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ABSTRACT

DEVELOPMENT AND COMPARISON OF THREE ALGORITHMS
USED IN MPPT TECHNOLOGY TO EXTRACT MAXIMUM POWER
FROM PHOTOVOLTAIC SYSTEM IN MATLAB/SIMULINK

Alaa Shakir Mhmood AL-ARJEELI
Master of Science in Electrical and Electronics Engineering
Advisor: Asst. Prof. Dr. Mustafa TEKE
Co-Advisor: Asst. Prof. Dr. Mohannad Jabbar MNATI
May 2022

This thesis discusses the design and simulation of a photovoltaic system that use an MPPT
charge controller to extract the maximum power from solar panels. Three different
algorithms have been developed to be implemented in MPPT, namely, the Perturb and
Observe (P&O) algorithm, the fuzzy logic controller (FLC) algorithm, and the particle
swarming optimization (PSO) algorithm. The system was simulated using
MATLAB/Simulink and simulation results have been compared to determine the best
maximum power point tracking algorithm. The simulation results have shown the
superiority of the developed (PSO) algorithm in increasing the system efficiency by
extracting the maximum power from the solar panels and controlling the duty cycle of the
converter to generate a constant voltage compared to the two algorithms (P&O, FLC).
The (PSO) algorithm has achieved the highest efficiency under (STC) and changing
conditions, so PSO is the best and most effective choice to increase the efficiency of the

PV system.

2022, 129 pages

Keywords: Maximum power point tracking (MPPT), DC-DC boost converter,

photovoltaic (PV) system, Perturb and Observe controller (P&O), fuzzy

logic controller (FLC), Particle swarm optimization (PSO)



OZET

MATLAB/SIMULINK'TE FOTOVOLTAIK SISTEMDEN MAKSIMUM
GUC ELDE ETMEK ICIN MPPT TEKNOLOJISINDE KULLANILAN
UC ALGORITMANIN GELISTIRILMESI VE KARSILASTIRILMASI

Alaa Shakir Mhmood AL-ARJEELI
Elektrik ve Elektronik Miihendisligi, Yiiksek Lisans
Tez Danismani: Dr. Ogr. Uyesi Mustafa TEKE
Es Danmigman: Dr. Ogr. Uyesi Mohannad Jabbar MNATI
Mayis 2022

Bu tez, giines panellerinden maksimum giicii ¢ikarmak i¢in bir MPPT sarj kontrolorii
kullanan bir fotovoltaik sistemin tasarimini ve simiilasyonunu tartismaktadir. MPPT'de
uygulanmak {izere Perturb and Observe (P&O) algoritmasi, bulanik mantik denetleyicisi
(FLC) algoritmasi ve parcacik swarming optimizasyonu (PSO) algoritmasi olmak iizere
tic farkli algoritma gelistirilmistir. Sistem MATLAB/Simulink kullanilarak simiile
edilmis ve en iyi maksimum gii¢ noktas1 izleme algoritmasini belirlemek i¢in simiilasyon
sonuclar1 karsilastirilmistir. Simiilasyon sonuglari, gelistirilen (PSO) algoritmanin giines
panellerinden maksimum giici c¢ikararak sistem verimliligini artirmada ve
dontstiiriiciiniin  gérev dongiisiinii kontrol ederek sabit bir voltaj iiretmek icin iki
algoritmaya (P&O, FLC) gore Ustilinliigiinii gdstermistir. (PSO) algoritmasi, standart test
kosullar1 ve degisken kosullarda en yiiksek verimi elde etmistir. Bu nedenle PSO,

fotovoltaik sisteminin verimliligini artirmak icin en 1yi ve en etkili se¢imdir.
2022, 129 sayfa

Anahtar Kelimeler: Maksimum gii¢ noktas1 takibi (MPPT), DC-DC boost converter,
fotovoltaik (PV) sistem, Perturb and Observe denetleyicisi (P&O),
bulantk mantik  denetleyicisi (FLC), Parcacik siiriisii

optimizasyonu (PSO)
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1. INTRODUCTION

The great development in industries and technology, the increasing demand for electric
power, and the large population growth led to an increase in electricity consumption,
forcing researchers to search for alternatives to traditional electric power generation
methods from fossil fuels because of their high costs and shortages. For this reason,
sustainable and renewable energy (Sasi 2017)was the best choice for several reasons such
as its availability, accessibility, low cost, and noiselessness. All these factors and
advantages and others made it the focus of researchers and scientists to develop it. And
finding ways to extract it and maintain its stability with changing weather conditions.

(Figure 1.1) represents the most important renewable energy sources.

Wind Energy

Tidal Energy
&
>

e

¥

Renewable energy

Biomass Energy Hydroelectricity

Geothermal Energy

Figure 1.1 Renewable energy sources (Website 2009)



Renewable energy is also environmentally friendly and inexhaustible such as (Solar
energy, Wind energy, Hydro energy, Tidal energy, geothermal energy, Biomass energy).
Where solar energy is one of the most important and most widely used types of renewable
energy today to generate electrical energy, solar energy is converted into electrical energy
by shining sunlight on a photovoltaic cell (Sampaio and Gonzélez 2017, Mnati et al.
2019) made of semiconductors, which in turn generate electrical energy whose value

depends on two main factors, the intensity of solar radiation and temperature.

Electricity generated from solar energy is used in water pumps, homes, factories, street
lighting, surveillance cameras, and homes in remote villages, water purification,
sterilization plant, and agriculture. Solar energy is available to everyone and it is free.
They are environmentally friendly, silent, and the solar cells are easy to install and
maintain (Raof 2020). But there are problems with solar energy systems such as the high
upfront costs of buying and installing panels, batteries, and chargers. The main problem
that the solar energy system suffers from is its low efficiency and its great impact on the

surrounding weather conditions.

Since photovoltaic (PV) systems responsible for generating electrical energy from
converting solar energy (sunlight) into electricity suffer from the problem of the
efficiency of the photovoltaic system is low and is affected by weather changes, the
characteristics of the cell are not linear and depend on The intensity of solar irradiation
and temperature, Where solar energy is directly converted into electricity by a solar

photovoltaic (PV) module (Pathare et al. 2017).

Because of the low efficiency of solar panels, researchers have tended to find ways to
increase the efficiency of photovoltaic systems by tracking the maximum power point
(MPP) that the solar panels produce when exposed to radiation. These methods are called
Maximum Power Point Tracking (MPPT) (Nadkarni ef al. 2018, Talbi et al. 2021), a set
of algorithms developed by researchers that are used to extract the best energy from solar
panels, stabilize voltage and control the charging process of batteries (Mao et al. 2020).

(Figure 1.2) shows the location of MPPT technology in the photovoltaic system.
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Figure 1.2 Shows the photovoltaic system with MPPT Technology (Mao et al. 2020)

To track the power output, many MPPT algorithms are applied in the literature, to get the
point at which it can provide the maximum power (MPP), which is called the maximum
power point. This point depends on the weather conditions and the load resistance, so it
is not fixed. Therefore, we need to apply Maximum Power Point Tracking (MPPT), where
researchers have worked on developing many MPPT methods, including traditional
methods such as Perturb and Observe (P&O) (Abo-Sennah et al. 2021, Al-Majidi et al.
2018) and Incremental conductance (IC) (Ronilaya et al. 2018, Mohamed and Abd El
Sattar 2019).

These algorithms are easy to implement and do not need to know the characteristics of
the photovoltaic generator, so it works independently, and its efficiency is good under
stable conditions but its problems appear when the weather conditions (solar radiation
intensity and temperature) change as the algorithm starts to oscillate around the MPP
point and cannot track the MPPT properly True and this reduces the efficiency of the
entire system (Talbi et al. 2021).

The second type of algorithm is artificial intelligence algorithms such as the fuzzy logic
control (FLC) algorithm, the artificial neural network (ANN) algorithm, etc... Where
these algorithms are characterized by their high efficiency and high speed. Response, and

accurately track the maximum power point under stable and changing weather conditions,



but it is more complex compared to previous conventional methods (Abo-Sennah et al.

2021, Ali et al. 2021).

The third type of algorithms applied in MPPT technology is the optimization algorithm
such as (Cuckoo search (CS), Ant colony optimization (ACO), Particle swarm
optimization (PSO) algorithms) this type of modern algorithm is characterized by rapid
convergence and high accuracy, especially under volatile weather conditions, which
increase the efficiency of the photovoltaic system, (Zafar et al. 2020, Chao and Rizal
2021).

In this thesis, a photovoltaic system is built, which consists of three main parts, the solar
panels and the MPPT type charge controller with a DC-DC boost converter. Where all
parts were linked and simulated using the MATLAB/Simulink environment, and through
the simulation results, three algorithms will be compared that will be used to track the
maximum power point and find out the best performance by running each algorithm under
stable and changing weather conditions (change in the intensity of solar radiation and

change in temperature ).

Where an algorithm was chosen as one of the three main techniques from which the
algorithms are classified. The Perturbation and Observation (P&O) algorithm was chosen
from the traditional method, the Fuzzy Logic Control (FLC) algorithm was chosen from
the Artificial Intelligence method, and finally, the Particle Swarm Optimization (PSO)

algorithm was chosen, which is one of the optimizations algorithms.

In the third section, the algorithms used in this thesis are presented that the MPPT
technology is built based on these three algorithms and the electrical properties of the
solar panel used (1Soltech 1STH-215-P) are also shown. From the solar panel datasheet,
we can get a voltage of 29V, a current of 7.35A, and a power of 213.15W under standard
test conditions (irr=1000W/m?, tem=25°C). Voltage, current, and power values vary with
different weather conditions. Ambient (radiation intensity and temperature). Based on the

values given in the datasheet of the solar panel used, the DC-DC boost converter has been



designed using the equations mentioned in Section Three (3.4.1) which is designed to

provide a voltage of (36-40) volts under standard and variable test conditions.

In the fourth section, the simulation of the PV system was carried out using
MATLAB/Simulink and the design of MPPT technology based on three different
algorithms in this thesis. Each algorithm was individually tested under standard test
conditions (irr=1000W/m?, tem=25°C) and the measurements (current, voltage, power)
that were extracted from the photovoltaic panels were recorded and then compared with
the values given by the solar panel theoretically and the efficiency of the algorithm was
calculated and also calculated DC-DC boost converter output values. And apply the same
process to all algorithms and also note the curves of the characteristics of current, voltage,
and power. Then repeat the same process, but when the test conditions change first, a
change in the radiation intensity (600 1000 800 650 980 700) W/m? and the temperature
is constant (25°C), Secondly, the temperature changes (55°C, 45°C, 35°C, and 27°C) and

the radiation intensity is constant (1000 W/m?).

In the fifth section, the simulation results for the three algorithms were presented under
standard and other variable test conditions. The efficiency of each algorithm was
calculated based on the ability that was extracted from the solar panel, to compare
between the three algorithms and determine which algorithm is better in raising the
efficiency of the system and extracting the greatest power generated in the panel through
MPP point tracking speed under various conditions. Then the results obtained, the
efficiency of each algorithm, and the accuracy of controlling the duty cycle of the DC-
DC boost converter to generate a voltage equal to or close to the voltage it was designed

for (36-40 V) were discussed.

Finally, in the sixth section, the conclusion from this thesis was summarized, what are the
most important results that we obtained, and future proposals for the development of work

were given.



2. LITERATURE REVIEW

Great interest in sustainable energy, especially solar energy, because it is easy to obtain
and is available free of charge, has made it the focus of attention of many researchers and
scientists, but solar energy systems, in general, suffer from the problem of low efficiency
due to being affected by changes in weather conditions significantly, which made their

distinctive characteristics non-linear.

To address the problem of its low efficiency, researchers worked on finding ways to
increase efficiency and reduce the impact of climate fluctuations on the photovoltaic
system. One of the most important of these is the Maximum Power Point Tracking

Technology (MPPT).

In 2021, Sarvi et al. presented that this technology improves efficiency and tracks
Maximum Power Point (MPP) faster. This technique contains a large group of algorithms

found and developed by researchers, which can be divided into (Sarvi and Azadian 2021):

1- Conventional methods:

° Perturb and observe(P&O).

° Incremental conductance(IC).
° Fractional open-circuit voltage(FOCV).
° Fractional short circuit current(FSCC).

2- Artificial intelligent techniques:

. Genetic algorithm(GA).
° Artificial Neural Network (ANN).
. Fuzzy Logic Controller (FLC).

° Differential evolution (DE).



3- Biologically inspired algorithms:

o Ant colony optimization algorithm (ACO).
° Cuckoo search (CS).
. Firefly algorithm (FA).

° Particle swarm optimization (PSO).

In this study, three algorithms will be applied, studied, and simulated in the Maximum
Power Point Tracking Technology (MPPT) and compared between the simulation results
of the three algorithms and knowing which algorithm is the best in tracking power and
achieving higher efficiency through simulation results using MATLAB/Simulink. The
algorithms that will be worked on are Perturb and observe (P&O) algorithm, fuzzy logic

controller (FLC) algorithm, and particle swarm optimization (PSO) algorithm.

I will review a set of research papers submitted by researchers to apply and develop
algorithms that work in the maximum power point tracking technology. And review their

results.

Pathare et al. (2017) presented that the increasing demand for sustainable energy due to
the depletion of non-renewable energy sources and the increase in its costs, and because
sustainable energy is available, less expensive, free from pollution and noise, has made it
the focus of the attention of major industrial companies in the production of photovoltaic
cells, where solar energy is one of the most important sources of renewable energy
because it is easily and abundantly available and its costs are low. But the main problem
of solar energy is its instability and fluctuation with changing weather conditions (solar
radiation intensity and temperature), so batteries are always connected between the PV
panels and the load to compensate for the lack of energy during changing conditions as it
is considered as a secondary source of energy. But these batteries can be easily damaged
when the voltage produced by the cells rises, so the researchers resorted to finding a way
to protect the batteries, as MPPT technology was reached, which has two main functions

in the photovoltaic system. Whereas MPPT technology works mainly to track the



maximum power point and extract maximum power from the photovoltaic cell, in
addition to its other work, which is to protect the batteries from sudden voltage surges,

the function of MPPT is also discussed in detail in the research paper (Pathare et al. 2017).

Alsumiri (2019). Presented that the grid-independent photovoltaic system includes solar
panels, MPPT technology, DC-to-DC converter, and batteries. This system is used in
locations far from the extensions of the electric grid and remote villages, where there must
be space that allows access to sunlight easily and for the longest possible period at this
time. The excess energy is stored in the batteries to be utilized when the solar radiation
decreases or when it is dark. These systems’ performance is related to the technology
used in them to track the maximum power point to improve the harm of the system and
increase its efficiency. This was explained in the research paper (Alsumiri 2019), where
the MATLAB environment was used to implement the system with the use of the
Incremental conductance (IC) algorithm. This method is more complex and costly

compared to other methods. But it has a high-performance accuracy.

Nadkarni et al. (2018) presented that the role of MPPT technology is important in the
photovoltaic system in tracking the maximum power point in stable conditions, but its
role is more important when the weather conditions (solar radiation intensity and
temperature) change, these two factors have a great influence on the efficiency of the
solar system to control the energy production And efficiency in such conditions, the role
of MPPT is highlighted by its control over the duty cycle of the DC-DC converter, MPPT
technology consists of a large set of algorithms. The algorithm-based technology
generates pulses to control the operation of the DC-DC converter and drive it to the
required power output continuously despite changing conditions, and here the role of
algorithms is highlighted by their speed in tracking the maximum power point. The
researcher used in (Nadkarni ez al. 2018), two types of algorithms, the traditional methods
are the Perturb and Observe algorithm (P&O) and the Incremental conductance algorithm
(IC) with DC-DC converter, and they were simulated using MATLAB / Simulink, where
the simulation results showed that (P&O) is easy to implement but slow Respond as
weather conditions change and continue to oscillate around the MPP causing power loss.

As for the )IC) algorithm, the problem of oscillation around the power point has been



addressed and has a faster response to track the energy point when conditions change, so

it is considered better than the (P&O) algorithm.

Abdellatif et al. (2021) presented that to improve the efficiency of the photovoltaic system
and increase the production capacity of the system that depends on the intensity of solar
radiation and temperature, the researchers used traditional methods in MPPT technology,
where they used two algorithms, the perturbation, and observation method (P&QO) and the
Incremental conductance method (IC), as well as the use of artificial intelligence
techniques, such as the MPPT method based on the unit Fuzzy Logic Control (FLC). The
three algorithms were simulated using MATLAB/Simulink and the results were
compared to determine which methods are best to improve efficiency under changing
climate conditions. Where the researcher mentioned that the simulation results showed
that the MPPT technique based on the fuzzy logic algorithm is much better in terms of
stability, high accuracy, and speed of MPP tracking than that based on the traditional
MPPT methods (P&O and IC).

Mohamed and Abd El Sattar (2019) presented that the researcher proposed a technique
for tracking the maximum power of photovoltaic panels based on the perturb and observe
(P&O) algorithm, which is operated at high perturbation frequencies, which provides
higher efficiency than the traditional (P&QO) method of power tracking and better system

performance under stable conditions.

Majaw et al. (2018) presented that MPPT technology plays an important role in the
photovoltaic system by obtaining the maximum power point for the solar panel. In the
research paper (Majaw et al. 2018), the simulation results of three methods of MPPT
technique were studied and compared, which are the traditional method (P&O), the
method of artificial intelligence fuzzy (FLC), and the method of particle swarm
optimization (PSO). The role of MPPT appears greatly during the changing weather
conditions (solar radiation intensity and temperature). The solar panels were connected
with a buck converter and MPPT technology. The simulation results showed the
superiority of the (PSO) algorithm in that it reaches the maximum power point in the

shortest time and with the least oscillation around MPP point, and it has the advantage of



fast convergence And high accuracy, where its efficiency was 99.3%, compared to the
efficiency of the (FLC) algorithm, which was 99.04%, which came in second place, while
the (P&O) algorithm achieved an efficiency of 97.03%.

Nasser et al. (2020) presented that the fuzzy logic control (FLC) algorithm was used for
MPPT technology to increase the efficiency of the photovoltaic system and extract the
maximum power produced in the cell under changing weather conditions. The technique
was simulated along with the panels and DC-DC boost converter using
MATLAB/Simulink environment. The simulation results proved that the fuzzy logic
algorithm is characterized by a high response and less fluctuation around the MPP point

compared to traditional methods. All this was clarified in the research (Nasser et al. 2020).

Kumar et al. (2017) presented that the presence of MPPT technology in the photovoltaic
system is very necessary and indispensable if we want to increase the efficiency of the
system and obtain the maximum energy from the solar system. This has been proven by
researchers in (Kumar et al. 2017), where the photovoltaic system was simulated twice
in the first case, the system was simulated only with a switch without using MPPT
technology. In the second case, the photovoltaic system was simulated with the addition
of an MPPT controller (P&O) and a DC-DC boost converter. In the first case, an output
power of 95 watts was obtained under the influence of a radiation value of 85w/m2. When
using MPPT technology, the value of the energy produced from the panels increased to
215 watts under the influence of the same value of the previous irradiation, so we can say
that using MPPT technology based on the (P&O) algorithm increases the efficiency of
the system by 120%.

Khodair et al. (2020) the researcher presents a comparative study between two traditional
algorithms, the perturbation and observation (P&O) algorithm and the Incremental
conductance (IC) algorithm, and It is compared with two algorithms whose variable step
size has been modified (M-VSS-P&O and M-VSS-IC) that are implemented through the
technique of MPPT control to control the duty cycle of a DC-DC boost converter. The
simulation was carried out using MATLAB/Simulink with three different types of the
solar panels (polycrystalline KC200GT, monocrystalline SQ85, and ST40 thin-film solar
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cells), the simulation of the photovoltaic system was carried out with the four algorithms
under standard test conditions (STC) and tested under conditions in which the forms of
solar radiation change. The simulation results obtained by the researchers showed the
superiority of the modified traditional algorithms (M-VSS-P & O and M-VSS-INC) in
terms of MPP tracking speed, efficiency, and performance compared to the traditional

algorithms (P&O, IC).

Victor et al. (2019) presented that when designing the charge control unit, the electrical
characteristics of the solar panels and the load circuit (battery) that will be fed by the
control unit must be taken into account. Therefore, to charge the battery with high
efficiency and with fewer energy losses, the type of charge controller must be chosen
accurately. There are many charging control methods to know the characteristics of each
type that were simulated using MATLAB/Simulink, where the simulation results showed,
as discussed by the researcher in (Victor et al. 2019) that the traditional methods of
charging, i.e. basic charge controllers, are undesirable because of their large loss of energy
through the charging circuit itself. The most common charging methods in charging
batteries in recent years are PWM and MPPT because of their low loss. We can use a
PWM type controller when the battery voltage is similar to the voltage of photovoltaic
panels, while at high voltage it is preferable to use the MPPT charge controller, which is
more common nowadays because it Works well when weather conditions change (change

of radiation intensity and temperature).

Majaw et al. (2018) presented that the researchers conducted a comparative study
between the charge controllers used today and their importance in raising the efficiency
of the photovoltaic system, increasing the energy produced and protecting the battery
from damage. The most important charge controllers are Pulse Width Modulation (PWM)
and Maximum Power Point Tracking (MPPT). It is necessary to have charge controllers
in solar energy systems that contain batteries, as the chargers work to ensure that the
batteries are recharged quickly and not completely discharged, which increases the
battery life, as well as working to isolate the battery from the solar panels in times of
darkness when there is no sunlight Where it does not allow the passage of reverse current.

By comparing charge controllers, the researchers found the superiority of MPPT
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technology, as it increases the efficiency of the solar system by 30% compared to PWM

technology.

Guran and Perisoara (2020) the researcher presented his research paper for the application
of charge controllers for the photovoltaic cell in smart solar-powered cars, where the solar
cell was installed on the vehicle and the charge controller and batteries were linked with
a DC to DC converter and a digital screen to display the results. A comparison was made
between the charge controllers (PWM, MPPT) in terms of increasing the efficiency of the
system, providing protection for the batteries, tracking the power cut, and isolating the
batteries from the panels when there is no solar light, as well as isolating the batteries
from the load when the car stops. Through the results reached by the researcher, it was

found that MPPT technology is superior to PWM technology.

Sepulveda et al. (2019) the researcher presented a practical comparison of charge
controllers (PWM, MPPT), as these devices are an important part of the photovoltaic
system, and through charge controllers, the efficiency of the entire system can be
increased. The researchers conducted a practical experiment to charge batteries using
solar panels, charge controllers (PWM and MPPT), and a DC-DC converter and found
that the efficiency of MPPT technology is better in terms of response speed, waste
reduction, and battery charging speed, but its problem lies in its high costs compared to
PWM technology, which is suitable For those who want a simple and low-cost charging

controller.

Acharya and Aithal (2020) presented that Solar energy is one of the most important types
of renewable energy used, which has become the focus of researchers and manufacturers
to address its problems, which are severely affected by weather conditions. Therefore,
charge controllers are a major and important part of the photovoltaic system that controls
the flow of current and voltage from the solar panels to the batteries and the load. In
(Acharya and Aithal 2020) a detailed study of the most important types of charge
controllers (MPPT, PWM) and what are the advantages and disadvantages of each type
and the differences between them in terms of battery charging speed, system efficiency,

and cost.
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Pilakkat ef al. (2020) presented that the photovoltaic properties of solar panels and several
MPPT algorithms are discussed in this paper. The MPPT response time for the solar
radiation step was calculated using some comparisons. Compared with traditional
algorithms and artificial intelligence algorithms, the performance of biologically inspired
algorithms under the Partial Shaded Conditions (PSC). Finally, the particle swarm
optimization (PSO) algorithm and the Firefly algorithm (FA) appear to be more accurate,
fast, and stable than traditional MPPT methods.

Ali et al. (2020) the researchers presented a general review on an important part of the
photovoltaic system, which always suffers from the problem of low efficiency and its
non-linear characteristics because it is affected by weather conditions. Therefore, MPPT
maximum power point tracking technology is considered the best option to address the
problems of the photovoltaic system, raise its efficiency and extract MPP from it.
Therefore, the researchers presented in this paper a general review of the most important
MPPT methods, identifying the advantages and disadvantages of each type, and finding

the best to apply it under standard and changing conditions.

Bollipo et al. (2020) presented that 23 research papers on MPPT methods used to raise
the efficiency of the photovoltaic system and increase the production capacity during
stable conditions and partial shade (PSC) conditions are reviewed, where the algorithm is
divided into three main groups which are traditional methods, artificial intelligence and
optimization. Where the algorithm is chosen according to the working conditions. In
stable conditions, it is preferable to use traditional methods for their simplicity and low
costs. In PSC conditions, it is preferable to use artificial intelligence algorithms or

optimization algorithms.

Ali et al. (2020) presents a comparison between the Incremental conductance (IC)
algorithm and the fuzzy logic control (FLC) algorithm that works through MPPT
technology in a photovoltaic system that suffers from low efficiency and is affected by
weather conditions. The system was simulated with a DC-DC boost converter, and the

simulation results showed the superiority of (FLC) algorithm over (IC) algorithm. (FLC)
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is characterized by rapid response and low oscillation, which increases the efficiency of

the system, especially in changing weather conditions.

Mohamed et al. (2020) presented that presents the Maximum Power Point Tracking
MPPT technology based on the Modified perturbation and observation (MP&O)
algorithm to be used in solar energy systems to extract the most energy from it under
different weather conditions. The photovoltaic system was simulated using
MATLAB/Simulink environment with a detailed circuit diagram of the MP&O-based
charge controller, and the simulation results were compared with the results of
conventional algorithms (P&O0, IC). Where the results showed the superiority of the
traditional modified MP&O algorithm under different weather conditions quickly and the
proposed method provides high performance and increases the efficiency of the system

from 94% to 98%.

Salem et al. (2021) presented that the photovoltaic cell suffers from the disadvantages of
low energy conversion efficiency and high initial cost, so MPPT methods are used to
extract the maximum power point MPP. In the paper (Elbarbary and Alranini 2021), the
researcher presented a simulation of two traditional algorithms (P&O0, IC) to compare
them under constant weather conditions in radiation intensity and temperature with a DC-
DC boost converter. The simulation results showed that the P&O algorithm has a better
response speed than the IC algorithm under standard test conditions (temperature = 25°C,

radiation intensity = 1000 W/m?).

Kareem (2019) Presented that MATLAB/Simulink was used to model a self-contained
photovoltaic system. Incremental conductance (IC) technology was used to track the
maximum power point. The simulation results show that the MPPT method based on the
IC algorithm is characterized by high speed and accuracy response under rapidly
changing radiation and temperature conditions, but the algorithm is more complex than

other traditional methods, which is what the researcher mentioned in (Kareem 2019).

Pathy er al. (2019) presented that The researchers discussed in (Pathy et al. 2019) the

problem of the photovoltaic cell being exposed to partial shading or changing the intensity
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of solar radiation or temperature, and its great impact on the work of the photovoltaic
system, which results in multiple peaks in the system output, making the process of
tracking the maximum power point fail in traditional methods such as (voltage Open
circuit (FOCV), perturbation and observation (P&O) and the Incremental conductance
(IC) algorithm ...etc. ). Therefore, the researchers in this paper propose a set of
optimization algorithms (PSO, DE, ABC, ACO, BFOA) where these algorithms are
qualified to work under changing conditions or partial shade, it is characterized by a fast

response, accuracy, and high efficiency.

Sutikno er al. (2021) presented that to harvest the maximum energy coming out of the
photovoltaic panels, a high-voltage DC-DC converter is used with MPPT technology
based on the fuzzy logic control (FLC) algorithm to improve the system performance and
raise its efficiency under changing weather conditions. The photovoltaic system was
simulated using MATLAB/Simulink with the use of various Membership Functions
(triangle, trapezoid, Gaussian, and GBell) available in the membership function editor to
compare them and choose the optimal function to work in such conditions. The simulation
results show that the GBell function can track MPP with high accuracy, can optimally
transfer power, and has stable performance under various conditions. This is explained in

detail in the research paper (Sutikno et al. 2021).

Jeannot et al. (2020) The researchers proposed a solution to maintain the maximum power
point under changing atmospheric conditions (change in solar radiation intensity and
temperature change) through a simulation using MATLAB environment for a
photovoltaic system consisting of solar panels, DC-DC boost converter, and MPPT based
on Fuzzy logic control algorithm. The simulation results showed fuzzification and
defuzzification of the input and output variables of the converter. The high efficiency of

the proposed algorithm in power point tracking under changing conditions.

Nour (2019) The researcher used an artificial neural network to replace the traditional
methods such as (P&O, IC) in tracking the maximum power point of the PV system and
addressing the problems encountered by the traditional methods, while the ANN

technology can provide a better response when well trained. The MPPT based on the
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ANN algorithm in the literature has used solar radiation and temperature as its inputs. In
this research, the researcher suggested new inputs to improve the performance of the
ANN algorithm, and he also suggested a second improvement using the Genetic
Algorithm (GA) to design the ANN algorithm by adjusting the number of neurons in each
layer, the type of learning algorithm, and the activation function, and after simulating the
system using MATLAB/Simulink, the results appeared The modified and improved ANN
algorithm has better performance, reliability, and responsiveness than traditional methods

and increases the efficiency of the solar system.

Villegas et al. (2021) presented that Because of its cleanliness and low noise, the demand
for solar energy has increased, especially in recent years, due to the ease of obtaining it,
and it is an energy that does not run out and is available on most days of the year, but its
problem lies in its lack of efficiency. Is the most important obstacle, and has become the
concern of most researchers to find ways to increase the efficiency of the photovoltaic
system. The MPPT method allows us to extract the maximum amount of energy from the
solar panels. This technique has a set of algorithms. The research (Villegas et al. 2021)
dealt with the method of Artificial Neural Network (ANN), where the speed and accuracy
of MPP tracking depend on the nature of the algorithm used in the hidden layer and the
quality of its training. The researcher stated that the application of ANN-based MPPT
technology provides average efficiency of up to 98% under uniform conditions, high

convergence velocity, and lower fluctuations around the MPP.

Kota and Bhukya (2019) the researchers proposed a new MPPT technique scheme based
on the ANN algorithm for MPP point tracking under partial shading (PSC) conditions and
compared the results of the proposed algorithm (ANN) with the optimization algorithm
(PSO) and (ABC) algorithm. From the results obtained by the researcher, it was found
that the proposed ANN algorithm excels, as it is faster, more accurate, and less expensive

compared to (PSO, ABC) algorithms whose costs are considered high.

Jyothy and Sindhu (2018) presented that MPPT technology is implemented based on the
Artificial Neural Network (ANN) algorithm to track the maximum power point and

extract the maximum power from the photovoltaic panels under variable irradiation
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conditions and temperature by simulating them in MATLAB/Simulink and comparing
the results of the ANN algorithm with traditional charge control methods. Such as (P&O,
IC, FOCV) simulation results showed that MPPT technology based on ANN algorithm
provides better performance through tracking speed, fewer oscillations around the MPP,

and lower settling time requirements.

Putri et al. (2019) the researchers presented a research paper on improving the efficiency
of the electrical system under partial shading conditions that the solar panels are exposed
to using MPPT technology based on the PSO particle swarm optimization algorithm. The
photovoltaic system was simulated using MATLAB/Simulink to compare two solar cell
designs, one using MPPT technology based on PSO, and the second without using MPPT
technology. According to the simulation results, the researcher showed that using the PSO
algorithm improves the performance of the system and increases its system efficiency

under the conditions of PSC.

Ritu et al. (2020) presented that MPPT technology based on the PSO particle swarming
optimization algorithm was used to control the duty cycle of the DC-DC boost converter
to extract the maximum power from the photovoltaic panels under partial shading (PSC)
conditions. Conventional methods can fail under PSC conditions because multiple peaks
appear in the system characteristic curve. The system was simulated using a
MATLAB/Simulink environment, and the researcher showed that by using PSO under
appropriate PSC conditions, it has a high convergence rate and low oscillation when MPP

is reached.

Irwanto et al. (2020) presented that photovoltaic panels are greatly affected by the change
of solar radiation and temperature, which leads to its production of unstable energy, so it
cannot be supplied directly to the batteries or the load. For this reason, the researcher
suggests in (Irwanto et al. 2020) the use of a DC-DC boost converter based on the PID
controller unit to control the work cycle. A boost converter is used to charge a 12-volt
battery. The results of the simulation of the boost transformer showed that the transformer
works to regulate the current and voltage flowing to charge the battery, in addition to

protecting the battery from damage and prolonging its life.
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Palanisamy et al. (2019) the researchers studied five algorithms most commonly applied
in MPPT technology in photovoltaic systems, namely Perturb and Observe (P&O),
Incremental Conductance (INC), Fractional Open Circuit Voltage (FOCV), Ripple
Correlation Control (RCC) and Extremum Seeking Control (ESC). The system was
simulated with three types of DC-DC converter (Boost, Buck, and Buck-Boost), the
simulation results showed that the (IC) algorithm and (ESC) algorithm are the best MPP
point tracking among the MPPT controllers, and the DC-DC buck-boost converter is the

best among the three converters.
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3. MATERIALS AND METHODS

3.1 PV Conversion Chain

In general, the photovoltaic system consists of four main parts (solar panel, MPPT
charge controller, DC-DC converter, Batteries or loads). Figure 3.1 shows the
photovoltaic conversion process chain, Where the maximum power point (MPP) is
obtained by controlling the duty cycle of a DC-DC converter using maximum power
point tracking (MPPT) techniques, Which works to improve and raise the efficiency of
the system and transfer the maximum energy from the photovoltaic cell to the load
(Akiza et al. 2021). MPPT technology is based on many traditional algorithms,
optimization algorithms, and artificial intelligence, and the algorithm is selected

according to weather conditions and speed required to track the point of maximum

power and efficiency (Rougab ef al. 2021).

temperature

solar panel

solar
radiation

charge controller

Figure 3.1 The basic photovoltaic conversion chain
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The photovoltaic panel that we will study in this paper is 1Soltech 1STH-215-P
(Nkambule et al. 2019). Where Table 3.1 shows the electric characteristics of the panel
under the standard test conditions (STC), as it is the two most important factors affecting
the work of the photovoltaic system are solar irradiation and temperature, whose values
are in the standard test conditions, irradiation (irr = 1000 W/m?) and temperature (tem=
259C) (Kabalci and Boyar 2020, Remoaldo and Jesus 2021). Where one cell connected

in parallel and one in series will be used in this study as a model used in the simulation.

Table 3.1 Trina Solar 1Soltech 1STH-215-P Photovoltaic modules datasheet

Module Parameters
Maximum Power (W) 213.15
Open Circuit Voltage (Voc) 36.3
The voltage at maximum power point (Vmpp) 29
Temperature coefficient of Voc(%/deg.C) -0.36099
Cells per module (Ncell) 60
Short-circuit current Isc (A) 7.84
Current at maximum power point (Imp) 7.35
Temperature coefficient of Isc (%/deg.C) 0.102
Light-generated current IL(A) 7.8649
Diode Saturation Current Io (A) 2.9259e-10
Diode ideality factor 0.98117
Shunt resistance Rsh (ohms) 313.3991
Series resistance Rs (ohms) 0.39383

3.1.1 Photovoltaic system

Mathematical model and equivalent circuit for a PV cell: A photovoltaic module
converts sunlight into electricity. To put it another way, when a PV module is exposed
to solar radiation, it creates a direct current without causing any noise or pollution. Solar
modules feature photovoltaic cells connected in series and/or parallel. These cells are
essentially semiconductor diodes with a photosensitive p-n junction (Kamran et al.
2020, Senthilkumar et al. 2022). PV modules can be linked in series and/or parallel to

create PV arrays.

Single-diode and two-diode models are two types of equivalent circuits often used to

simulate a PV cell. Single diode, double diode, vulture, and other models are available.
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There are a lot of equivalent circuits being created. In comparison to the single-diode
equivalent circuit, the two-diode equivalent circuit has a more complicated structure and
exhibits more nonlinear features. As a result, units with two diodes are rarely used.
Because it produces realistic results, the single-cell circuit model is the most popular.
The single-diode equivalent circuit model was chosen in this investigation (Mars et al.

2017, Eltamaly and Abdelaziz 2020).

The PV cell output voltage-current (V-I) characteristic is quite similar to the diode
characteristic in the absence of sunshine. The electron mobility generated by photons
falling on the panel creates an electric current when there is sunlight. This current
completes the circuit through the external load when the PV panel is short-circuited. In
the equivalent circuit model, when the circuit is open, it completes through the p-n

combination diode (Raof 2020, Mars et al. 2017).

The photovoltaic cell is represented in the equivalent circuit shown in Figure 3.2 where
the incident light flux is represented by the current source, the cell is polarized by the
diode connected in parallel with the source, Parallel resistance for leakage current, while
the connected resistance in series represents the losses due to the loss of the metal
network, communications and bus current assembly. This circuit is a model of the

photocell for easy mathematical representation (Syafaruddin ez al. 2018).

Ry, V [] Load

Figure 3.2 Equivalent circuit of a photovoltaic cell (Syafaruddin et al. 2018)

Furthermore, the mathematical expression is derived from the aforementioned circle.

The single-diode equivalent circuit model was used to do the MPPT analysis of the solar
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panel system in this study. The equations that define the PV module model are as follows

(Syafaruddin ef al. 2018, Mars et al. 2017) Equation 3.1:

I =Iph*Np_Id_ISh (31)

Where L, represents a photocurrent, I represents a diode current, and I, represents a

shunt current. The module photo-current was rated as follows Equation 3.2:

Lyn = Gi|lse + K (T — Trer)] (3.2)

The equation for the shunt current is as follows Equation 3.3:

_ Vpvt Ipy*Rs

Isn - (3.3)
The equation for calculating the dark current I; is as follows Equation 3.4:

_ Vpu+Rs*Ipv)
Iy = I [exp (q T ) 1] (3.4)

The following equation describes how the reserved saturation current varies with

temperature Equation 3.5:

%G_Trlef)] (3.5)

Finally, the total current can be calculated using the following formula Equation 3.6:
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I'= Ny * Loy = Ny # I [exp (T2220) — ] — N, etoet™s (3.6)

Ng*Vi Rsn

The equivalent shunt resistance of a perfect PV cell is extremely high, whereas the

analogous series resistance is extremely low (Simplification Ry, >>>Ry).

When the values of the resistors

R,=0 Rgy,=

The previous equation will become as follows Equation 3.7:

['= Ny Ion = Ny # s [ exp (522) - 1] (3.7)
Nomenclature

vV PV cell output voltage [V].

I PV cell output current [A].

Ng:  The number of modules that are connected in a series.
Ny: The number of modules that are connected in parallel.
Lpp:  Current generated by light in a PV cell [A].

I;:  Saturation current in PV cells [A].

Rs:  The series resistance of a PV cell [Q].

A: Ideality factor.

T Cell temperature [Kelvin].

q: The electron charge constant (1.602x10-19 C)

T,ef: Reference temperature [Kelvin].

I;.: PV cell short-circuits current at 25°c and 1000[w/m2].
Rg,:  Shunt resistance of a PV cell [Q].

Eg:  The band gap for silicon [eV]
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From the above last equation, we can notice that the output current of the photovoltaic
cell mainly depends on the photovoltaic cell current produced by the beam falling on it,
which depends on the solar irradiation and the junction temperature of the unit cells
(Nasser et al. 2020). Thus, we can consider that the power of the photovoltaic cell
depends on the radiation intensity and temperature, for this reason, the output
characteristics of the photovoltaic system are always non-linear (Nasser et al. 2020,

Syafaruddin et al. 2018).

PV panel manufacturers develop module values based on testing conducted at 25
degrees Celsius and a 1000 W/m?2 irradiation intensity. These are referred to as standard
testing conditions. Maximum power (Pmax), open-circuit voltage (Voc), short-circuit
current (Isc), current at the maximum power point (Impp), and voltage at the maximum

power point (Vmpp) can all be acquired from a PV panel under these conditions.

Curves of characteristics for PV systems: To obtain the highest efficiency of the
photovoltaic cell, it is necessary to study and know its properties, which mainly depend
on the intensity of solar radiation and temperature. Therefore the voltage-current (V-I)
and power-voltage (P-V) characteristics must be specified to express changes under

standard conditions at a temperature of 25°C and radiation values of 1000 W/m?.

All photovoltaic cell manufacturers adopt standard conditions when manufacturing
them for the intensity of solar irradiation and temperature (tem= 25°C and irr=1000
W/m?) because it is difficult to predict the changing weather conditions and study their
properties (Al-Majidi ez al. 2018), so there is a technology that controls the work of the
photovoltaic cell in such conditions. This technique is called Maximum Power Point
Tracking (MPPT) (Zhang et al. 2021), which will be studied in detail in the next
paragraph. This technology helps in obtaining the maximum power point (MPP) in the
output regardless of changing weather conditions. This study will work on the
photovoltaic cell type 1Soltech 1STH-215-P whose data sheet was mentioned in the
previous paragraph (3.1). The characteristics of this cell will be determined under

standard test conditions (STC) and variable conditions.
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The characteristic curve inspection of the photovoltaic panel is based on standard
test conditions (STC): Using the equivalent circuit model of a photovoltaic cell whose
type and mathematical equations were mentioned earlier, and whose electrical
specifications are given in Table 3.1, we can plot the characteristic curves of current-
voltage (I-V) and power-voltage (P-V) according to standard test conditions (STC)
using radiation intensity and temperature constant ( tem = 25°C and irr = 1000 W/m?)
as shown in Figure 3.3, where a characteristic curve will be adopted to illustrate the
most important points and then the curve is plotted using Matlab/Simulink for the same

cell type previously selected to plot the electrical specifications (Syafaruddin et al.

2018).

One point at the top of the PV curve is called the maximum power point (MPP), which
shows that the photovoltaic panel operates at maximum efficiency and produces the
highest output power (Pmpp). This power is the product of the maximum current (Impp)

and the maximum voltage (Vupp) of the cell (Kumar et al. 2017).

But there is a problem that solar energy systems suffer from, the lack of stability of this

point in light of changing environmental conditions Figure 3.3.

A Short circuit
/ current
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Figure 3.3 Diagram showing the characteristics of the PV module under (STC)
(Mohamed and Abd El Sattar 2019)
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Figure 3.4 shows the results of characteristic curves when simulating a photovoltaic
panel representing the current-voltage (I-V) and power-voltage (P-V) curves using a
1Soltech 1STH-215-P solar cell that has been selected to work on in this thesis and
which consists of one panel connected in series and one Connected in parallel, we can

see that the simulation results are similar to the results of the electrical cells in the

datasheet.
. Module type: 1Soltech 1STH-215-P
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Figure 3.4 Under STC conditions, a PV module's -V and P-V characteristics

Study of the characteristic curve of the photovoltaic panel when the temperature
is constant and the intensity of solar radiation is variable: To obtain the highest
efficiency of the photovoltaic system, the working stability of the system must be
maintained at the maximum power point (MPP), but there is a problem that this point is
not constant because the system performance is strongly affected by both irradiation
intensity and temperature (Al-Ghezi et al. 2022). It can be seen how the MPP is affected

by plotting the I-V and P-V characteristics curves of the photovoltaic cell when the
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temperature is constant(25°C) and radiation intensity is different (1000 W/m?, 800
W/m?, 600 W/m?, 400 W/m?) (Converter 2017), as shown in Figure 3.5 .
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Figure 3.5 Characteristics curves (I-V & P-V) of PV panel under constant temperature
and different irradiation

It can be seen from the results that the characteristics of the photovoltaic panel are not
linear. The MPP varies according to the intensity of solar irradiation. The maximum
energy point can be obtained when the irradiation intensity is the highest value (1000
W/m?) and the energy point begins to decrease with the decrease in the intensity of
irradiation (Rougab et al. 2021). The output current of the photovoltaic unit is greatly
affected when the intensity of solar irradiation changes, it increases with the increase of

irradiation, while the voltage remains almost constant (very little change).

Study of the characteristic curve of the photovoltaic panel when the temperature

is variable and the intensity of solar irradiation is constant: In the previous
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paragraph (D) the effect of changing the irradiation intensity on the characteristics of

the photovoltaic cell (I-V & P-V) was studied Figure 3.6.

In this paragraph, the radiation intensity will be constant (1000 W/m?) and we change
the temperature in values (55°C, 45°C, 35°C, 25°C) and study their effect on the
characteristics of the photovoltaic panels as shown in Figure 3.6 (Chaibi et al. 2019, Al-
Ghezi et al. 2022).
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Figure 3.6 Characteristics curves (I-V & P-V) of the photovoltaic panel under variable
temperature and constant irradiation

It can be seen from the results that the characteristics of the PV panel are not linear. As
the MPP varies according to the temperature change, the maximum power point can be
obtained when the temperature is the lowest and the energy point starts decreasing as
the temperature increases. The output voltage of the PV module is greatly affected when
the temperature changes, and increases with its decrease, while the current remains

almost constant (very little change) (Al-Ghezi et al. 2022).
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3.2 Solar Charge Controller

As we mentioned earlier, the maximum power point given by the solar panels is not
fixed and is affected by changes in weather conditions such as radiation intensity and

temperature, and the voltage and current leaving the cell are also not constant.

For this reason, it was necessary to find a technology that regulates the work of the
photovoltaic cell and controls its output when the weather conditions are different.
Therefore, a system was designed to track the maximum power point, regulate voltage
and current, and perform impedance matching between the photovoltaic source and the

load (Salman et al. 2018).

Therefore, this technology is considered a major part of the PV system, as its presence
increases the efficiency of the system by 30% to 35% (Panchal et al. 2019, Ahmed and

Salam 2017). It enables the system to work close to MPP and with maximum efficiency.

This technology is generally called a solar charge controller. The charge controller plays
a vital role in ensuring that the battery is not overcharged or undercharged, that is, it

ensures that the battery is charged efficiently.

Where they control how much energy is transferred from the solar panels to the battery
bank. Overcharging is prevented via charge controllers, which reduces the danger of
battery damage. When the batteries are fully charged, the charge controller should turn
off the photovoltaic modules. The charge controller also avoids overvoltage, which can
harm the battery's performance and shorten its life significantly. There are two types of

charge controllers (Panchal et al. 2019, Victor et al. 2019).
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3.2.1 PWM (pulse width modulation) charge controllers

The Pulse Width Modulation (PWM) charge controller is one of the most effective
technologies for charging a constant voltage battery by adjusting the duty cycle of the
switches (MOSFET) (Sepulveda et al. 2019).

In a PWM charge controller, the current flowing from the photovoltaic panel increases
or decreases according to the battery's need for recharging. When the battery voltage
reaches the desired level, the PWM algorithm slowly reduces the flow of charging
current from the plates to avoid overheating of the battery and the release of gases

(Yilmaz et al. 2022, Majaw et al. 2018).

PWM charging technology has many advantages such as maintaining the battery life for
a long time, reducing the excessive temperature in the battery, and the stress on the

battery is less.

PWM controller technology is not a DC-DC converter. The PWM controller is a switch
that is connected to the photovoltaic panels on one side and the battery on the other.
When the switch is closed, the board and the battery will be connected. The voltage will
begin to flow from the plates to the battery, where the voltage will increase slowly as
the battery state of charge increases. When the battery voltage reaches full, the PWM
controller will start reducing the flow until the board is disconnected and reconnected
to prevent overcharging (that's why it's called a PWM charge controller) (Majaw et al.
2018).

There are disadvantages in this type of charge controller, as it converts voltage from the
solar cell to the battery as much as the battery needs over a long period, and the voltage
of the battery’s need is lost, and this causes a decrease in the efficiency of the entire
system, and it also takes a long time to charge the battery (Yilmaz et al. 2022, Majaw et
al. 2018).
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3.2.2 Maximum power point tracking (MPPT) charge controller

Since the output characteristics of the PV system are not linear and vary with different
weather conditions (solar radiation intensity and temperature), to obtain the maximum
MPP power point, it must be tracked and made constant under different conditions to
increase the efficiency of the system. This is the reason behind the design of a charge-
control technology called Maximum Power Point Tracking (MPPT) (Acharya and
Aithal 2020).

One of the most advanced technologies is (MPPT) solar charge controller. This
technology is more advanced and more expensive. It has many advantages over acharge
controller (PWM). The application of MPPT technology increases the efficiency of the
photovoltaic system by 20% to 40% under Standard Test Conditions (STC) and low

temperatures (Szczepaniak et al. 2022).

The MPPT generates DC-DC converter control pulses to control its duty cycle. The
higher voltage of the solar panels reduces the battery charging voltage or raises the lower
voltage. It will control the input voltage to get the most power from the PV panels and
then convert that power to meet the variable voltage needs of the battery as well as the

load (Sepulveda et al. 2019).

MPPT charge controllers are several algorithms working in tandem with a DC-DC
converter that can convert high voltage power to low voltage power (Majaw et al.
2018). Keeping the amount of power constant, therefore, if the output voltage is less
than the input voltage, the output current will be higher than the input current to
compensate for the difference, so that the power produced P = VI remains constant in
all cases. Under specific conditions, MPPT charge controllers are applied to obtain the
maximum power produced from the PV module so that the voltage in the PV module is
capable of producing the maximum power called the "maximum PowerPoint". The
maximum power point is affected by solar radiation and temperature. Therefore,
Maximum Power Point Tracking (MPPT) technology is used to improve the efficiency

of photovoltaic panels (Guran and Perisoara 2020).
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The advantage of this technology (MPPT) is that it uses all the voltage produced by the
photovoltaic cell as it takes the required voltage to charge the battery and converts the
excess voltage into the current to increase the speed of the battery charging time.
Therefore, this method is considered more efficient than PWM technology (Sepulveda
et al. 2019, Majaw et al. 2018). Figure 3.7 shows the I-V characteristics of MPPT, while
Figure 3.8 shows the difference between the two technologies (PWM) and (MPPT) in

terms of production capacity and working area under the curve.
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Figure 3.7 The I-V characteristics of MPPT (Anowar and Roy 2019)
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Figure 3.8 PV and I-V characteristics of MPPT& PWM (Majaw et al. 2018)

3.3 Maximum Power Point Tracking Algorithms

The use of MPPT technology based on several algorithms is necessary for PV
applications because the maximum power point (MPP) of solar panels is not constant
and is greatly affected by the change of radiation intensity and temperature applied to
the solar cell, so the use of MPPT in PV systems is an indispensable part for tracking
and Extracting the greatest energy from solar panels and regulating its flow to batteries

(Farooqui et al. 2022).

Over the past years, researchers have developed, discovered, and published several
MPPT methods for finding the maximum power point (MPP). The techniques used
differ in many points such as the required current and voltage sensors, their
effectiveness, their efficiency, the complexity of their form, their cost, the speed of
convergence, the correct tracking when the irradiation intensity is variable, and/or the
change in temperature, the devices needed for their installation and implementation,
among others. A full review of a large number of different MPPT algorithms can be

found in (Pilakkat et al. 2020, Ali et al. 2020, Mnati et al. 2019).
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The maximum power point MPP and input and output values of solar panels can be
monitored using MPPT technology and properly designed modeling calculations. The
efficiency of solar energy tracking systems is directly related to the capabilities of the
algorithm used. Thanks to these algorithms, the output of the system is ensured despite
sudden changes in temperature and radiation (Farooqui et al. 2022, Bollipo et al. 2021).
Several methods of theMPPT technique have been used in the literature. Figure 3.9
(Bollipo et al. 2020) lists the most popular algorithm strategies. It is classified into three
main groups (traditional algorithms, artificial intelligence algorithms, and optimization

algorithms) (Bollipo et al. 2021).

MPPT\
\ Techniques

¢ Constant Voltage (CV)

» Adaptive Reference Voltage (ARV) . ’
* Fractional Open-Circuit Voltage (FOCV) = —~4 * Particle Swarm Optimization (PSO)
¢ Fractional Short Circuit Current (FSSC) » Grey Wolf Optimization (GWO)

+ Perturb & Observe (P&0)

* Variable Step P&0
o Hill Climbing (HC) o Fuzzy Logic Controller (FLC) * Ant Colony Optimization (ACO)

o Artificial Neural Network (ANN) ® Cuckoo Search

¢ Incremental Conductance (IC) « Sliding Mode Controller (SMC) * Artificial Bee Colony (ABC) MPPT
* Ripple Correlation Control (RCC) o (et s e T
* DC Link Capacitor Droop

¢ On-line MPP * Gauss Newton Based Technique
* Look Up Table

#» Linearization MPPT

Figure 3.9 Classification of MPPT techniques

MPPT technology is connected with the photovoltaic panels through current and voltage
sensors coming out of the panels. The algorithm based on the signal of the sensors
generates control pulses to control the duty cycle of the DC-DC converter to supply
constant power to the batteries or loads despite the change of weather conditions. Some
of the most popular MPPT algorithms will be discussed in the next section (Abdellatif
et al. 2021, Bollipo et al. 2021).
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3.3.1 Perturb and observe (P&O)

The P&O algorithm is one of the most popular and widely used MPPT techniques due
to its simplicity, ease of use, low costs, and simple results, especially under stable

conditions (Ali et al. 2020, Mohamed Abdelwahab et al. 2020).

P&O operates by increasing the perturbation of the panel operating voltage regularly,
allowing the power output to be recorded and compared during regular perturbation
cycles. If the power difference is positive, more disturbance is added to the operating
voltage in the same direction, and the output power is measured again. The perturbation
process continues until the energy difference becomes negative. As a result, the
disturbance direction of the operating voltage must be reversed (Junichi et al. 2003).
The P&O method operates by increasing the voltage, which causes the power output to
rise when the operating point is placed to the left of the MPP, as shown in Figure 3.10.
When the operating point is to the right of the MPP, the P&O will reduce the voltage,

increase the power output, and operate in the opposite direction (Kamran et al. 2020).

dP/dvV =20

dP/dv <0

P(V)
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dP/dVv >0

=
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Figure 3.10 The Perturb and observe method's P-V curve (Mnati et al. 2019)
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. . dp o
When the perturbation causes the power to increase by - 0, it indicates that the

operating point has been shifted towards MPP. Therefore the next perturbation must be

kept in the same direction to bring the actuation point as close to MPP until MPP is
. . ap
reached. On the other hand, if the perturbation causes the energy to drop to v < 0, that

is, the operating point has shifted away from the MPP, then the perturbation steps must
be reversed in the opposite direction to correct this. The photovoltaic panel voltage is
regulated by the P&O algorithm to obtain the corresponding voltage (VMPP) of the
MPP. The MPP is monitored and updated periodically to ensure that the power slope

equation 3_5: 0 is met (Bollipo et al. 2021). The equations below show the

mathematical relationships of a technique for the P&O algorithm (Elbarbary and
Alranini 2021, Bollipo et al. 2020) Equation 3.8, Equation 3.9 and Equation 3.10.

& 2 _ 0 atthe MPP (3.8)
av

X 2—5 > 0 at the left side of MPP (3.9

& 2—5 < 0 at the left side of MPP (3.10)

For measuring the plate operating voltage V and current I, the P&O algorithm uses only
two sensors (Bollipo et al. 2020). Figure 3.11 shows a flowchart that explains the details
of the P&O algorithm. As we can see, lowering the operating voltage reduces output

power; therefore, the next essential action must be positive, i.e., raising the voltage.
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Figure 3.11 P&O algorithm flowchart

There are certain flaws in the P&O algorithm, such as slow response to rapid changes
in weather conditions and searching in the wrong side of the maximum energy point
during sudden shifts in conditions. The system is not fixed here when it reaches its
maximum power point because it is always doing P&O. The system may constantly
oscillate near the maximum power point, resulting in some energy loss in the system

and a decrease in the efficiency of the PV system (Pilakkat et al. 2020).

3.3.2 Incremental conductance (IC)

The Incremental conductance (IC) algorithm is designed to address the shortcomings of
the P&O algorithm while dealing with rapidly changing weather conditions (Necaibia
et al. 2017, Dhaouadi et al. 2019).
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I . dl .
The conductance ” and the incremental conductance -, are selected using voltage and

current measurements so that the operating voltage can be increased or decreased
depending on whether the operating point is to the left or right of the MPP. The IC
algorithm's working principle is based on the fact that the photovoltaic power curve
slope is negative to the right of MPP, zero at MPP, and positive to the left of MPP
(Necaibia et al. 2017, Mohamed et al. 2020), as shown in Figure 3.12 and as proven by
the mathematical equation below (Dhaouadi et al. 2019) Equation 3.11, Equation 3.12
and Equation 3.13.

1 Optimum V,,
dl/dV=-1/V

PV Power‘

- MPP Left
—_— dl /dV=-1/Y

P < Pmax

P < Pmax

V<= Vmax V> Vmax
| I | I -
PV Voltage
- ST
Increase V,u Decrease V,u

Figure 3.12 Incremental conductance algorithm P-V curve (Mohamed Abdelwahab et

al. 2020)
L 5 —L left of MPP (3.11)
av |4
4L~ _L atMPP (3.12)
av %4
dl 1 .
o <~ right of MPP (3.13)
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Data sufficient to locate the MPP is provided by the incremental conductance (IC)
. . . . d .
technique. Making special measurements and comparisons of é and émake this

possible. The MPP setpoint reference voltage at which the PV system must operate is
Vwmrep (Mohamed et al. 2020). Figure 3.13 the flow chart below illustrates the detailed
working concept of (IC) algorithm (Kareem 2019).

No Yes

Yes
Yes

No

No Yes No Yes

Vev=Vev. 4V, Vev=Vey-4V, Vev=Vev AV,

Figure 3.13 Incremental Conductance Algorithm Flow Chart.

According to the flow diagram of the IC algorithm shown in Figure 3.13, an evaluation
test is carried out on one side after measuring voltage and current if the test difference

on the side between voltage and current is respectively zero, and the contrast voltage is
. o . . ey d
zero on the other side, a condition will be obtained Equilibrium é + é = (0 at MPP. If

this condition is met, no changes will occur in the operation of the IC algorithm. If the

equilibrium condition is not satisfied, the (IC) algorithm increases or decreases the
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) i . o.odl 1
voltage according to the amount of difference in current or the condition ~, T 7 more

or less at zero respectively (Necaibia et al. 2017, Kareem 2019).

In general, the IC algorithm is one of the most widely used MPPT techniques (Dhaouadi
et al. 2019). However, until the MPP is achieved, the slope of the photovoltaic curve
affects the duty cycle of the converter with fixed or variable step sizes in the (IC)
algorithm. The time required to trace the MPP is reduced when the step size is larger,
yet oscillation around the MPP is still present (Owusu-Nyarko et al. 2021). On the other
hand, a small step size reduces the oscillation around MPP under extreme weather

conditions more effectively, but it also slows down the tracking speed (Ali et al. 2020).

The disadvantages of this algorithm (IC) are mainly three. First, it can easily deviate
from the MPP path if atmospheric conditions such as the intensity of solar radiation and
temperature changes (Siddique et al. 2020, Azad et al. 2020) change. The second
drawback that the two algorithms (IC and P&O) suffer from is the oscillations in voltage
and current around the stationary state MPP point but in the (IC) algorithm this problem
is addressed but at the expense of The MPP tracking speed is lower (Azad et al. 2020).
The third problem is the complexity of the devices used in their application (Mnati et

al. 2019).
3.3.3 Fuzzy logic control (FLC)

The PV panel parameters vary depending on the ambient conditions. To address these
changing environmental circumstances, variable step sizes are employed to manage the
increase in the duty ratio of the power converter (Bollipo et al. 2021, Bollipo et al. 2020)

which is controlled by MPPT technology algorithms.

Application of MPPT technology based on fuzzy logic control (FLC) algorithm in solar
systems with non-linear characteristics. As the FLC algorithm does not need to use
complex mathematical models or system parameters. Therefore, FLC-based MPP point

tracking and charge control technologies have become one of the most popular MPPT
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technologies due to this feature. Fuzzification, inference system and defuzzification are
the primary components of Fuzzy Logic Controller (FLC) for MPPT Technologies
(Alshareef 2021, Abdellatif er al. 2021). Figure 3.14 shows the most important parts of
the fuzzy logic control (FLC) algorithm (Baramadeh et al. 2021).
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Figure 3.14 Illustrates the structure of an FLC.

The system's specified input and output variables have a direct impact on the
performance of MPPT algorithms. Because of the soft calculation features of fuzzy
logic, fuzzy logic systems achieve their maximum power point faster during load or
under fluctuating atmospheric circumstances. After reaching the maximum power,
Fuzzy Logic based on MPPT systems continues to operate without oscillation or at a
low level. This system responds more quickly to changing environmental conditions
(Aly and Rezk 2021), which allows it to quickly reach its maximum power point. As a
result, the efficiency of the system that works with the FLC algorithm is superior to
other traditional systems. MPPT technology based on the fuzzy logic control algorithm
has several advantages over traditional P&O and IC algorithms (Abdellatif et al. 2021).

One of the types of artificial intelligence techniques and the most used in recent years
is the fuzzy logic algorithm. Fuzzy logic is based on the idea that human decision-

making is not just a matter of "ones and zeros" or "yes-no". IF-THEN rules (Junichi et
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al. 2003), or ambiguous control rules. The fundamental constituents of fuzzy logic are
fuzzy sets. Fuzzy sets are represented by membership functions. This strategy employs
fuzzy numbers as membership functions (Abdellatif et al. 2021, Ali et al. 2021). Figure

3.15 shows a comparison of Boolean logic and fuzzy logic.

Very Much / 0.9
m{ Py Logie

Very Less / 0.1

Figure 3.15 Illustrates the differences between Boolean and fuzzy logic.

Membership functions are used to represent a fuzzy set. Membership functions should
be defined as continuous functions since the object’s space frequently contains real
values (Junichi et al. 2003). Figure 3.16 depicts the most commonly used membership

functions.
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Figure 3.16 Different types of Fuzzy Membership Functions (Sutikno et al. 2021).

The appropriate membership functions are selected according to the designer's skills.
The following describes the mathematical equations for each membership function

(Sutikno et al. 2021, Junichi et al. 2003).

The triangular curve is the meeting of two straight lines at an angle, and it is defined by
three coefficients (a, b, ¢). The x-coordinates of the three angles of the trigonometric
membership function are given by the parameter (a, b, ¢) with a < b < ¢ (Sutikno et al.

2021, Junichi et al. 2003) Equation 3.14.

b—-a
_ 3.14
% forb<x<c (.19

0 forx=>c

triangle(x; a, b, c) =

The shape of a Trapezoidal curve resembles that of a Triangular curve, however, it has
a membership value of 1 at multiple locations. The Trapezoidal membership function

differs from the Triangular in that it has a flat top and is hence not fuzzy. The four
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parameters that make up the trapezoidal membership function are: (a,b,c,d) (Sutikno et

al. 2021,Junichi et al. 2003) Equation 3.15.

( 0 forx<a

g fora<x<b

trapezoid(x; a,b,c,d) ={ 1 forb<x<c (3.15)
d—x

d-c fOT‘CSXSd

\ 0 forx=>d

The Gaussian membership function has a smooth peak, unlike the Triangular
membership function, which has a sharp peak (Sutikno et al. 2021, Junichi et al. 2003)
Equation 3.16.

—(x—c)?
gauss(x;o,c) = e 202 (3.16)

In probability theory, the GBell membership function is a generalized Cauchy
distribution (Sutikno et al. 2021, Junichi et al. 2003) Equation 3.17.

1

—— (3.17)
1+

x—c
4=
a

bell(x;a,b,c) =

To assign a grade to each linguistic phrase, membership functions such as those shown
in Figure 3.16 are used. The number of membership functions utilized varies depending
on the controller's precision, although it is normally between 5 and 7 (Salleh et al. 2017,
Ali et al. 2021). NB (Negative Big), NM (Negative Medium), NS (Negative Small), ZE
(Zero), PS (Positive Small), PM (Positive Medium), and PB (Positive Big) are the seven
fuzzy levels in Figure 3.17. The values a, b, and c are based on the numerical variable's
range of values. For improved accuracy, the membership functions are sometimes

chosen less symmetrically or even optimized for the application (Asif et al. 2020).
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Figure 3.17 Fuzzy Membership Function.

Fuzzification: is possible to pass from real to fuzzy variables using fuzzification. The
power (P = VxI) of a PV generator may be estimated by continually measuring the
voltage (V) and current (I). At a sampling instant k, the control is defined by satisfying
two requirements relating to two input variables of the proposed controller, namely error
E (which represents the slope of the P-I characteristic) and change of this error (CE)
(Baramadeh ef al. 2021). The following is how the variables E and CE are expressed
(Asif et al. 2020) Equation 3.18 and Equation 3.19:

P(k)-P(k—1)

E(k) = 100)-1(k-1)

(3.18)

CE(k) = E(k) — E(k — 1) (3.19)

The PV generator's power and current, respectively, are P(k) and I(k). As a result, the
input E (k) indicates whether the operating point at time k is on the left or right of the
MPP on the P-I characteristic, whereas the input CE(k) indicates the point's
displacement direction. As the suggested controller's output, the change in duty ratio

(AD) of the DC-DC converter is used (Kabalci and Boyar 2020, Baramadeh et al. 2021).

Fuzzy Rule base and inference engine: In the fuzzy logic controller, the inference
phase is one of the most important operations. People's ability to infer and make
decisions is the driving force of this section. The fuzzy rule base and fuzzy implication

sub-blocks make up the bulk of the inference engine. The inputs are now fuzzified and
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given to the inference engine, which applies the rule base. Four different inference
strategies are commonly employed during the extraction procedure (Abdellatif et al.
2021). Max-Dot, Min-Max, Tsukamoto, and Takagi- Sugeno are some of the inference
techniques that are used. In this study, the Mamdani method is used, which is similar to
the max-min method. The rule base is used to generate several If-Then rule(Junichi et
al. 2003, Boutabba et al. 2018). Inputs and outputs are addressed on the If and then sides

of the rule, respectively. You have the option of choosing between and/or connections.

The number of rules is proportional to the number of input membership functions that
are employed. Each input contains seven membership functions in this study, resulting

in 49 rules as indicated in Table 3.2.

Table 3.2 Fuzzy logic rules.

1 NB NM NS ZE PS PM PB
AV
NB NB NB NB NB NM NS ZE
NM NB NB NB NM NS ZE PS
NS NB NB NM NS ZE PS PM
7ZE NB NM NS ZE PS PM PB
PS NM NS ZE PS PM PB PB
PM NS ZE PS PB PB PB PM
PB ZE PS PM PB PB PB PB

Defuzzification: the inference methods, it was discovered, give a function for the
resulting membership variable, which acts as fuzzy information. Given that the DC-DC
converter requires a precise control signal D at its entry, it is required to consider
transforming this fuzzy data into deterministic data, known as defuzzification.
Defuzzification is generally accomplished using two algorithms: the Center of Area
(COA) and the Max Criterion Method (MCM). The identification of the final combined
fuzzy set's center of gravity (COA) is the most commonly utilized defuzzification

approach (Boutabba et al. 2018, Baramadeh et al. 2021).
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Using the maximum aggregation approach, the final combined fuzzy set is defined as
the union of all rule output fuzzy sets. The center of gravity (AD) is computed point-

wise for a sampled-data representation by (Baramadeh et al. 2021) Equation 3.20:

_ 3y k(AD)).AD]

AD = S, R@D)) (3.20)

After defuzzifying by Equation (3.20) and measured by S,p gain, the output of the
ambiguous controller, change of work ratioAD (k), is converted to actual duty ratio

D (k) by (Kabalci and Boyar 2020, alshareef 2021) Equation 3.21:
D(k) = D(k —1) + Sap.AD(k) (3.21)

The fuzzy logic control (FLC) output, the duty ratio, is used to control the MOSFET
switches on the DC-DC converters using the PWM generated by the FLC to control it
and control a coin based on the output parameters of the photocell (Baramadeh et al.

2021).

Software for Matlab's fuzzy logic toolbox: The Matlab fuzzy logic toolbox allows
users to create and edit fuzzy inference systems. These systems also make use of
graphical tools as well as command-line functionalities. Users of the Simulink software
can use a block diagram to create and simulate their fuzzy systems. To develop, update
and display fuzzy inference systems, the graphical tools are used Fuzzy Logic Designer
the fis file is imported and the created system is monitored. Membership Function
Editor, Rules Editor, Rules Viewer, and Surface Viewer are described in detail in Figure

3.18 (Naderpour et al. 2017, Mala et al. 2019).
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Figure 3.18 Fuzzy Logic Toolbox (Mala et al. 2019).

The editor for the membership function: Users can edit membership functions in the
membership function editor. Here you can set the input and output numbers.

Membership function simulation model in Figure 3.19 (The mathworks inc 2019).
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Figure 3.19 Editor's interface for membership functions.

The rule editor in the fuzzy logic controller: The rules between the input and output

values are designed by the designers in this window shown in Figure 3.20. The

convergence we achieve at the output improves as the number of rules used increases.

The order in

which the rules will be created is determined (Junichi et al. 2003).
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Figure 3.20 Rules Editor Interface.
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The rule viewer in the fuzzy logic controller: The rule viewer displays the relationship
between the fuzzy inference's inputs and outputs as shown in Figure 3.21. Columns and
rows, as well as variables, are used to represent rules. Users can shift the red line and
change the value of the input variables by clicking on the rule. It's also possible to look

at how the output variable changes at the same time (Junichi et al. 2003).

4. Rule Viewer mppt33 — O *

File Edit View Options

Voltag = -3.8 current =-31.4 D=-879
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=
o
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i

Input: [-3.796:-31.39] Plot points: 404 Maove: laft ‘ right I down

Opened system mppt33, 49 rules Help ‘ Close ‘

Figure 3.21 Rules Viewer Interface.

Surface view of fuzzy: A three-dimensional display is available, with the ability to

explore the x, y, and z directions as needed and Figure 3.22 illustrates this.
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Figure 3.22 Fuzzy input versus output functions from the surface.

3.3.4 Artificial neural network (ANN)

In addition to the fuzzy logic control (FLC) algorithm, a new algorithm appeared next
to it called the neural network algorithm (Kota and Bhukya 2019), which is more
suitable in microcontroller applications, as it is another method of MPPT algorithms.
The basic architecture of this algorithm is generally made of three main layers which
are the input layers (Eltamaly and Abdelaziz 2020), the hidden layer, and the output

layer which are the most common layers in neural networks, as shown in Figure 3.23

(Jyothy and Sindhu 2018).
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Figure 3.23 The MPPT ANN architecture (Ali et al. 2021).

The nodes used in each layer will be different depending on the design of the user. The
input variables can be the parameters of the PV system such as the open-circuit voltage
(VOC) and the short circuit current (Isc), or it can represent the data of the atmosphere
surrounding the photovoltaic system such as the intensity of solar radiation and
temperature, or any variables related to the solar panels. The output is often one or more
reference signals, such as a duty cycle signal, which are used to drive the transducer to

run at or near the MPP (Jyothy and Sindhu 2018, Kota and Bhukya 2019).

The functions that the hidden layer uses are very important as the performance of the
neural network depends mainly on it and how well the neural network is trained. The
weights of all links between nodes are estimated. In Figure 3.23, wij represents the
weight between the nodes i and j. During the training process of the neural network, the
weights are modified. About the patterns between the input and output of the neural
network, data is collected over a long period, to implement the training process, allowing
to track the maximum power point (MPP) reliably (Farooqui et al. 2022, Jyothy and
Sindhu 2018).
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The approach of the ANN for the MPPT training process is depicted in a flowchart, as
illustrated in Figure 3.24 (Nour 2019).
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|
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is ready fo be used for
MPPT
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Figure 3.24 A flowchart depicting the ANN's training procedure for MPPT.

The primary drawback of the neural network-based MPPT technique is that the data
required for the training process must be obtained separately for each PV array and site
since the features of the PV array differ based on the model and the weather conditions
vary depending on the geographical location. The neural network features change over

time, so you need to train regularly (Farooqui et al. 2022, Villegas-Mier et al. 2021).

3.3.5 Particle swarm optimization (PSO)
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PSO is a type of optimization algorithm based on the principle of social behavior of
flocks of birds or fish. The PSO algorithm is designed based on the social behavior of
the organism as an individual and as a herd (swarm). Academic and industry researchers
widely use this population-based optimization (PSO) method due to its simple algorithm
structures and fast convergence rates that are regulated by only a few parameters (Putri
et al. 2019, Ritu et al. 2020). The PSO optimization algorithm uses the following
equations (Hu et al. 2019, Putri et al. 2019) Equation 3.22:

vl-k“ = va‘ +cq.1 % (pbest — Slk) + Cp. 1y ¥ (gbest — Slk) (3.22)
Equation 3.23 is used to update the inertia weight value for each iteration.

W =W, — (M) K (3.23)

As for the frequency of the particle's position, it is updated through Equation 3.24.
ST =S+ (3.24)

Where: vf*? is the particle velocity at iteration k, w is the inertia weight factor, c1 and
c2 are acceleration constants, r; and r, are random numbers, and Sik is the particle

position in the search space at iteration k, pbest is called local best and gbest is called

global best (Putri et al. 2019).

For the MPPT tracking technology designed based on the PSO algorithm, the particle
positions are chosen as duty cycle (D) that will be fed to the DC-DC boost converter,
and the particle moving speed is set as the duty cycle variable, while the objective value
or function of the fitness assessment function is chosen as the maximum power
generated in the photovoltaic system. Figure 3.25 shows the flowchart of the PSO
algorithm design technique (Putri ez al. 2019, Ritu et al. 2020).
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Figure 3.25 Flowchart of the PSO algorithm.

3.4 DC-DC Converters

Because they are greatly affected by weather conditions, solar energy systems are not
ideal for generating constant power. Therefore, it is very difficult to transfer the

maximum power generated by the photovoltaic panels directly to the loads continuously
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even if the maximum power point (MPP) is obtained from them. Since the PV system
is affected by the intensity of solar radiation and temperature, some adjustments must
be made to the load curve according to weather changes (Irwanto et al. 2020, Palanisamy
et al. 2019). All this can be achieved by placing a smart electronic system between the
solar panels and the load and Figure 3.26 shows the location of the converter (Shadlu

2018, Prabhu and Babu 2021). This system contains MPPT technology to control the

duty cycle of the converter.
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Figure 3.26 DC-DC converter for MPP operation.

To apply the Maximum Power Point Tracking (MPPT) technology in photovoltaic
systems, one of the main and important parts of it is the DC-DC converter. It is an
indispensable part, without which, MPPT tracking technology is not designed. It has
wide applications in solar systems (Raof 2020, Irwanto e? al. 2020).

In the previous paragraphs, the Maximum Power Point Tracking (MPPT) technique was
introduced, and the most important algorithms applied in this technique were identified.

In this section, we will address the DC-DC converter, which consists of three main

types.
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Three types of topologies are most common in DC-DC converters: buck-boost, Buck,
and boost (Palanisamy et al. 2019). Buck transformers provide an output voltage that is
less than the input voltage obtained from solar panels, while boost transformers produce
an output voltage that is higher than the input voltage, and buck-boost systems can
produce a voltage higher or less than the input voltage to them as needed (Prabhu and

Babu, 2021, Shadlu 2018).

All types of converters contain a switch (MOSFET) that is controlled by the control
pulses generated by the MPPT technology through the algorithms used in this technique,
in this study we will use one type which is a boost converter (Irwanto et al. 2020, Hashim

et al. 2018)

3.4.1 The DC-DC boost converter

To increase the power conversion of solar panels, a DC-DC Boost converter is usually
preferred. It is commonly utilized in MPPT applications to reduce shadowing issues,
and it has reached maximum power point. To adjust the duty cycle and switching
frequency, the converter is placed between the photovoltaic panels and the loads. Where
it works to increase the voltage entering it and coming from the solar panels and
controlling it steadily with the change of surrounding conditions (Irwanto et al. 2020,

Hashim et al. 2018). Figure 3.27 shows a boost converter circuit.
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Figure 3.27 DC-DC boost converter (Irwanto et al., 2020).
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When the MOSFET (electronic transistor) is on i.e. when its switch is off, it will allow
current to flow through the coil connected in series with the solar panels where the coil
stores energy when current passes through it. Then after changing the duty cycle, the
MOSFET is extinguished, the switch opens and it becomes an open circuit through it so
that the path turns towards the diode and then the load as the charging current in the coil
begins to flow from the coil to the diode D and then to the capacitance C and the load
resistance. The coil discharges its stored energy and the voltage polarity on the coil is
the same as the voltage source polarity and the same polarity is transferred to the load
via diode D (Palanisamy et al. 2019). Thus, the output voltage of the DC-DC converter
connected to the loads is increased (Arunkumari and Indragandhi 2017, Junichi et al.

2003).

According to the researchers, a DC-DC conversion based on the Boost converter may
address Buck flaws, overcome parasitic effects, and eliminate ripples at output voltage
and current waveforms. However, using the Boost adapter in staging applications has a
problem with the mean time between failures (MTBF), which restricts the adapter's

reliability (Ba et al. 2018, Irwanto et al. 2020).

The following is the boost converter's design (Hashim ez al. 2018) Equation 3.25 and
Equation 3.26:

V;Xton_(Vo_V;)Xtoffz 0 (3.25)

VuxDXT=(V,-V).(1-D).T (3.26)

Assuming that Pj, = Poy is an ideal converter with equal input and output power
Equation 3.27, Equation 3.28, Equation 3.29, Equation 3.30, Equation 3.31, Equation
3.32 and Equation 3.33.

Vo.lg = V.1, (3.27)
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Vo _ Ig _ 1
Vs I, (1-D)

Vi =1.(1-D)

Is= (11—00)

R, = II/_: _ Vo.(Ilo—D) _
(1-D)

R, =2

Rs = R, (1~ D)?

(3.28)

(3.29)

(3.30)

(3.31)

(3.32)

(3.33)

Photovoltaic maximum load is defined as Equation 3.34, Equation 3.35 and Equation

3.36:

D: The duty cycle

V,: The output voltage.

Vs: The input voltage.
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Is: The input current.

I,: The output current.

R;: The input resistance

(3.34)

(3.35)

(3.36)



R;: The load resistance. T: The switching period.

Rypp: The maximum load resistance. fs: The switching frequency.

ton: The switching on time

Maximum Power Point Tracking (MPPT) technology is used to adjust the input
impedance rating of the DC-DC converter so that it becomes equal to or very close to
the maximum power point impedance R;= Rypp. But this process is not done if the
value of Rypp is not within the level of permissible values of R, that is, the method
fails to reach the MPP if the value of R;<Rppp. But the method can be successful
when R; = Rypp. The value of inductance L is calculated by using Equation (3.37) so
that the inductance current /; is allowed to continue flowing and never reaches the value

of zero (Ayop and Tan 2018).

_ VD
At fs

(3.37)

Vs: Input voltage Ai; : ripple current of the inductor

We can also calculate the output capacitance from Equation (3.38) (Soriano et al. 2017):

I1,.D
C, > 22
fs-AV,

(3.38)

C,: The output capacitance

AV,: The output voltage ripple.
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3.5 Design of MPPT Based on Several Algorithms Using MATLAB / Simulink

3.5.1 Solar energy system

In this study, we try to extract the best energy generated from the photovoltaic cell by
simulating the Maximum Power Point Tracking (MPPT) system using different
algorithms and comparing the simulation results to determine the best algorithm to

increase the production capacity and raise the efficiency of the photovoltaic system.

A photovoltaic system is simulated using MATLAB/Simulink to produce electrical
energy through solar light falling on solar panels and take advantage of sunlight and
convert it into electricity for homes in villages and remote countryside where the
national electricity grid is not available and also used in water pumps for farmers, water
wells, water purification systems, and street lighting Because of the high costs of
electricity generated from fossil fuels, scientists are forced to find alternative ways to
produce energy, and the most important of these methods is solar energy because it is

sustainable, clean and environmentally friendly energy.

In the sections below, three algorithms will be simulated to apply in MPPT technology
to track MPP points and increase system efficiency. The solar panel input values will be
checked under standard test conditions and variable conditions (radiation intensity and
temperature) to see how they affect the photovoltaic system’s output. Figure 3.28 shows

the most important parts of a solar energy system.

Irradiance
s 2)
Dc-DC > Load/
°C w——p Converter —p | Battery
Temperature )

Solar Panel

MPPT technology
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Figure 3.28 A solar photovoltaic system with MPPT

3.5.2 Solar panel

The PV module considered in the simulation is Suntech 1Soltech 1STH-215-P where
the datasheet of the PV panel used is shown in Table 3.3 (Ronilaya et al. 2018). The

photovoltaic system consists of one series panel and one parallel panel.

Table 3.3 Trina Solar 1Soltech 1STH-215-P Photovoltaic modules datasheet

Module Parameters
Maximum Power (W) 213.15
Open Circuit Voltage (Voc) 36.3
The voltage at maximum power point (Vmpp) 29
Temperature coefficient of Voc(%/deg.C) -0.36099
Cells per module (Ncell) 60
Short-circuit current Isc (A) 7.84
Current at maximum power point (Imp) 7.35
Temperature coefficient of Isc (%/deg.C) 0.102
Light-generated current IL(A) 7.8649
Diode Saturation Current Io (A) 2.9259¢-10
Diode ideality factor 0.98117
Shunt resistance Rsh (ohms) 313.3991
Series resistance Rs (ohms) 0.39383

Figure 3.29 shows the characteristic curve of the photovoltaic system (I-V and P-V)
when the temperature is constant at 25°C and the radiation intensity varies. Within five
different values of radiation (1000 W/m?, 800 W/m?, 600 W/m?, 400 W/m? and 200
W/m?).
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Figure 3.29 Characteristics curves PV panel under constant temperature and variable
irradiation.

Figure 3.30 shows the characteristics (PV and I-V) of the photovoltaic panel when the
radiation intensity is constant (1000 W/m?) and at different temperatures. Within five

different temperature values (55 °C, 45 °C, 35 °C, 25 °C, 15 °C).
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Figure 3.30 Characteristics curves PV panel under constant irradiation and different
temperature.

3.5.3 DC-DC converter

In this thesis, a DC-DC boost converter will be designed using the mathematical
equations mentioned in paragraph (2.4.1) and simulated using MATLAB/Simulink
based on the results of current and voltage values produced by the solar panel, which
produces a voltage of 29V and a current of 7.35 A, while the boost converter produces

an output voltage of (36-40) V based on the design.

Where a DC-DC boost converter is located between the solar panels and the batteries or
the load, it regulates the power flowing from the panels to the batteries, and the duty
cycle of the converter is controlled through MPPT technology. Figure 3.31 shows the
electronic elements used in the design of the DC-DC boost converter and the method of

connecting components to the solar panel.
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Figure 3.31 Mathematical model of DC-DC Boost converter circuit with solar panel.

The values and details of the items used in the DC-DC boost converter circuit simulation
are shown. Capacitor and resistance in series, inductance, MOSFET, diode, capacitor,
and RL load respectively are shown in Figure 3.32, Figure 3.33, Figure 3.34, Figure
3.35, Figure 3.36, and Figure 3.37.

P Block Parameters: RC X
Series RLC Branch (mask) (link)

Implements a series branch of RLC elements,
Use the 'Branch type' parameter to add or remove elements from
the branch.

Parameters
Branch type: RC Y
Resistance (Ohms):
1083
Capacitance (F):
1066

(] Set the initial capacitor voltage

Measurements None v

E Cancel Help Apply

Figure 3.32 Value of Capacitor and resistance in series
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Series RLC Branch (mask) (link)

Implements a series branch of RLC elements.
Use the 'Branch type' parameter to add or remove elements from
the branch.

Parameters

Inductance (H):
1.085¢-3

[] Set the initial inductor current

Measurements None v

Cancel | Hep | Apply

P4l Block Parameters: L X

Branch type: L Y

Figure 3.33 Value of inductance

[%al Block Parameters: Mosfet
Mosfet (mask) (link)

MOSFET and internal diode in parallel with a series RC
snubber circuit. When a gate signal is applied the MOSFET
conducts and acts as a resistance (Ron) in both directions. If
the gate signal falls to zero when current is negative, current
is transferred to the antiparallel diode.

For most applications, Lon should be set to zero.
Parameters

FET resistance Ron (Ohms) :

0.1

Internal diode inductance Lon (H) :

lo

Internal diode resistance Rd (Ohms) :
[0.01

Internal diode forward voltage VF (V) :
o

Initial current Ic (A) :

0

Snubber resistance Rs (Ohms) :
[1e5

Snubber capacitance Cs (F) :
linf

| OK Cancel Help Apply

~

Figure 3.34 A window of the MOSFET
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[ﬂ Block Parameters: Diode1 X
Diode (mask) (link)

Implements a diode in parallel with a series RC snubber circuit.
In on-state the Diode model has an internal resistance (Ron)
and inductance (Lon).

For most applications the internal inductance should be set to
‘Zl'ie)r:.l)iode impedance is infinite in off-state mode.

Parameters

Resistance Ron (Ohms) :

0.001

Inductance Lon (H) :

o

Forward voltage Vf (V) :

0.8

Initial current Ic (A) :
0

Snubber resistance Rs (Ohms) :
1500

Snubber capacitance Cs (F) :
|250e-9

(] Show measurement port

| OK Cancel Help Apply

Figure 3.35 A window of the diode

[l Block Parameters; C X
Series RLC Branch (mask) (link)

Implements a series branch of RLC elements,
Use the ‘Branch type" parameter to add or remove elements from
the branch.

Parameters

Branch type: C Y
Capacitance (F):

T326e6 s
(] Set the initial capacitor voltage

Measurements None v

0K Cancel  Help Apply

Figure 3.36 Value of the capacitor
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I Block Prameters:RL y
Serigs RLC Branch (mask) link)

Implements a series branch of RLC elements.
Use the 'Branch type' parameter to add or remove elements from
the branch.

Parameters
Branch type: R Y

Resistance (Ohms):
1507

Measurements None v

OK | Cancel ~ Hep  Apply

Figure 3.37 Value of the load resistan

3.5.4 Maximum power point tracking MPPT technology

In this thesis, MPPT technology will be built on the basis of three algorithms and
simulation using MATLAB/Simulink, and compare the simulation results in terms of

tracking accuracy, the efficiency of each algorithm, and the amount of effort it extracts

from solar panels. The algorithms used are:

1. Perturb and Observe( P&O)
2. Fuzzy Logic controller (FLC)
3. Particle Swarm Optimization (PSO)

Each algorithm was tested under two test cases:

1- Under standard test conditions (STC) when the temperature (25°C) and radiation
intensity (1000W/m?).

2- Tested under changing weather conditions
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% Change in the intensity of the solar radiation.

% Temperature change.

Photovoltaic system simulation with MPPT technology based on P&O
algorithm:Figure 3:38 shows a simulation of a photovoltaic system with MPPT
technology based on the Perturb & Observe (P&O) algorithm using
MATLAB/Simulink. Where the P&O algorithm tracks the MPP that extracts the
maximum power from the solar panels by controlling the duty cycle of the DC-DC boost
converter connected to the solar panel, which contains two inputs, one for the intensity

of solar radiation and the other for the temperature Figure 3.38.
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Figure 3.38 MPPT technology based on P&O algorithm with a DC-DC boost converter.

Table 3.4 shows simulation results using the resulting MATLAB/Simulink values
(current, voltage, and power) obtained from solar panels as well as DC-DC boost
converter output after applying the Perturb and Observe (P&O) algorithm when tested

under volatile weather conditions ( radiation different and constant temperature).
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Table 3.4 P&O algorithm simulation results when the irradiation intensity is variable.

Irradiation at Py/p Vi/p Li/p Po,p Vosp lo/p MPPT
25°C (W) V) (A) (W) V) (A) Technology
Efficiency %

1000 W/m? 206 26.89 | 6.934 196 36.49 5.37 95.14

800 W/m? 171.3 2949 | 6331 | 146.8 | 31.59 | 4.648 85.69

600 W/m? 129.5 29.26 | 4.547 | 125.6 | 29.21 | 4.298 96.98

400 W/m? 68.44 | 2197 | 3.115 | 6593 | 21.17 | 3.115 96.33

200 W/m? 17.9 1144 | 1.565 | 16.65 | 10.64 | 1.565 93.01

Table 3.5 shows simulation results using the resulting MATLAB/Simulink values
(current, voltage, and power) obtained from solar panels as well as DC-DC boost
converter output after applying the Perturb and Observe (P&O) algorithm when tested
under volatile weather conditions ( The intensity of solar radiation is constant and the

temperature is variable).

Table 3.5 P&O algorithm simulation results when the temperature is different.

Temperature at Prp Vip Lyp Posp Vo,p lop MPPT
1000 W/m? (W) %) (A) (W) %) (A) Technology
Efficiency %

15°C 212.8 | 28.01 | 8.582 | 194.5 | 36.35 | 5.349 91.40

25°C 206 26.89 | 6.934 | 196 | 3649 | 537 95.14

35°C 2024 | 28.51 | 7.157 | 190.5 | 3598 | 5.294 94.12

45°C 195 26.07 | 7.99 | 181.8 | 35.15 | 5.172 93.23

55°C 178.1 | 22.63 | 8.086 | 174.8 | 34.47 | 5.071 98.14

Solar system test with MPPT based on P&O algorithm in two test cases:

1. Testing the P&O algorithm under standard test conditions (STC):

In this case, the photovoltaic system based on the (P&O) algorithm was tested under
standard test conditions (irr = 1000W/m?, tem = 25°C) and plotted the input and output
signals (voltage, current, power) Using MATLAB / Simulink Figure 3.39, Figure 3.40
and Figure 3.41.
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Figure 3.39 Shows the radiation intensity, the temperature applied to the photovoltaic
cell, the control signal, and the duty cycle.
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Figure 3.40 Shows the signal (power, voltage, current) generated in the photovoltaic
cell.
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4. output — O X
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Figure 3.41 Shows the signal (power, voltage, current) of a DC-DC Boost Converter.

Table 3.6 represents the simulation results of a photovoltaic system using MPPT
technology based on the P&O algorithm when tested under standard test conditions of
radiation intensity (1000 W/m?) and temperature (25°C) and calculating the efficiency of

the system.

Table 3.6 P&O algorithm simulation results under standard test conditions

Irradiation P /p Vip Iip Efficiency | Po/p | Vosp | losp MPPT
at 25°C W) | ) (A) | ofextracting | (W) | (V) | (A) | Technology
power % Efficiency %

1000 W/m? | 206 | 26.89 | 6.934 96.64 196 | 36.49 | 5.37 95.14

2. Testing the P&O algorithm under changing weather conditions:

Change in the intensity of the solar radiation [600 1000 800 650 980 700] W/m? and the
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temperature is constant( 25°C) Figure 3.42, Figure 3.43 and Figure 3.44.
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Figure 3.42 Shows the radiation intensity, the temperature applied to the photovoltaic
cell, the control signal, and the duty cycle.
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Figure 3.43 Shows the signal( power, voltage, current) generated in the photovoltaic
cell when the radiation intensity is variable.
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Figure 3.44 Shows the signal (power, voltage, current) of a DC-DC Boost Converter
when the radiation intensity is variable.

Table 3.7 represents the simulation results of a photovoltaic system using MPPT control
technology based on the P&O algorithm when tested under variable weather conditions
when the solar radiation intensity is variable [600 1000 800 650 980 700] W/m? and the

temperature is constant (25°C).

Table 3.7 P&O algorithm simulation results when the irradiation intensity is variable.

Irradiation | Pyp | Vip | Liyp efficiency of | Py/p | Vo,p lop MPPT
at 25°C W) | V) | A extracting (W) %) (A) Technology
power % Efficiency %

variable | 201.2 | 26.8 | 8.394 96.31 186.7 | 35.62 | 5.242 92.79

Change in the temperature [55°C, 45°C, 35°C, and 27°C] and the intensity of the solar
radiation is constant (1000) W/m? Figure 3.45, Figure 3.46, and Figure 3.47.
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Figure 3.45 Shows the radiation intensity, the temperature applied to the photovoltaic
cell, the control signal, and the duty cycle.
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Figure 3.46 Shows the signal (power, voltage, current) generated in the photovoltaic
cell when the temperature is variable.
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Figure 3.47 Shows the signal (power, voltage, current) of a DC-DC Boost Converter
when the temperature is variable.

Table 3.8 represents the simulation results of a photovoltaic system using MPPT
technology based on the P&O algorithm when tested under variable test conditions when

the temperature is variable and the radiation intensity is constant (1000 W/m?).

Table 3.8 P&O algorithm simulation results when the temperature is different.

temperature | Pp/p Vi/p Ip | Efficiency of | Po/p | Vosp | losp MPPT
at [1000] W) | V) (A) extracting W) | (V) (A) Technology
W/m? power % Efficiency %

variable 199.2 | 25.82 | 8.423 94.31 190.6 | 35.99 | 5.296 95.68

Photovoltaic system simulation with MPPT technology based on Fuzzy Logic
Controller (FLC) algorithm: Figure 3:48 shows a simulation of a photovoltaic system
with MPPT technology based on the fuzzy logic controller (FLC) algorithm using
MATLAB/Simulink. Where the FLC algorithm tracks the MPP that extracts the
maximum power from the solar panels by controlling the duty cycle of the DC-DC boost

converter connected to the solar panel, which contains two inputs, one for the intensity of
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solar radiation and the other for the temperature. A simulation of an MPPT controller
circuit based on a fuzzy logic controller (FLC) is designed in MATLAB/Simulink Figure
3.48.

[ Js:[C_1 |
I S ;
| C
£
&
& g
=
£
s
= [
<3
LN .
s
E
== =
g (E)
£ e
= = L
: ; i
= 3 T
0 -
%= & e AN §

Distrele
31}

1000
i
it
H
tem
Signal
fam
1

%ml—_rl
5
&

Figure 3.48 MPPT technology based on FLC algorithm with a DC-DC boost converter.

Design of fuzzification segment: Numerical inputs are converted to linguistic variables
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based on the membership function at this step. This controller has two inputs and one
output in this research. The fuzzy inputs 'change in voltage' and 'change in current' include
seven fuzzy variables. The number of membership functions determines these variables.
These membership functions are called NB (Negative Big), NM (Negative Medium), NS
(Negative Small), ZE (Zero), PS (Positive Small), PM (Positive Medium), and PB
(Positive Big). The duty cycle changes are the output of the fuzzy logic system. Figure
3.49 and Figure 3.50 demonstrate the membership functions of change in voltage and

current, respectively. Figure 3.51 depicts the final output, which is the duty cycle change.

4 Membership Function Editor: mppt33 = O s

File Edit View

FIS Variables . ~ Membership function plots “'“I* Dl | 181
M { o Lo NS ZE PS PM PR
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Current Variable Current Membership Function (click on MF to select)

Name Voltag Name ME

e gt Type gbellmf v
Params [2.96 2 52 -20 58]

REHQE [_2[] 20]

Display Range [-20 20] Help Close

Selected vanable "Voltag”

Figure 3.49 The input of FLC Voltage).
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Figure 3.50 The input of FLC (current)
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Figure 3.51 The output of FLC (duty cycle)
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Design of inference system: One of the most crucial processes in the fuzzy logic
controller is the inference step. This part is motivated by people's ability to infer and make
decisions. Which rules are employed in the rule base and the inference process is done
using the membership functions produced by fuzzification. In the extraction process, four
different inference techniques are typically used. Inference techniques such as Max-Dot,

Min-Max, Tsukamoto, and Takagi- Sugeno are used. The Mamdani approach, which is




similar to the max-min methodology, is employed in this research Figure 3.52.
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Figure 3.52 A screenshot of the FLC-based MPPT's designed rule editor.

Two inputs and one output system have been implemented in the fuzzification segment

in this study, and membership functions are determined. Each input has seven various

status possibilities, which are detailed in the fuzzification section. For the design of two-

input and single-output systems, 49 distinct rules have been devised. Table 3.9 shows

these rules.

Table 3.9 Rules implemented in Fuzzy logic inference system.

1 NB NM NS ZE PS PM PB
Av
NB NB NB NB NB NM NS ZE
NM NB NB NB NM NS ZE PS
NS NB NB NM NS ZE PS PM
ZE NB NM NS ZE PS PM PB
PS NM NS ZE PS PM PB PB
PM NS ZE PS PB PB PB PM
PB ZE PS PM PB PB PB PB
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Design of defuzzification segment: The inference methods, it was discovered, give a
function for the resulting membership variable, and therefore behave as fuzzy
information. Given that the DC-DC converter requires a precise control signal D at its
entry, it is required to consider a transformation of this fuzzy data into deterministic data,

which is referred to as defuzzification.

The output of fuzzy logic control, duty ratio, is used to control MOSFET switches in DC-
DC converters using PWM, which generates a pulse. The fuzzy logic controller for MPPT
algorithm configuration is shown in Figure 3.53 where the input is current and

photovoltaic voltage, and the output is duty cycle to the DC-DC boost converter.

@ Fuzzy Logic Designer: mppt33 — O >
File Edit View
Voltag mppt33
E 5 / imenria)
current
FIS Mame: mppt33 FIS Type: mamdani
And method min S Current Variable
Or method e = SLETE duty_cycle
T tput
Implication min e P SUHRE
Range [-100 1007
Aggregation max e
Defuzzification centroid LY Help Close
Updating Membership Function Editor

Figure 3.53 The interface of FLC with defuzzification.

Table 3.10 shows simulation results using the resulting MATLAB/Simulink values
(current, voltage, and power) obtained from solar panels as well as DC-DC boost
converter output after applying the fuzzy logic controller (FLC) algorithm when tested

under volatile weather conditions ( radiation different and constant temperature).
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Table 3.10 FLC algorithm simulation results when the irradiation intensity is variable.

Irradiation at Py/p Vip Ly/p Po,p Vosp lo/p MPPT Technology
25°C W | M AW ™M@ Efficiency %
1000 W/m? 210.1 30.05 | 6914 | 204.6 33.26 | 6.152 97.38
800 W/m? 163.4 26.54 | 6.087 158.6 29.28 | 5416 97.06
600 W/m? 94.99 20.32 462 91.46 22.24 | 4.113 96.28
400 W/m? 43.2 13.82 | 3.087 40.9 14.87 2.75 94.67
200 W/m? 11.41 7.277 1.547 10.28 7.457 1.379 90.09

Table 3.11 shows simulation results using the resulting MATLAB/Simulink values
(current, voltage, and power) obtained from solar panels as well as DC-DC boost
converter output after applying the fuzzy logic controller (FLC) algorithm when tested
under volatile weather conditions) The intensity of solar radiation is constant and the

temperature is variable).

Table 3.11 FLC algorithm simulation results when the temperature is different.

Temperature at P/p Vi/p Iyp Po/p Vo,p lo/p MPPT Technology
1000 W/m? (W) V) (A) (W) V) (A) Efficiency %
15°C 221 30.8 7.092 | 2153 | 34.12 6.31 97.42
25°C 210.1 | 30.05 | 6914 | 204.6 | 33.26 | 6.152 97.38
35°C 198.1 | 29.19 | 6.711 192.8 | 32.28 | 5971 97.32
45°C 1854 | 28.25 | 6.491 180.3 | 31.22 | 5.775 97.24
55°C 172.5 | 27.27 | 6.259 | 167.7 | 30.11 | 5.569 97.21

Solar system test with MPPT based on FLC algorithm in two test cases:

1. Testing the FLC algorithm under standard test conditions (STC):

In this case, the photovoltaic system based on the (FLC) algorithm was tested under
standard test conditions (irr = 1000W/m?, tem = 25°C) and plotted the input and output
signals (voltage, current, power) Using MATLAB / Simulink Figure 3.54, Figure 3.55
and Figure 3.56.
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Figure 3.54 Shows the radiation intensity, the temperature applied to the photovoltaic
cell, the control signal, and the duty cycle.
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Figure 3.55 Shows the signal (power, voltage, current) generated in the photovoltaic
cell.
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Figure 3.56 Shows the signal (power, voltage, current) of a DC-DC Boost Converter.

Table 3.12 represents the simulation results of a photovoltaic system using MPPT
technology based on the FLC algorithm when tested under standard test conditions of
radiation intensity (1000 W/m?) and temperature (25°C) and calculating the efficiency of

the system.

Table 3.12 FLC algorithm simulation results under standard test conditions.

Irradiation at | P;/p Vip I;p | Efficiency of | Po/p | Vosp | losp MPPT
25°cC W) | V) | @) extracting | (W) | (V) | (A) | Technology
power % Efficiency %

1000 W/m? | 210.1 | 30.05 | 6.914 98.56 204.6 | 33.26 | 6.152 97.38

2. Testing the FLC algorithm under changing weather conditions:

Change in the intensity of the solar radiation [600 1000 800 650 980 700] W/m? and the
temperature is constant( 25°C) Figure 3.57, Figure 3.58 and Figure 3.59.
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Figure 3.57 Shows the radiation intensity, the temperature applied to the photovoltaic
cell, the control signal, and the duty cycle.
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Figure 3.58 Shows the signal( power, voltage, current) generated in the photovoltaic
cell When the irradiation intensity is variable.
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Figure 3.59 Shows the signal (power, voltage, current) of a DC-DC Boost Converter
when the radiation intensity is variable.

Table 3.13 represents the simulation results of a photovoltaic system using MPPT

technology based on the FLC algorithm when tested under variable test conditions when

the temperature is variable and the radiation intensity is constant (1000 W/m?).

Table 3.13 FLC algorithm simulation results when the irradiation intensity is variable.

Irradiation | Pp/p Visp I;p | Efficiency of | Py/p | Vo/p lo/p MPPT
at 25°C (W) (V) (A) extracting (W) V) (A) Technology
power % Efficiency %

variable 205.7 | 29.95 | 6.869 98.46 200.3 | 33.01 | 6.067 97.37

Change in the temperature [55°C, 45°C, 35°C, and 27°C] and the intensity of the solar

radiation is constant (1000) W/m? Figure 3.60, Figure 3.61 and Figure 3.62.
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Figure 3.60 Shows the change in the temperature and constant radiation intensity.
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Figure 3.61 Shows the signal (power, voltage, current) generated in the photovoltaic

cell when the temperature is variable.
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Figure 3.62 Shows the signal (power, voltage, current) of a DC-DC Boost Converter
when the temperature is variable.

Table 3.14 represents the simulation results of a photovoltaic system using MPPT
technology based on the FLC algorithm when tested under variable test conditions when

the temperature is variable and the radiation intensity is constant (1000 W/m?).

Table 3.14 FLC algorithm simulation results when the temperature is different.

Temperature | Pj/p Vi/p I;p | Efficiency of | Py,p | Vosp lop MPPT
at [1000] (W) V) (A) extracting (W) ) (A) Technology
W/m? power % Efficiency %

variable 207.8 | 29.88 | 6.875 98.39 202.3 | 33.07 | 6.117 97.35

Photovoltaic system simulation with MPPT technology based on Particle Swarm
Optimization (PSO) algorithm: Figure 3.63 shows a simulation of a photovoltaic
system with MPPT technology based on the particle swarm optimization (PSO) algorithm
using MATLAB/Simulink. Where the PSO algorithm tracks the MPP that extracts the

maximum power from the solar panels by controlling the duty cycle of the DC-DC boost
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converter connected to the solar panel, which contains two inputs, one for the intensity of
solar radiation and the other for the temperature. A simulation of an MPPT controller

circuit based on particle swarm optimization (PSO) is designed in MATLAB/Simulink.
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Figure 3.63 MPPT technology based on PSO algorithm with a DC-DC boost converter.
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Table 3.15 shows simulation results using the resulting MATLAB/Simulink values
(current, voltage, and power) obtained from solar panels as well as DC-DC boost
converter output after applying the particle swarm optimization (PSO) algorithm when

tested under volatile weather conditions ( radiation different and constant temperature).

Table 3.15 PSO algorithm simulation results when the radiation intensity is variable.

Irradiation at Pp Viyp Iyp Pop Vo,p lo/p (A) MPPT
25°C (W) V) (A) (W) %) Technology
Efficiency %

1000 W/m? | 211.5 | 28.14 | 6.763 206.6 39.38 5.246 97.68

800 W/m* 145 23.32 | 5.581 140.9 32.52 4.332 97.17

600 W/m* 8271 | 17.67 | 4196 | 79.83 24.48 3.261 96.51

400 W/m* 37.5 11.99 | 2.798 35.66 16.36 2.18 95.09

200 W/m* 9.851 6.28 1.394 8.969 8.201 1.092 91.04

Table 3.16 shows simulation results using the resulting MATLAB/Simulink values
(current, voltage, and power) obtained from solar panels as well as DC-DC boost
converter output after applying the particle swarm optimization (PSO) algorithm when
tested under volatile weather conditions ( the intensity of solar radiation is constant and

the temperature is variable).

Table 3.16 PSO algorithm simulation results when the temperature is different.

Temperature at P/p Vip (V) Ii/p Po/p Vo,p lo/p MPPT
1000 W/m?* (W) (A) (W) V) (A) Technology
Efficiency %

15°C 214.8 28.33 6.813 | 209.7 | 39.67 | 5.285 97.62

25°C 211.5 28.14 6.763 | 206.6 | 39.38 | 5.246 97.68

35°C 204.3 27.68 6.65 199.8 | 38.72 | 5.158 97.79

45°C 194.3 27.03 6.488 | 190.2 | 37.79 | 5.033 97.88

55°C 182.6 26.24 6.295 179 36.66 | 4.884 98.02

Solar system test with MPPT based on PSO algorithm in two test cases:

1. Testing the PSO algorithm under standard test conditions (STC):

In this case, the photovoltaic system based on the (PSO) algorithm was tested under

standard test conditions (irr = 1000W/m?, tem = 25°C) and plotted the input and output
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signals (voltage, current, power) Using MATLAB / Simulink Figure 3.64, Figure 3.65
and Figure 3.66.
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Figure 3.64 Shows the radiation intensity, the temperature applied to the photovoltaic
cell, the control signal, and the duty cycle.
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Figure 3.65 Shows the signal (power, voltage, current) generated in the photovoltaic

cell.
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Figure 3.66 Shows the signal (power, voltage, current) of a DC-DC Boost Converter.
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Table 3.17 represents the simulation results of a photovoltaic system using MPPT

technology based on the PSO algorithm when tested under standard test conditions of

radiation intensity (1000 W/m?) and temperature (25°C) and calculating the efficiency of

the system.

Table 3.17 PSO algorithm simulation results under standard test conditions.

Irradiation at | Py/p Visp I;p | Efficiency of | Py /p Vo/p | losp MPPT
25°C W) | (V) (A) extracting (W) ) (A) | Technology
power % Efficiency %

1000 W/m? | 211.5 | 28.14 | 6.763 99.22 206.6 | 39.38 | 5.246 97.68

2. Testing the PSO algorithm under changing weather conditions:

Change in the intensity of the solar radiation [600, 1000, 800, 650, 980, 700] W/m? and

the temperature is constant( 25°C) Figure 3.67, Figure 3.68 and Figure 3.69.

@ input 1 - O x
File Tools View Simulation Help o
@-|BOP® =-aA-E-FB-
irr E— [Eal
1000
B8oO0 I I
600
i tem —tem
* N wog g
2 L
R o

duty l
h

S —

Ready

0.4

0.6

0.8

1

Sample based |T=1.250

1.2

Figure 3.67 Shows the radiation intensity, the temperature applied to the photovoltaic
cell, the control signal, and the duty cycle.

94



@ input

File Tools View Simulation Help »

Q- BOP® -aQ-E-|FA-

P_pPVv U p_pv

100

T

-100

v_pv [~ <V_Pv>

- S =

o
=20
i_pv —  <I_Pv=

8

6 l

I
4
2

] 0.2 0.4 0.6 0.8 1 1.2
Ready Sample based Offset=0 |T=1.250

Figure 3.68 Shows the signal( power, voltage, current) generated in the photovoltaic
cell When the irradiation intensity is variable.
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Figure 3.69 Shows the signal (power, voltage, current) of a DC-DC Boost Converter
when the irradiation intensity is variable.
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Table 3.18 represents the simulation results of a photovoltaic system using MPPT control
technology based on the PSO algorithm when tested under variable weather conditions
when the solar radiation intensity is variable [600 1000 800 650 980 700] W/m? and the

temperature is constant (25°C).

Table 3.18 PSO algorithm simulation results when the irradiation intensity is variable.

Irradiation | Pp/p Visp I;;p | Efficiency of | Py /p Vo,p lo/p MPPT
at25°C (W) V) (A) extracting (W) ) (A) Technology
power % Efficiency %

variable | 206.1 | 27.77 | 6.673 98.65 201.2 | 38.86 | 5.177 97.62

Change in the temperature [50°C, 45°C, 35°C, and 27°C] and the intensity of the solar
radiation is constant (1000) W/m? Figure 3.70, Figure 3.71 and Figure 3.72.
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Figure 3.70 Shows the radiation intensity, the temperature applied to the photovoltaic
cell, the control signal, and the duty cycle.
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Figure 3.71 Shows the signal (power, voltage, current) generated in the photovoltaic
cell when the temperature is variable.
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Figure 3.72 Shows the signal (power, voltage, current) of a DC-DC Boost Converter
when the temperature is variable.
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Table 3.19 represents the simulation results of a photovoltaic system using MPPT
technology based on the PSO algorithm when tested under variable test conditions when

the temperature is variable and the radiation intensity is constant (1000 W/m?).

Table 3.19 PSO algorithm simulation results when the temperature is different.

Temperature | P;/p Vi/p Li/p efficiency of | Py /p Vosp lo/p MPPT
at [1000] W) | V) (A) extracting (W) ) (A) Technology
W/m? power % Efficiency %

variable 2104 | 28.06 | 6.745 99.62 205.5 | 39.28 | 5.232 97.67
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4. RESULTS AND DISCUSSION

The results we obtained by simulating the photovoltaic system using MATLAB /
Simulink, which contains an MPPT type charge controller based on three types of
algorithms (P&O, FLC, PSO), where the system was operated under standard test
conditions(irr=1000W/m2, tem=250C) and other variable weather conditions (Variation
of solar irradiation intensity and temperature change) with each algorithm for MPP point
tracking and extracting the maximum energy from solar panels and supplying constant

power to batteries or loads.

In the following, I will present the results obtained for (current, voltage, power) by
simulating a photovoltaic system with electrical characteristic curves obtained from solar
panels (current, voltage, power) and output signals of a DC-DC boost converter that Its
work cycle is controlled by MPPT technology based on the three algorithms (P&O, FLC,

PSO) under standard and variable test conditions.

4.1 Testing Under Standard Test Conditions (STC)

4.1.1 The P&O algorithm

In Table 4.1 see P&O algorithm simulation results under standard test conditions and
Figure 4.1 shows the signal of the input power and the output power when the P&O
algorithm is applied

Table 4.1 P&O algorithm simulation results under standard test conditions.

Irradiation | Prp | Vipp I;;p | Efficiency of | Py/p | Vo,p lo/p MPPT
at25°C W) | (V) (A) extracting W) | (V) (A) Technology
power % Efficiency %

1000 W/m* | 206 | 26.89 | 6.934 96.64 196 | 36.49 | 5.37 95.14
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Figure 4.1 Shows the signal of the input power and the output power when the P&O
algorithm is applied.

4.1.2 The FLC algorithm
In Table 4.2 we can see FLC algorithm simulation results under standard test conditions
and Figure 4.2 shows the signal of the input power and the output power when the FL.C

algorithm is applied.

Table 4.2 FLC algorithm simulation results under standard test conditions.

Irradiation | Pyp Vip Ly/p Efficiency of Pop Vo,p lop MPPT
at 25°C W) | V) (A) extracting (W) V) (A) | Technology
power % Efficiency %

1000 W/m? | 210.1 | 30.05 | 6.914 98.56 204.6 | 33.26 | 6.152 97.38
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Figure 4.2 Shows the signal of the input power and the output power when the FLC
algorithm is applied.

4.1.3 The PSO algorithm

In Table 4.3 we can see PSO algorithm simulation results under standard test conditions
and Figure 4.3 shows the signal of the input power and the output power when the PSO

algorithm is applied.

Table 4.3 PSO algorithm simulation results under standard test conditions.

Irradiation at | Py /p Vi/p I;p | Efficiency of | Po/p | Vosp | losp MPPT
25°C W) | (V) (A) extracting W) | (V) (A) Technology
power % Efficiency %

1000 W/m? | 211.5 | 28.14 | 6.763 99.22 206.6 | 39.38 | 5.246 97.68
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Figure 4.3 Shows the signal of the input power and the output power when the PSO
algorithm is applied.

4.2 Testing the Under Changing Weather Conditions (Variable Irradiation
Intensity)

4.2.1 The P&O algorithm

In Table 4.4 we can see P&O algorithm simulation results when the irradiation intensity
is variable and Figure 4.4 shows the input and output power with the P&O algorithm

when the irradiation intensity is variable.

Table 4.4 P&O algorithm simulation results when the irradiation intensity is variable.

Irradiation | Prp | Vip | Iyp | efficiency of | Py/p | Voyp lop MPPT
at 259 C W) | V) | A extracting (W) ) (A) Technology
power % Efficiency %

variable | 201.2 | 26.8 | 8.394 96.31 186.7 | 35.62 | 5.242 92.79
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Figure 4.4 Shows the input and output power with the P&O algorithm when the
irradiation intensity is variable.

4.2.2 The FLC algorithm

In Table 4.5 we can see FLC algorithm simulation results when the irradiation intensity
is variable and Figure 4.5 shows the input power and the output power with the FLC

algorithm when the radiation intensity is variable.

Table 4.5 FLC algorithm simulation results when the irradiation intensity is variable.

Irradiation at | Py /p Vip Lip The efficiency | Pop | Vop | losp MPPT
250C (W) V) (A) of extracting (W) V) (A) Technology
power % Efficiency %

variable 205.7 | 29.95 | 6.869 98.46 200.3 | 33.01 | 6.067 97.37
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Figure 4.5 Shows the input power and the output power with the FLC algorithm when
the radiation intensity is variable.

4.2.3 The PSO algorithm

In Table 4.6 we can see PSO algorithm simulation results when the irradiation intensity
is variable and in Figure 4.6 shows the input power and the output power with the PSO

algorithm when the radiation intensity is variable.

Table 4.6 PSO algorithm simulation results when the irradiation intensity is variable.

Irradiation | Pp/p Vip I;p | Efficiency of | Py/p Vo,p lop MPPT
at 25°C (W) V) (A) extracting (W) V) (A) Technology
power % Efficiency %

variable | 206.1 | 27.77 | 6.673 98.65 201.2 | 38.86 | 5.177 97.62
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Figure 4.6 Shows the input power and the output power with the PSO algorithm when
the radiation intensity is variable.

4.3 Testing the Under Changing Weather Conditions (Change in the

Temperature)

4.3.1 The P&O algorithm

In Table 4.7 P&O algorithm simulation results when the temperature is different and in
Figure 4.7 shows the input and output power with the P&O algorithm when the

temperature is variable.

Table 4.7 P&O algorithm simulation results when the temperature is different.

temperature Py/p Vi/p Lip Efficiency Pop Vo,p lop MPPT
at [1000] (W) V) (A) | of extracting | (W) %) (A) Technology
W/m? power % Efficiency %

variable 199.2 | 25.82 | 8.423 9431 190.6 | 35.99 | 5.296 95.68
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Figure 4.7 Shows the input and output power with the P&O algorithm when the
temperature is variable

4.3.2 The FLC algorithm
In Table 4.8 we can see FLC algorithm simulation results when the temperature is
different and in Figure 4.8 shows the input power and the output power with the FLC

algorithm when the temperature is variable.

Table 4.8 FLC algorithm simulation results when the temperature is different.

Temperature | P;p Visp Lip Efficiency Pop | Vosp lo/p MPPT
at [1000] (W) V) (A) | of extracting | (W) V) (A) Technology
W/m? power % Efficiency %

variable 207.8 | 29.88 | 6.875 98.39 202.3 | 33.07 | 6.117 97.35
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Figure 4.8 Shows the input power and the output power with the FLC algorithm when
the temperature is variable.

4.3.3 The PSO algorithm

In Table 4.9 we can see PSO algorithm simulation results when the temperature is
different and in Figure 4.9 shows the input power and the output power with the PSO

algorithm when the temperature is variable.

Table 4.9 PSO algorithm simulation results when the temperature is different.

Temperature | Pj/p Visp Lip efficiency of | Py/p | Vo,p lop MPPT
at [1000] (W) V) (A) extracting (W) V) (A) Technology
W/m? power % Efficiency %

variable 2104 | 28.06 | 6.745 99.62 205.5 | 39.28 | 5.232 97.67
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Figure 4.9 Shows the input power and the output power with the PSO algorithm when
the temperature is variable.

4.4 Efficiency

In Table 4.10: Simulation results obtained for the energy extracted from the solar panel
using MPPT technology and compared with the panel power mentioned in its datasheet
(213.15 W) when operating under standard test conditions (irr=1000W/m2, tem=250C)
and repeating the same process and calculations under variable test conditions (change of
solar irradiation intensity(208.9W/m?2), change in temperature (211.2W/m?2), the
efficiency of each algorithm (P&O, FLC, PSO) was calculated through the value of the
power extracted from the solar panel and compared to the theoretical power value of the

panel given in a datasheet.
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Table 4.10 Calculation of the efficiency of the MPPT technique from the power.

Efficiency Under standard Efficiency Testing under changing weather conditions
test conditions (STC)
irr=1000W/m?, tem=25°C Variable irradiation variable temperature
intensity.
Ppv Puyp Efficiency Ppv Pyp | Efficiency | Ppv Pyp | Efficiency
() () ()

P&O | 213.15 | 206 96.64% 2089 | 201.2 | 9631% | 211.2 | 199.2 | 94.31%
FLC | 213.15 | 210.1 98.56% 208.9 | 205.7 | 98.46% | 211.2 | 207.8 | 98.39%
PSO | 213.15 | 211.5 99.22% 208.9 | 206.1 | 98.65% | 211.2 | 2104 | 99.62%

Figure 4.10 shows the efficiency chart obtained from Table 4.10 to compare the

simulation results of the three algorithms

Efficiency

101,00%
100,00% 99.22% 99,62 %

99,00% 98,56% 98,46% 28:65% 98.39%
98,00 % [ ]
97,00% 96,64% 96,31%
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95,00% 94,31%

94,00 %
93,00 %
92,00 %
91,00% & 4 . 1 4o u b4 & B |
irr=1000W/m2, Variable irradiation  variable temperature
tem=25°C intensity.

P&O =FLC =PSO

Figure 4.10 MPPT Technology Efficiency Chart.

We can also calculate the efficiency of a photovoltaic system using MPPT technology
with a DC-DC boost converter by the output power of the converter and compare it with
the input power extracted from solar panels under standard and variable test conditions
(temperature change, solar irradiation intensity change), and for each of the three
algorithms used in This thesis (P&O, FLC, PSO), through the efficiency results, we can

determine which of the three algorithms is best for controlling the duty cycle of the
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converter for maximum power production in various weather conditions, and Table 4.11

shows the results of the efficiency calculation.

Table 4.11 Efficiency of MPPT technology with a DC-DC boost converter.

Efficiency Under standard Efficiency Testing under changing weather conditions
test conditions (STC)

irr=1000W/m?, tem=25°C Variable irradiation intensity. variable temperature

Pyp Posp Efficiency Pup Pop Efficiency Pyp Posp Efficiency

() () ()

P&O | 206 196 95.14% 201.2 | 186.7 92.79% 199.2 | 190.6 95.68%
FLC | 210.1 | 204.6 | 97.38% 205.7 | 200.3 97.37% 200.3 | 202.3 97.35%
PSO | 211.5 | 206.6 | 97.68% 206.1 | 201.2 97.65% 2104 | 205.5 97.67%

Figure 4.11 shows the efficiency Chart obtained from Table 4.11 by the results of the

input power of MPPT and power output of DC-DC boost converter.
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98,00%
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96,00%
95,00%
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91,00%
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irr=1000W/mz2, Variable irradiation  variable temperature
tem=25°C intensity.

P&O =FLC mPSO

Figure 4.11 MPPT Efficiency Chart with DC-DC Boost Converter.

We can calculate the efficiency of a DC-DC boost converter by comparing the output

voltage with the voltage designed to output it (40V) under standard and variable test

conditions. By efficiency, we can determine which of the three algorithms is best in

110



controlling the duty cycle of the converter, and Table 4.12 shows the voltage and

efficiency results.

Table 4.12 Efficiency of the DC-DC boost converter.

Efficiency Under standard
test conditions (STC)

Efficiency Testing under changing weather conditions

irr=1000W/m?, tem=25°C

Variable irradiation intensity.

variable temperature

Vor Efficiency Vor Efficiency Vor Efficiency
()] ) )
P&O 36.49 91.22% 35.62 89.05% 35.99 89.97%
FLC 33.26 83.15% 33.01 82.52% 33.07 82.67 %
PSO 39.38 98.45% 38.86 97.15% 39.28 98.20%

Figure 4.12 shows the efficiency diagram obtained from Table 5.11 for the results of the
DC-DC boost converter.

Efficiency
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85,00%
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P&O ®mFLC ®mPSO

Figure 4.12 Efficiency Chart of a DC-DC boost converter.

4.5 Discussion

In this thesis, a photovoltaic system consisting of three main parts (solar panel, MPPT
charge controller, and DC-DC boost converter) is simulated. The boost converter was

designed using the equation mentioned in paragraph (3.4.1) and the constants generated
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by the cell from the values of voltage (29 V), current (7.35 A), and power (213.15 W)
during standard test conditions (STC). The boost transformer is designed to supply a
voltage (36 V-40 V) to the load in different weather conditions. MPPT technology based
on three different algorithms (P&O, FLC, and PSO) generates pulses that control the duty

cycle of the converter.

Through the obtained simulation results, it was found that the MPPT technique works
very well in tracking the MPP point, extracting the maximum power from the solar panels
in the various test conditions, and reducing the signal fluctuation to a minimum. It is also
possible to compare the incoming electrical characteristic curves (current, voltage, and
power) and the amount of oscillation in them with the curves of the outgoing signals and
the amount of improvement and oscillation reduction around the MPP point. The
efficiency was also calculated for each algorithm under standard and variable test

conditions and DC-DC boost converter.

The efficiency was theoretically calculated for each algorithm under different
measurement conditions by the output power divided by the input power multiplied by a

percentage and as shown in Equation 4.1.

n =L 5 100% 4.1)

PV

That the input power (P_PV) is the power generated by the solar cell and prepared in the
cell datasheet here in the type used in this thesis Power value (213.15 W) under standard
test conditions (irr = 1000 W/m?, temperature = 25 °C) This value varies as the irradiation
intensity and temperature change and is calculated at each step. As for the output power
value (P_(I/P)), it represents the amount of power output from and extracted from the

solar panels using MPPT technology, which is fed directly to a DC-DC boost converter.

The results of calculating the efficiency from the power shown in Table 4.10 showed that
all the algorithms that were developed and worked on in this thesis to be applied in the

MPPT technique have very good results and work well in extracting the maximum power
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from solar panels in various test conditions and addressing the fluctuations in the MPP
point follow-up, the duty cycle of the DC-DC boost converter is well controlled. But we
can see that there is a difference in the speed of performance and efficiency between the
three algorithms (P&O, FLC, and PSO). Through the efficiency calculation results, we
observe a difference in extracting maximum power from the solar panel, processing the
oscillation around the MPP point in the electrical characteristic curves, and controlling
the duty cycle of a DC-DC boost converter to produce a certain level of voltage under

different test conditions.

The results of extracting maximum power from solar panels shown in Table 4.10 prove
that MPPT technology based on particle swarm optimization (PSO) algorithm has great
superiority and high performance in extracting maximum power from solar panels,
tracking MPP points, and reducing signal fluctuation under standard and variable test
conditions. Where the (PSO) algorithm achieved an efficiency of (99.22%) under the
standard test conditions, while the fuzzy logic control (FLC) algorithm achieved
(98.56%) efficiency, and the perturbation and observation (P&O) algorithm achieved
Efficiency (96.64%).

While under variable test conditions (change of irradiation intensity and constant
temperature) the PSO algorithm achieved an efficiency of (98.65%), the FLC algorithm
achieved an efficiency of (98.46%) and the P&O algorithm achieved an efficiency of

(96.31%) in the same conditions.

The (PSO) algorithm achieved an efficiency of (99.62%), while the (FLC) algorithm
achieved an efficiency of (98.39%) and the (P&O) algorithm achieved an efficiency of
(94.31%) all under variable test conditions (temperature change and irradiation intensity

were constant).

Table 4.11 shows the efficiency results that were calculated by comparing the power
output from the PV system with the power values extracted from the solar panels. The
results also show the superiority of the (PSO) algorithm in the speed of performance in

tracking the maximum power point, reducing oscillation, and producing maximum power
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despite the change in weather conditions. Where the (PSO) algorithm achieved an
efficiency of (97.68%) in the standard test conditions, while the (FLC) algorithm was the
closest in performance and efficiency, which achieved an efficiency of (97.38%) and the
(P&O) algorithm achieved an efficiency of (95.14%) under the same test conditions
(STC).

Through the efficiency results given in Table 4.10 and Table 4.11 and efficiency plots,
the superiority of the (PSO) algorithm can be distinguished in all standard and variable
test conditions. And The (FLC) algorithm came in second place, while the (P&O)
algorithm came in third place in tracking the maximum power point, processing the

oscillation around the MPP point, and controlling the duty cycle of the DC-DC converter.

We can measure the efficiency of the DC-DC boost converter by comparing the output
voltage results of the converter shown in Table 4.12 with the voltage value for which the

converter is designed (40V) under standard and variable test conditions.

The DC-DC boost converter provides a voltage (39.38V) when using MPPT technology
based on the PSO algorithm to control the duty cycle of the converter under standard test
conditions, while the converter outputs a voltage of )36.49V) with the P&O algorithm,
and the use of the FLC algorithm achieves a voltage of (33.26V). Where the efficiency of
the converter with the PSO algorithm reached (98.45%), which is the highest compared
to the other two algorithms (P&O, FLC), where the (FLC) algorithm achieved an
efficiency of (83.15%) and the (P&QO) algorithm achieved an efficiency of (91.22%)

under the same standard test conditions.

The DC-DC boost converter provided the highest voltage values under changing test
conditions (change of solar irradiation intensity and temperature change) as shown in

Table 4.12.

Through the results of the voltage provided by the DC-DC boost converter, we note that
the application of MPPT technology based on the (PSO) algorithm to control its work
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cycle achieved the best performance and the closest electrical voltage (39.38 volts)
compared to the voltage that the transformer was designed based on providing (40 volts)
under standard test conditions and also the best effort under variable test conditions

compared to the other two algorithms (P&O, FLC).
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5 CONCLUSIONS AND RECOMMENDATION

The main objective of this thesis is to improve the performance of the MPPT charge
controller to increase the efficiency of the photovoltaic system, by tracking the MPP
point, reducing oscillation around it, extracting maximum power from the solar panels,
and controlling the duty cycle of the DC-DC boost converter to provide a constant voltage
on the Despite the changing weather conditions. As solar energy is today one of the most
important sources of renewable energy, and we hope that it will be the most important
source of electrical energy in the coming years, it has become the focus of researchers'
attention to conduct their research. To develop its performance, increase its efficiency,

and reduce its initial costs.

To increase the efficiency of the photovoltaic system, three algorithms have been
developed to be applied in MPPT technology. These algorithms are the Perturbation and
Observation (P&O) Algorithm, the Fuzzy Logic Controller (FLC) Algorithm, and the
Particle Swarm Optimization (PSO) Algorithm. To extract the maximum amount of
electrical power from solar panels under standard and variable test conditions, maximum

power point (MPP) tracking, duty cycle control of the boost converter.

After simulating the photovoltaic system (solar panels, MPPT technology, DC-DC boost
converter) using MATLAB / Simulink, we obtained three sets of results (the first group
relates to MPPT technology in extracting the maximum power generated from the solar
panel, and the second group relates to the results of electrical power which we obtained
at the output of the photovoltaic system, the last group relates to the level of voltage
supplied by the DC-DC boost converter to supply it to the load), As shown sequentially
in Tables (4.10, 4.11, and 4.12), all the results showed that the three developed algorithms
applied in MPPT technology gave very well results.

In the first set, the three algorithms (P&O, FLC, PSO) developed in MPPT technology
are applied to extract maximum power from solar panels under standard and variable test
conditions. Where the application of the (PSO) algorithm achieved the best performance

and the highest efficiency, as it achieved an efficiency of (99.22%) in the standard test
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conditions and an efficiency of (98.65%) under changing weather conditions (changing
the intensity of solar irradiation) while achieving an efficiency of (99.62%) at
(temperature change), which is the highest efficiency compared to the two algorithms

(P&O, FLC).

The results in the second group, Table (4.11), proved that the developed algorithms work
very well, but there are slight differences in performance and efficiency, as the PSO
algorithm achieved the best performance and the highest efficiency (97.68%) in tracking
the maximum power point. The FLC algorithm came in second place with an efficiency
of (97.38%), while the P&O algorithm achieved an efficiency of (95.14%) under the
standard test conditions (STC). The (PSO) algorithm also demonstrated high efficiency
and better performance when tested under changing weather conditions, as it achieved an
efficiency of (97.65%) at (change of solar irradiation intensity), and efficiency of

(97.67%) at (change of temperature) compared to the two algorithms (P&O). , FLC).

The last group is the voltage results shown in Table 4.12 from which the efficiency of the
DC-DC boost converter was calculated by comparing the voltage coming out of the
photovoltaic system with the voltage on which the converter was designed (40 volts). We
got very well results by applying MPPT technology based on three developed algorithms
(PSO, P&O, and FLC) to control the duty cycle of the transformer. The best value for
voltage was obtained under standard test conditions (39.38V) when using the PSO
algorithm. The PSO algorithm also achieved the highest values of electrical voltage in the
variable test conditions, as it achieved a voltage value of (38.86V) when changing the
intensity of solar irradiation, and we obtained a voltage of (39.28V) when applying the
PSO algorithm at a variable temperature, And it is the closest electrical voltage values to

the value required to prepare it for the load (40 volts).

So the (PSO) algorithm is considered the best performance and efficiency compared to
the two algorithms (P&O, FLC). Through the results we obtained in this thesis, the
developed PSO algorithm achieved the best results and increased the efficiency of the

system compared to the two algorithms (P&O, FLC) as it achieved the highest efficiency
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under standard and variable test conditions and also achieved the best results when

controlling the duty cycle of the boost converter to produce the highest value an effort.

As future work, he suggested applying new algorithms such as Artificial Neural Network
(ANN) algorithm and Ant colony optimization algorithm (ACO) algorithm and using a
traditional algorithm such as the traditional Incremental conductance (IC) algorithm and
comparing their results to increase system efficiency and extract the greatest amount of
electrical power. Application of the three algorithms (P&O, FLC, PSO) to operate the DC
motor used in water pumps in remote villages for agriculture as well as in water pumps
from wells. It can also be used to operate street surveillance cameras in desert and
mountainous areas, where the national electric grid is not available, and its applications

in the manufacture of smart cars that run on renewable energy.
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