, supplying the
energy stored in inductor L for charging the battery [82].

While battery’s charging, the converter parameters are designed as follows[82] :

- Duty Cycle
D =

Vout

Vin

(4.1)

- Selection of Inductor
L =

D · (Vin − V out)

fs∆IL
(4.2)

- Selection of Output Capacitor

C =
(1−D) · Vout

8 · L · f 2
s ·∆Vout

(4.3)

Vin : DC bus voltage (input voltage)
Vout : Battery voltage (output voltage)
fs : Switching frequency.
∆IL : The inductor ripple current is taken as 10% to 20% of the output current
∆Vout : Output voltage ripple. It’s generally taken as 10% of the output voltage.

71



Storage and Energy Management in Standalone PV Systems

4.3.2 Boost Mode : Battery Discharging

During Boost mode, the output voltage exceeds the input voltage. To discharge power to
the load, switch S2 is activated while S1 is turned off. When S2 is on, the input current
rises through inductor L and S2. As S2 turns off, the current in the inductor decreases
until the next cycle, allowing the energy stored in inductor L to flow through the load [82].

While battery’s discharging, the converter parameters are designed as follows[82] :

- Duty Cycle
D = 1− Vin

Vout

(4.4)

- Selection of Inductor
L =

D · Vin

fs∆IL
(4.5)

- Selection of Output Capacitor

C =
D · ILmax

fs∆Vout

(4.6)

Vin : Battery voltage (input voltage)
Vout : DC bus voltage (output voltage)
fs : Switching frequency.
∆IL : The inductor ripple current is taken as 10% to 20% of the output current
∆Vout : Output voltage ripple. It’s generally taken as 10% of the output voltage.

4.4 Battery Control

The main objective of this control system is to stabilize the DC bus voltage. To achieve
this the bidirectional buck boost converter adjusts the DC bus voltage to maintain a power
transfer, between the DC bus and the battery. As a result the converter is operated in a
manner that keeps the DC bus voltage as solar conditions and load fluctuations occur.

Figure (4.2) shows the control strategy for the bidirectional buck-boost converter.

Figure 4.2 : Control strategy for bidirectional buck boost converter

The DC bus voltage (output voltage of boost converter) Vdc is compared to a desired
reference voltage Vref to get the error signal that is passed through the first PI controller
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to produce the reference battery current, Ibref . Then, this reference current is compared
with the sensed battery current, Ib to obtain an error signal that is passed through the
second PI controller to obtain the control signal. The control signal is then compared
with a carrier signal to obtain switching pulses. The control parameters that results to a
constant DC bus voltage are listed in Table 4.1 :

Gain Kp Ki

Voltage loop 0.85 10
Current loop 1 1

Table 4.1 : Parameters of PI controller for the bidirectional converter

4.5 Energy Management System (EMS)

Management ensures correct operation and protection of the storage system. To accomplish
this, we must examine the various potential cases, given the battery’s state of charge and
the power provided by the PV panel, and then propose the actions to be taken at each
stage in order to optimize and ensure the chain’s operation while also ensuring the storage
system’s maximum service life. This management system takes into account the battery
state of charge (%) and PV power.

The main objectives of the energy management system are to :

- Ensure maximum power extraction from the PV arrays using maximum power point
tracking (MPPT) techniques like incremental conductance or fuzzy control.

- Efficiently manage the charging and discharging of the battery bank to avoid overcharging
or deep discharge.

- Control the power flow within the system components

4.5.1 The Proposed Energy Management Algorithm

The proposed algorithm proposed a robust battery management system designed to ensure
that the battery’s state of charge remains within the optimal limits of 20% to 80%.
This management strategy prevents overcharging and deep discharging of the battery
which might degrade battery life and enhance overall system performance. The different
management modes are summarized in figure (4.3) below :
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Figure 4.3 : Proposed energy management algorithm

The four management modes are described below :

- Mode 1
The available power from PV source (Pav ≥ 0) is sufficient to satisfy load demand
and charge the batteries if SOC < SOCmax.

- Mode 2
The power generated by PV source is sufficiently available and since batteries are
charged to maximum level, they need to be disconnected to protect them. This is
the power-limited operating mode.

- Mode 3
The power supplied by the PV generator is insufficient (0 < Ppv< Pload) and (SOC >

SOCmin); in this case, the power of batteries is added to satisfy the power demand.
It’s the compensation mode.

- Mode 4
When the PV power is insufficient to supply the load and the batteries have been
discharged to their minimum allowable level, the load must be disconnected.
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4.5.2 Standalone System with Energy Management

Figure (5.4) shows the designed standalone system with energy management system. The
different operating modes depend on the states of the three switches R1, R2 and R3.

Figure 4.4 : Standalone PV system with energy management

Limited Power mode (LP)
By default, the PV operates in MPPT mode. However, if the power supplied by the PV
exceeds the needed amount and the battery is completely charged (SOC greater than
80%), we need to limit the power generated by the PV by adding a PI controller for the
DC bus voltage. This mode is called ”limited power mode”.

4.6 Simulation Setup

Our standalone PV system simulation features a 24V battery and a 48V, 500W resistive
load. A bidirectional DC-DC converter manages battery charge/discharge, maintaining
a 20-80% state of charge range to prevent over/undercharging. An Energy Management
System (EMS) oversees power flow between PV array, battery, and load in real-time,
adapting to varying meteorological conditions. The control algorithm ensures reliable
load supply while safeguarding the battery.
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4.7 Results and Analysis

4.7.1 Case 1 : SOCmin < SOCi=50% < SOCmax

Figure 4.5 : Variation of irradiance

Figure 4.6 : PV power and load power,battery power
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Figure 4.7 : DC bus voltage, Vdc error

Figure 4.8 : battery state of charge
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Figure 4.9 : Battery voltage,battery current

- At the beginning, the solar irradiance was constant at 1000 W/m2 the photovoltaic
power output (Ppv) provided power more than the load needs as shown in figure
(4.6) .During this mode, the DC bus voltage increases steadily to reach the desired
reference, as illustrated in Figure (4.7). At the same time the battery starts
charging, as seen in Figure (4.8). This represents the 1st mode.

- Between 3 seconds and 6 seconds, the irradiance decreases from 1000 W/m² to 200
W/m². Consequently, the output power from the photovoltaic system decreases, as
shown in Figure (4.6), leading to an insufficient supply of power to meet the load
requirements. This provokes an initial drop in the DC bus voltage. However, as the
battery begins to compensate for the lack in power to the load, the DC bus voltage
follows its reference trajectory. The battery is observed discharging, as illustrated
in Figure (4.8). This represents the 3rd operational mode.

- Finally, when the irradiance increased from 200W/m2 to 800W/m2 at 6s, we observed
that the Ppv was sufficient to satisfy the load requirements, and then the battery
controller maintained the desired DC bus voltage by charging it, as seen in Figure
(4.8).

- Overall, we can see that the error between the reference DC voltage and the tracking
voltage in Figure (4.7) is negligible. There are only minor perturbations that occur
when the irradiance changes.

78



Storage and Energy Management in Standalone PV Systems

4.7.2 Case 2 : SOCi = 80% = SOCmax

Figure 4.10 : Variation of irradiance

Figure 4.11 : PV power and load power,battery power
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Figure 4.12 : DC bus voltage, Vdc error

Figure 4.13 : Battery state of charge
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Figure 4.14 : Battery voltage and battery current

- At the beginning, the irradiance was maintained at 1000 W/m2, so the PV power
Ppv is greater than the load demand as shown in figure (4.11), the DC bus voltage
increased up to the desired DC bus voltage and is maintained as illustrated in Figure
(4.12). In this scenario, it’s important to note that the battery is fully charged,
with a State of Charge (SOC) of 80%. Therefore, we switch the Maximum Power
Point Tracking (MPPT) to a Proportional-Integral (PI) regulator. This regulator is
configured to deliver precisely the amount of power required by the load, as shown
in Figure (4.11). This is the ’limited power’ operating mode.

- After 5 seconds, the solar irradiance decreases from 1000 W/m2 to 200 W/m2.
This decrease in irradiance leads to insufficient power delivered by the photovoltaic
power output (Ppv).Consequently, the DC bus voltage begins to drop. As a result,
the battery begins to discharge in order to bring the DC bus voltage back to its
reference value and supply the necessary power to the load, as shown in Figures
(4.12) and (4.13). This discharge operation is necessary to maintain the desired DC
bus voltage, marking the transition into the 3rd operating mode.

- Overall, we can see that the error between the reference DC voltage and the tracking
voltage in Figure (4.12) is negligible. There are only minor perturbations that occur
when the irradiance changes.
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4.7.3 Case 3 : SOCi = 20% = SOCmin

Figure 4.15 : PV output power and load power,battery power

Figure 4.16 : Battery state of charge
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Figure 4.17 : Battery voltage,battery current

- Initially, the irradiance was 1000 W/m2, ensuring that the photovoltaic power (Ppv)
is sufficient to meet the load demand, as illustrated in Figure (4.15). During this
period, the excess power charges the battery, as shown in Figure (4.16), representing
the 1st operating mode.

- Between 2s and 4.2s, the irradiance drops from 1000 W/m2 to 200 W/m2. Consequently,
the photovoltaic output power (Ppv) becomes insufficient to satisfy the load demand.
As a result, the battery starts discharging leading to a decrease in the battery’s
State of Charge (SOC) to its minimum level (SOC = 20% = SOCmin) at 4.2s.
From 4.2s to 6s, the battery power is set to zero, the battery SOC is maintained at
20%, it’s no longer charging or discharging. The battery is disconnected to prevent
further discharge. The load is also disconnected due to the lack of the necessary
power as shown in figure (4.15). In certain scenarios where the load power can be
segmented into multiple power requirements, we enter the mode of prioritized load
management.
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4.8 Conclusion

To increase the efficiency of standalone PV systems, good energy storage and management
are required.

In this chapter, we discussed the need for storage in standalone PV systems, as well
as how to control battery charging and discharging with a buck-boost converter and a
PI controller. This allows us to manage energy more effectively. We also designed and
tested an energy management system using simulations. This system optimizes energy
consumption, guarantee the battery protection and enhance the system performance.
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5.1 Introduction

A stand-alone photovoltaic (PV) system operates based on energy input on the panel
surface and energy demand (load). Incident solar radiation contains a random component,
making it hard to determine how much energy the system will receive during a certain
time period. To create a stand-alone solar system, it’s necessary to use a sizing approach
to determine the appropriate generator and storage system size for the predicted load [83].

In this chapter, we present a comprehensive case study on the sizing and design of
a stand-alone PV system. The sizing of the PV system was performed using PVsyst
software, ensuring it meets the specified load requirements and includes the necessary
storage capacity. Subsequently, the overall standalone system was designed and simulated
using MATLAB/Simulink to evaluate its performance.

5.2 System Sizing with PVsyst

Accurate system sizing is a an important step in designing an efficient photovoltaic (PV)
system. It ensures that components are appropriately matched to meet the energy
demands of the load while optimizing performance and cost. This section focuses on
sizing the PV system to power a laboratory test bench located in the Department of
Mechanical Engineering at the National Polytechnic School in El Harrach, Algeria. By
considering the specific energy requirements and local environmental conditions, our goal
is to create a reliable and cost-effective PV system for this particular use.

5.2.1 Overview on PVsyst Software

PVsyst is a software product created for the solar energy business. PVsyst designs,
simulates, and evaluates solar energy systems of various varieties. PVsyst is renowned
for its precision and adaptability for two reasons :

- PVsyst lets consumers input particular information about their solar installations.
Consider statistics on solar PV modules and inverters.

- PVsyst simulates an energy system’s performance under a variety of situations.
Examples include the direction of the solar panels, the site’s location and temperature,
the electrical load and consumption patterns, and so on. Furthermore, PVsyst
provides a variety of extensive customization possibilities for PV system design.
This includes modeling various panel technologies, taking into account shading and
other site-specific characteristics, and optimizing system performance using a variety
of criteria.
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5.2.2 Initial Setup and Parameters

5.2.2.1 Site Location and Meteorological Data

The National Polytechnic School is located at 36.72° latitude and 3.15° longitude. In
PVsyst software, we precisely select the geographical location of the school, as shown in
figure (5.1).

Figure 5.1 : Geographical site of National Polytechnic School

Using PVsyst sowftware, the monthly values of global irradiation, diffused irradiation,
temperature and wind speed etc. has been described in table 5.1 :

Global
horizontal
irradiation

Horizontal
diffuse
irradiation

Temperature Wind Velocity

kWh/m2/mth kWh/m2/mth ◦C m/s
January 71.4 34.0 10.0 2.60
February 85.3 38.1 10.6 2.80

March 127.6 59.4 13.3 2.90
April 158.3 71.3 15.4 2.99
May 186.7 91.0 18.8 3.00
June 213.7 89.8 22.9 3.09
July 219.3 88.8 26.5 3.20

August 198.5 81.1 26.8 3.00
September 146.9 64.0 23.5 2.80
October 114.5 47.8 20.4 2.39

November 72.7 33.5 14.6 2.59
December 65.3 29.2 11.4 2.40

Year 1660.1 728.0 17.9 2.8

Table 5.1 : Monthly meteorological data for the site of National Polytechnic School
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5.2.2.2 Estimated Load Requirements

The primary load is an alternative load which is an experimental test bench which
operates within the following electrical characteristics : 220-240 V / 3.5-5.5 A
The AC load operates at a nominal power of 770 Watts. The daily and monthly estimated
consumption required is detailed in table 5.2 below :

Appliance Power (W) Number Daily use (hour/day)
Lab Equipment 770 1 4
Total daily energy required 3104 Wh/day
Total Monthly energy required 39.9 kWh/mth

Table 5.2 : Load energy requirements

5.2.3 PV System Configuration

This section details the configuration of the photovoltaic (PV) system, including the PV
modules and energy storage, designed to meet system requirements and ensure adequate
energy storage for 4-day autonomy.

5.2.3.1 PV Modules Selection

The PV system consists of three photovoltaic panels, each with the following specifications
:

Isc[ A] Short-circuit current 9.47
Voc[ V] Open circuit voltage 46.5
Imp[ A] Current at maximum power point 8.87
Vmp[ V] Voltage at maximum power point 38.5
Pmax[W] Maximum power 330

Table 5.3 : Characteristics of the PV panel at standard test conditions

These panels are arranged to optimize sun exposure and energy production, ensuring the
system can generate sufficient power to meet the load requirements.
The filed structure is a fixed tilted plane of tilt 35° and plane orientation azimuth 0° as
shown in figure (5.2). The optimization is done for whole year with respect to optimum
loss zero percent.
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Figure 5.2 : Module orientation and tilt angle

5.2.3.2 Energy Storage

To achieve a 4-day autonomy, the energy storage system must be capable of storing enough
energy to supply the load during periods without sunlight.
Based on the system requirements and daily consumption, PVsyst calculated the energy
storage needs. The load has a nominal power of 770 Watts, and the desired autonomy is
4 days. PVsyst provided the following battery configuration :

Figure 5.3 : Battery configuration
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5.2.4 Simulation Results

5.2.4.1 Summary of the Characteristics of the System Components

Tables 5.4 , 5.5 summarize all the characteristics of the components used in the installation.

PV Module
Manufacturer Generic

(Original PVsyst database)
Unit Nom. Power 330Wp

Number of PV modules 3 units
Nominal (STC) 990Wp

Modules 3 string ×1 In series
At operating cond. (50◦C)

Pmpp 892Wp
U mpp 34 V
I mpp 26 A

Controller Universal controller
Technology MPPT converter
Temp coeff. −5.0mV/◦C/ Eler

Converter
Maxi and EURO efficiencies 97.0/95.0%
Total PV power

Nominal (STC) 0.990kWp
Total 3 modules

Table 5.4 : Characteristics of the PV array obtained by PVsyst

Battery
Manufacturer Generic

Model MPG 12V 200
Technology 3 Lead-acid
Nb. of units 2 in parallel x 2 in series

Min SOC 20%
Stored energy 7.9 kWh

Battery Pack Characteristics
Voltage 24 V

Nominal Capacity 400 Ah
Battery Management Control

Charging. 26.8/25.3 V
Discharging 23.6/24.6 V

Table 5.5 : Characteristics of the battery pack obtained by PVsyst
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5.3 Design of Standalone PV System

The standalone PV system is designed to provide a reliable AC power supply to the
experimental test bench. This system integrates various components, including a PV
generator, boost converter, battery storage system, buck-boost converter, inverter, and
transformer, to ensure efficient energy conversion, storage, and delivery. The structure of
a standalone PV system is illustrated in figure (5.4) :

Figure 5.4 : Structure of a standalone PV System supplying an AC load

5.3.1 PV Generator

To supply the required power to our experimental test bench, the configuration of the
photovoltaic generator is detailed in section (5.2.3).

The methods for controlling the boost converter to extract maximum power from the
photovoltaic panels are comprehensively detailed in Chapter (3).

5.3.2 Battery Storage

The control methods for the battery storage system are detailed in chapter (4). Specifically,
the control of the buck-boost converter to manage the battery’s charging and discharging
cycles is comprehensively discussed. Additionally, this section explains the energy management
system (EMS).

Additionally, the specifications of the batteries, including their capacity and voltage, are
mentioned (5.2.3) to ensure they align with the system’s needs under various operating
conditions.
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5.3.3 Single Phase Inverter

A single-phase inverter is an electronic device used to convert direct current (DC) power
to alternating current (AC) power. There are many types of single-phase inverters, each
with their own unique features and purpose. Generally, single-phase inverters are used
in applications where only a small amount of power is needed, such as powering small
appliances, solar panels, or other electronic devices [84].

Single-phase inverters are classified into two types. Which are : Half bridge inverter
and full bridge inverter. In our case, we used a full bridge inverter.

5.3.3.1 Full Bridge Inverter

A full-bridge inverter is a type of H-bridge inverter employed for converting DC power
into AC power. The circuit comprises four diodes and four controlled switches, often
thyristors. These switches, which can be BJT , IGBT , MOSFET or thyristors , play a
crucial role in the inversion process [85].

In Full bridge inverters, a sinusoidal output is achieved by using low-pass filter. Normally
the types of filters are L filter, LC filter, LCL filter, and LCL filter. Here the LC filter is
used due to simple design. Figure (5.6) shows the circuit of a full inverter with LC filter.

Figure 5.5 : Full bridge inverter with LC filter

5.3.3.2 LC Filter

An LC filter is a low pass filter built with an inductor and capacitor. It is meant to
prevent certain high-frequency AC components from passing through the circuit. Here’s
a typical arrangement of an LC filter [86].
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Figure 5.6 : A basic LC low pass filter circuit schematic

It is used to connect the inverter to the load. Since the inverter is based on switching
components and pulse-shaped triggering signals, the output current can contain significant
harmonic disturbances, which tend to reduce the power quality [86].

The LC filter components can be defined using the following formulas [87], [88] :

- Inductance L :
Li =

VDC

8∆Imax fS
(5.1)

The maximum ripple current was chosen to be 5%-20% (typical value of maximum
ripple current is 20% of rated current) [87].
fs : The inverter switching frequency

- Filter Capacitance Cf :

C =
1

(2πfc)
2 L

(5.2)

fc : The cut-off frequency. Generally, the value of fc is kept below 1
10
th of the

inverter switching frequency [88].

fc ≺
1

10
fs (5.3)

5.3.3.3 Single Phase Inverter Control

Different control algorithms were developed to control the output of the inverter.

- Authors in [89] employed a current control strategy to mitigate harmonics in the
current injected into the grid and regulate the power exchange between the photovoltaic
plant and the distribution system. The paper presents a comparative performance
evaluation of various current control techniques through simulation and experimental
results.

- Authors in [90] proposed a voltage control method for single-phase full-bridge PWM
inverters with an output LC filter.

- Authors in [91] addressed control strategies for single-stage photovoltaic (PV) inverters
by implementing and experimentally comparing two current controllers: the classical
proportional-integral (PI) controller and the novel proportional-resonant (PR) controller.

93



Sizing and Control of a Standalone PV System Supplying an AC Load

A bipolar Pulse-Width Modulation (4 pulses) is used here to obtain the gate signals for
the switches of the single phase full bridge inverter [92]. The fundamental magnitude of
the output voltage from the inverter is controlled to be constant by exercising control
within the inverter itself that is no external control circuitry is required [93]. In this
scheme the inverter is fed by a fixed input voltage and a controlled ac voltage is obtained
by adjusting the on and the off periods of the inverter components. The advantages of
the PWM control scheme are [93] :

- The output voltage control can be obtained without addition of any external components.

- PWM minimizes the lower order harmonics, while the higher order harmonics can
be eliminated using a filter.

The peak of the fundamental-frequency component in the output voltage is given as [93]:

VLoad = miVdc (5.4)

mi : Modulation index ( mi ≤ 1 )

The input dc voltage was 48 V and the modulation index (mi) was taken to be 0.9.
The switching frequency for the carrier, which is the triangular signal was chosen to be
20 kHz, and the frequency of the reference signal which was internally generated is 60 Hz.

Figure (5.7) shows the simulation setup of the inverter with the LC filter.

Figure 5.7 : Single phase inverter with LC filter
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5.3.4 Single Phase Transformer

A single phase transformer is a type of transformer which operates on single-phase power.
A transformer is a passive electrical device that transfers electrical energy from one circuit
to another through the process of electromagnetic induction. It is most commonly used
to increase (step up) or decrease (step down) voltage levels between circuits. It consists
of a magnetic iron core serving as a magnetic transformer part and transformer cooper
winding serving as an electrical part [94] as shown in figure (5.8) [94].

A single phase transformer is a high-efficiency piece of electrical equipment, and its losses
are very low because there isn’t any mechanical friction involved in its operation [94].

Transformers are used in almost all electrical systems, from low voltage up to the highest
voltage level. It operates only with alternating current (AC) because direct current (DC)
does not create any electromagnetic induction [94].

Figure 5.8 : Single phase transformer diagram

The single-phase transformer in our project is used to step up the output voltage of the
inverter to the required level for the load. The transformer ensures that the voltage levels
are appropriate for efficient power delivery and meets the specifications of the experimental
test bench.

The transformation ratio of a transformer is given by the formula (5.5) :

m =
N2

N1

=
U2

U1

=
I1
I2

(5.5)

N2 : Number of turns of wire on the secondary windingl
N1 : Number of turns of wire on the primary windingl
U2 : Secondary voltage
U1 : Primary voltage
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5.4 Simulation Setup

In this section, we describe the simulation setup for the standalone photovoltaic (PV)
system operating at Standard Test Conditions (STC), which include a temperature of
25°C and an irradiance of 1000 W/m². Using MATLAB/Simulink, we modeled the entire
system, comprising the PV generator, boost converter, battery storage with buck-boost
converter, single-phase inverter, and transformer. Each component is modeled with its
specific characteristics and control strategies, as detailed in previous sections. The goal of
this simulation is to evaluate the overall system performance, ensuring that all elements
work coordinately to meet the power demands of the load.

5.5 Simulation Results

In this section, we present the results of the simulation for the standalone photovoltaic
(PV) system. The simulation parameters are configured to ensure accurate representation
of real-world conditions. The LC filter, single-phase inverter, and transformer are important
for stabilizing the output and efficiently converting power to the resistive load. Below is
a summary of the key parameters used in the simulation :

Parameter Value
LC Filter Capacitance C 7.5 µF
LC Filter Inductance L 0.833 mH
Transformation Ratio m 8
Resistive Load Voltage 220-240 V
Resistive Load Current 3.5-5.5 A

Table 5.6 : Simulation parameters of standalone PV system

The following are the simulation results of our designed system at STC :

Figure 5.9 : Irradiance and temperature at STC
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Figure 5.10 : PV output power

Figure 5.11 : DC bus voltage

Figure 5.12 : The unfiltered output voltage of the inverter
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Figure 5.13 : The inverter voltage at the output of the LC filter

Figure 5.14 : The output current of the inverter

Figure 5.15 : The load voltage
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Figure 5.16 : The load current

Figure 5.17 : The inverter and transformer output voltage

Figure 5.18 : The inverter and transformer output current
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Figure 5.19 : RMS load voltage

Figure 5.20 : RMS load current

Figure 5.21 : Load power
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5.6 Results Analysis

The simulation results of the designed standalone PV system demonstrate several key
performance metrics.

- Firstly, the PV generator showed excellent maximum power point tracking (MPPT)
with a power around 990 Watts which is equal to the nominal power of the PV array
(Table 5.4. This means the MPPT control mechanism works very well, allowing the
PV modules to consistently capture the maximum possible energy. This efficiency
in energy extraction is essential for optimizing the overall performance of the PV
system.

- The system also showed precise tracking of the DC bus voltage. This reliable voltage
regulation ensures stable operation of the entire PV system. It demonstrated the
bidirectional DC-DC converter controller’s effectiveness in managing the DC bus
voltage.

- A notable enhancement was observed when comparing the unfiltered and filtered
inverter output voltages. The unfiltered voltage displayed significant improvement
after passing through the LC filter, resulting in a nearly sinusoidal output with a
frequency of 60 Hz. This indicates that the LC filter is effectively smoothing the
voltage waveform, thereby reducing harmonic distortions. Producing a high-quality
AC voltage is essential for the proper functioning of AC loads and enhances the
overall power quality delivered by the system.

- In addition, the transformer’s performance was evaluated, demonstrating its ability
to increase output voltage while reducing output current. This conversion ensures
that the system responds effectively to load requirements. The transformer demonstrates
efficiency in power conversion and delivery when it can vary voltage and current
levels without compromising the overall power required by the AC load. Moreover,
the results revealed that the transformer, due to the presence of its inductive
components, provided superior voltage quality compared to the output observed
at the filter stage. The inductors in the transformer contribute to better voltage
regulation and reduced harmonic distortion, resulting in a cleaner and more stable
voltage output.

- Furthermore, the RMS values of the voltage, current, and power were analyzed. The
RMS voltage is about 230 volts, the RMS current approximately 3.6 Amperes, and
the active power around 800 watts. The reactive power was zero due to the purely
resistive nature of the load. These values align well with the load requirements,
indicating that the system is capable of delivering the necessary power efficiently.

Overall, the simulation shows that the standalone PV system works really well. It
tracks power accurately, keeps the voltage stable, reduces harmonics, and delivers power
efficiently. These results prove that the system can reliably meet the load energy requirements.
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5.7 Conclusion

In this chapter, we focused on the technical aspects of sizing a photovoltaic system,
especially in standalone setups. Using PVsyst, we conducted a detailed analysis to
determine the optimal size of a real-case standalone PV system. This analysis ensured
that the system was appropriately dimensioned to meet the energy demands of the load.

After that, we designed the whole standalone system that powers an AC load, using
MATLAB/Simulink for the design part. We checked that our design worked well by
running detailed simulations, which confirmed that the system functions properly and
can meet the energy needs.
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General Conclusion

Solar energy represents one of the alternatives to fossil fuels, helping to preserve these
resources from depleting more quickly and also reducing the emissions of greenhouse gases
that cause global warming. The work carried out as part of this final year project allowed
us to study and simulate the operation of an energy-autonomous photovoltaic system.

In a first place, a background of solar energy and photovoltaic systems including different
components and state of the art in MPPT control techniques, was introduced.

The modeling of photovoltaic generator managed by boost converter has been investigated
in our thesis. We designed the PV array using the first diode model then we sized the boost
converter to efficiently control the power extraction from the PV array while stepping up
the output voltage.

To ensure that a photovoltaic system operates at its maximum power point, MPPT
control techniques are often used. These techniques are designed to track the MPP and
thus minimise the error between the operating power and the maximum reference power,
which varies in function of load demand and climatic conditions. In this thesis, three
control techniques have been studied and developed in order to optimise the performance
of PV systems under different operating conditions, which are : the conventional P&0
algorithm, Fuzzy logic controller and PSO algorithm. The performance of these three
approaches has been evaluated through simulation results.

Additionally, the integration of battery-based storage system, managed by a bidirectional
DC/DC converter with PI control, was highlighted to maintain the stability of the DC
bus voltage and controlling the power flow within the system components. The integrated
EMS optimized overall energy management, resulting in improved system efficiency and
longevity.

The accurate sizing of the standalone PV system was achieved using PVsyst software,
ensuring that the designed system could meet the energy demands of the load under
different conditions. The complete system, including the PV generator, boost DC/DC
converters, battery storage, DC/AC inverter, and transformer, was designed and simulated
in MATLAB/Simulink. The simulation results confirmed the system’s ability to efficiently
supply the AC load.
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Future Work

The future of standalone photovoltaic (PV) systems looks promising, with several key
developments on the horizon :

- Increased adoption of mini-grids : With the advent of batteries with increased
capacity and the portability, as seen by the various lithium-based battery technologies,
standalone systems are being heavily considered in the application of mini-grids.
These systems, essentially large scale standalone systems that operate like a grid,
can serve the purpose of providing energy from multiple sources for a community
separate from the grid. This is likely to be widely implemented as increasing
awareness of the effects of fossil fuels on the environment and increasing costs of
electricity puts standalone PV forward as a cheaper alternative.

- Improved battery storage : Advancements in battery technologies, particularly
lithium-based systems, are enabling standalone PV systems to have greater storage
capacity and portability. This will facilitate the wider implementation of these
self-sustaining mini-grid systems.

- Improved hybrid MPPT techniques : There is a growing trend towards combining
conventional MPPT methods (like Perturb & Observe, Incremental Conductance)
with artificial intelligence (AI) or meta-heuristic optimization algorithms. These
hybrid techniques aim to provide faster tracking speed, higher efficiency, and better
performance under partial shading conditions.

- Further exploration of ways to improve the efficiency and reliability of stand-alone
PV systems by integrating advanced storage solutions, such as batteries, would
enable a more robust and continuous response to growing energy demand, while
optimizing the use of available renewable resources, presenting a particularly advantageous
solution for the Mechanical Department’s exprimetal test bench.

The renewable energy industry will see great advances in the next few years with the
development of MPPT control techniques and the implementation of battery storage in
homes and businesses. Systems capable of off-grid operation will be part of this future.
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Appendix A

Control algorithms

A.1 P&O Algorithm

Algorithm 1 Perturb and Observe (P&O) MPPT Algorithm
1: Initialize:
2: Dold ← 0.35

3: Vold ← 17

4: Pold ← 120

5: ∆D ← 0.001

6: Loop:
7: Ppv ← Vpv × Ipv
8: if Ppv − Pold ̸= 0 then
9: if Ppv − Pold > 0 then

10: if Vpv − Vold > 0 then
11: D ← Dold −∆D

12: else
13: D ← Dold +∆D

14: end if
15: else
16: if Vpv − Vold > 0 then
17: D ← Dold +∆D

18: else
19: D ← Dold −∆D

20: end if
21: end if
22: else
23: D ← Dold
24: end if
25: Update:
26: Dold ← D

27: Vold ← Vpv
28: Pold ← Ppv
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A.2 PSO Algorithm

Algorithm 2 Particle Swarm Optimization (PSO) Algorithm for MPPT
1: Initialize:
2: Initialize variables and constants:
3: w = 0.4, c1 = 1.2, c2 = 1.2, R1 = 0.25, R2 = 0.25

4: V arMin = 0.4, V arMax = 0.95

5: Initialize arrays for positions, velocities, powers, and best values
6: W = 0

7:
8: if First Run then
9: Initialize counters and persistent variables

10: else
11: Generate random initial positions for each population member
12: Calculate initial power outputs and update personal bests
13: Determine global best duty cycle and corresponding power
14: end if
15: while Iterating do
16: if Not Initialized then
17: Execute PSO iterations for each population member
18: Update velocities and positions based on PSO equations:
19:

vk+1
i = ωvki + c1r1(dbest,i − dki ) + c2r2(dbest − dki ) (A.1)

20:
dk+1
i = dki + vki (A.2)

21: Evaluate power outputs for current positions
22: Update personal bests if improved
23: Update global best duty cycle and power if improved
24: else
25: Select final duty cycle based on global best
26: end if
27: end while
28: return

D1: Current duty cycle for selected member
D2: Global best duty cycle across all populations
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A.3 EMS Algorithm

Algorithm 3 Energy Management Algorithm
Require: P_dif : Power difference (PV power - load power)
Require: SOC: State of Charge of the battery
Ensure: R1, R2, R3: Mode indicators (binary flags)

1: SOC_max← 80

2: SOC_min← 20

3: Mode Determination:
4: if P_dif > 0 then
5: if SOC < SOC_max then
6: Mode 1: PV power is sufficient to supply the load and charge the batteries
7: R1← 1, R2← 1, R3← 0

8: else
9: Mode 4: PV power is sufficient and batteries are completely charged

10: R1← 1, R2← 0, R3← 0

11: end if
12: else
13: if SOC > SOC_min then
14: Mode 3: No energy from the PV generator, batteries supply the load
15: R1← 1, R2← 0, R3← 1

16: else
17: Mode 2: PV power is insufficient, battery compensates
18: R1← 1, R2← 0, R3← 0

19: end if
20: end if
21: return R1, R2, R3
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Appendix B

Presentation of PVsyst software for
standalone systems

B.1 First contact with PVsyst

Stand-alone systems are always organized around a battery storage. A PV array charges
the battery or directly delivers its power to the user. Therefore, the daily profile of the
user’s needs (consumption) should be well defined (i.e., in hourly values).
On the hour, the simulation performs a balance between the PV production (depending
on the irradiance) and the user’s needs. The difference should be derived in the battery,
either positively (charge) or negatively (discharge).
This energy balance is controlled by a controller. The role of the controller is to handle
the energy flow, mainly for the protection of the battery :

- When the battery is full, the PV array should be disconnected.

- When the battery is empty, the user should be disconnected.

Moreover, the controller may manage the starting of an eventual back-up generator
(Genset), when the battery is empty, and the solar gain is not sufficient.
In any case, the reconnection will be performed with a specific hysteresis, depending on
the state of charge (SOC) of the battery.

Figure B.1 :A basic standalone system diagram
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B.2 Steps to define a standalone system in PVsyst

The PVsyst software start-up window :

Figure B.2 : Home page of PVsyst software

Step 1: Specify PV Array Orientation

• Similarly to any PVsyst system, specify the orientation of the PV array.

Step 2: Define User’s Needs

• You will be asked to define the user’s needs.
• For small systems, a list of domestic appliances and their consumption is

proposed (may be seasonal or monthly).
• For industrial or larger systems, define a load profile, potentially including

hourly values.

Step 3: Pre-sizing Tool

• Use the Pre-sizing tool (on top) to receive advice about the required Battery
bank and PV array power.

• Define:
– The required autonomy (usually around 4 days),
– The acceptable Probability of Loss of Load (PLOL),
– The nominal voltage of the battery bank.
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• The program will perform a system sizing based on meteorological files and
your definitions.

• Use the button for more refined sizing studies for different meteorological
distributions or according to the PLOL parameter.

Step 4: Define Battery Pack

• Define the battery pack by choosing a battery model on the ”Storage” page.
• The program will suggest the number of batteries in series and parallel based

on the pre-sizing tool suggestions.
• Define the operating temperature conditions for the batteries according to

your system implementation.

Step 5: Define Array Configuration and Control Strategy

• Go to the ”PV array” page to define array configuration and control strategy.
• Acknowledge the pre-sizing propositions (planned power or available area).
• Choose a PV module model from the database.
• Choose the control strategy (direct coupling, MPPT, or DCDC converter).
• Start with the ”Universal controller” for general control conditions.
• The program determines the number of modules in series and parallel based

on battery voltage or MPPT conditions and required PV power.
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Appendix C

The real-case PV installation

This appendix presents visual documentation of the real case photovoltaic (PV) installation,
focusing on the PV array and the experimental test bench used as the load. The section
includes detailed photographs of the PV array, showcasing its layout, orientation, and
specific characteristics of each solar panel such as power ratings. Additionally, images of
the experimental test bench highlight its setup and operational characteristics, including
voltage and current ratings.
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Figure C.1 : The PV array installation

Figure C.2 : The characteristics of the PV panels
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Figure C.3 : The experimental test bench (the AC load)

Figure C.4 : Characteritics of the experimental test bench
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