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ABSTRACT

Solar PV systems are considered in this study and exhibited cost-effectiveness and better
efficiency. For controlling the photovoltaic power, DC-DC buck converter has utilized in this
thesis. Further, the Maximum Power Point Tracking (MPPT) mechanism is used in order to attain
maximum efficiency. The main energy characteristics are analyzed and the mathematical models
of the components of an autonomous PV system are developed to study the modes of tracking
the MPP. The necessary conditions for matching the parameters of the PV and the DC-DC buck
converter are evaluated to track the MPP.

This thesis aims to create an original method and algorithm for calculating and selecting
parameters of the main elements of a PV stations. The optimal value of the sampling time of the
MPP controller is obtained for different schemes of the PV system. This research aims to increase
the efficiency of the PV system by applying the improved particle swarm optimization (IPSO),
perturb and observe (P&O), and incremental conductance algorithm in different cases of the

operations.

The simulation of dynamic modes of an autonomous photovoltaic (PV) station is performed in
the MATLAB/SIMULINK software package. The simulation results of dynamic operations of
the PV system show that the voltage converter and the MPP controller with the selected
parameters according to the proposed method provide reliable and effective tracking of the MPP
in all different connections of the PV systems.

Keywords: Fuzzy logic contro, IMATLAB/Simulink, Maximum power point tracking, Perturb and

observe, Photovoltaic array, DC-DC buck converter sampling time



Résumeé

Les systemes solaires photovoltaiques sont pris en compte dans cette étude et ont présenté
une rentabilité et une meilleure efficacité. Pour contrdler la puissance photovoltaique, un
convertisseur abaisseur DC-DC a été utilisé dans cette thése. De plus, le mécanisme de suivi du
point de puissance maximale (MPPT) est utilisé afin d'atteindre une efficacité maximale. Les
principales caractéristiques énergétiques sont analysées et les modéles mathématiques des
composants d'un systtme PV autonome sont développés, Nous avons étudier les modes de
suivi du MPP les conditions nécessaires pour faire répondre les parametres du PV et du

convertisseur abaisseur DC-DC .

Cette thése vise a créer une méthode et un algorithme originaux de calcul et de sélection des
parameétres des principaux éléments d'une n systeme PV. La valeur optimale du temps
d'échantillonnage du contrdleur MPP est obtenue pour différents schémas du systeme PV. As
vise également a augmenter l'efficacité du systtme PV en appliquant [’algorithme
I'optimisation par I'essaim de particules (IPSO), la perturbation et I'observation (P&O) et

l'algorithme d’Incrément de conductance dans différences conditions de fonctionnement.

La simulation du systéme photovoltaique autonome est effectuée dans I’environnement
MATLAB/SIMULINK. Les résultats de simulation et opérations dynamiques du systeme PV
montrent que le convertisseur de tension et le contréleur MPP avec les parameétres
sélectionnés selon la méthode proposée fournissent un suivi fiable et efficace du MPP dans

tous les différents comportements dynamiques des systemes photovoltaiques.

Mots clés: Controle de logique floue, IMATLAB/Simulink, suivi du point de puissance

maximale, perturbation et observation, photovoltaique, convertisseur abaisseur, temps

d'échantillonnage
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Chapter (1) Introduction

Chapter (1)
Introduction

1.1 Introduction

The increasing demand for energy around the globe and the predicted end of resources of
energy has emphasized on the need for renewable energy resources. Despite the abundant
resources of renewable energy present in nature, over 80% of the world’s energy needs are
satisfied by fossil fuels such as petroleum and gas, which has long-term effects in the form of
greenhouse effect [1] [2] [4].

Solar energy is the energy derived from the sun through the form of solar radiation. Solar

powered electrical generation relies on Photovoltaic (PV).

The major challenge when using PV energy is its strong dependence upon the weather
conditions. In addition, it is more difficult to extract the extrem power point (MPP) from its
nonlinear characteristics (i.e., power-voltage (P-V) characteristics) [3]. To solve these
problems, numerous of maximum power point tracking (MPPT) techniques have been proposed

to catch the optimal operating point of the PV power generation system.

1.2 Aim of the work

This thesis is aimed to perform the MPPT process in the PV system combined with the buck
converter using the proposed novel improved particle swarm optimization (IPSO). And using
fuzzy logic control with the boost converter. The purpose of the research was to develop a
methodology for selecting the parameters of the main components of an autonomous PV,
providing the most efficient conversion of solar energy. To test and verify the results obtained,
simulation modeling of the dynamic regimes of the PV was used in the MATLAB / Simulink®
software package. Furthermore, a comprehensive assessment is carried out against the
conventional incremental conductance algorithm (IC) and perturb and observe (P&O)
algorithm in MATLAB/Simulink. To select the optimal sampling time for the digital MPPT,;
providing their maximum performance has been determined based on a new methodology. To
validate the efficiency of the proposed methodology by comparing it with the classical methods

in terms of, tracking accuracy, tracking speed, peak power, tracked power and efficiency.
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1.3 Motivation of the work

The huge potential and widespread availability of solar energy determine the good prospects
for the use of PV plants in our world, especially in the micro generation sector [5] [7], which is
strongly stimulated by the measures taken by the state support. The major challenge when using
PV energy is its strong dependence upon the weather conditions [6]. In addition, it is more
difficult to extract the maximum power point from its nonlinear characteristics (i.e., power-
voltage (P-V) characteristics). To solve these problems, numerous of maximum power point
tracking techniques have been proposed to catch the optimal operating point of the PV power
generation system. A variety of conventional techniques such as P&O, IC , constant voltage
and some others have been introduced to extract the MPP of the solar array under uniform solar
irradiance of the PV system. For autonomous PV system, the solution to this problem is
complicated by the fact that they can significantly vary in topology, types of DC-DC converters
and the uses of MPPT controllers[8] [10]. Moreover, the well-known methods for selecting the
parameters of DC-DC converters with the subsequent synthesis of control systems [2] [3],
which are widely used in the design of traditional power sources, are unacceptable for solving
this problem. Recently, a large number of scientific works devoted to the development and
study of new evolutionary algorithms for searching for MPP PV have been published annually

in scientific periodicals, which confirms the high relevance of this problem for PV[11] [13].

1.4 Scientific background

PV system has received a great attention as it appears to be one of the most promising
renewable energy sources. Photovoltaic power generation has an important role to play due to
the fact that it is a green source [9]. The only emissions associated with PV power generation
are those from the production of its components [12]. PV generation of power is caused by
electromagnetic radiation separating positive and negative charge carriers in absorbing
material. If an electric field is present, these charges can produce a current for use in an external
circuit. Such fields exist permanently at junctions in PV cells as ‘built-in’ electrostatic fields
and provide the electromotive force for useful power production [2]. In cases for which large
amounts of energy are required, multiple solar panels will be placed in long connected series

called solar farms that span several acres. Solar panels can also be assembled on tops of roofs
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to provide power for individual homes. The advantages of the PV solar energy can be

summarized as follows:

» No noise, no moving parts, no emissions and no use of fuels and water,
» Minimal maintenance requirements,
» PV operates even in cloudy weather conditions,

However the main drawback of the PV solar energy is high initial costs that overshadow the
low maintenance costs [13] [14]. The development for improving the efficiency of the PV
system is still a challenging field of research [15]. Unfortunately, PV power generation circuits
have two major problems: the conversion efficiency of electric power generation is low,
especially under low irradiation conditions, and the amount of electric power generated by solar
arrays changes continuously with weather conditions [4]. In general, there is unique point on
the 1-V or P-V curve that is called the MPP, at which the entire PV module operates with

maximum efficiency and produces its maximum power

1.5 Thesis Outline

The general outline of this thesis is as follows. Chapter 1 treats the introduction, the aim of
this research and the motivation of this work within literature in the same field. Chapter 2
focuses on the literature review and key prior findings necessary for conducting the
methodological framework in this study. Chapter 3 outlines the used methodology with regard
to the modeling procedure. The focus lies on the determination of the input variables required
for the modeling procedure and its individual steps. Chapter 5 discusses the results,
approximations within the chosen methodology and the implications of the results. Chapter 6
of this work delivers the research conclusions. Finally mentions the key recommendations for

future research.
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Chapter (2)
Literature Review

2.1 Introduction

An efficient maximum power point tracking (MPPT) method plays an important role to
improve the efficiency of a photovoltaic (PV) generation system [2] [3]. This study provides an
extensive review of the current status of MPPT methods for PV systems which are classified into
several categories. The categorisation is based on the tracking characteristics of the discussed
methods. The novelty of this study is that it focuses on the key characteristics and selection
parameters of the methods, to make a comprehensive analysis, which is not considered together
in any review works so far. Again, the pros and cons, classification and immense comparison
among them described in this study can be used as a reference to address the gaps for further
research in this field. A comparative review in tabular form is also presented at the end of the
discussion of each category to evaluate the performance of these methods, which will help in

selecting the appropriate technique for any specific application.

2.2 Literature Review

A new method for the MPPT control of PV systems, which uses one estimate process between
every two perturb processes in search for the maximum PV output is presented in [1]. In this
method, the perturb process conducts the search over the highly nonlinear PV characteristic, and
the estimate process compensates the perturb process for irradiance-changing conditions [4] [5].
The EPP method significantly improves the tracking accuracy and speed of the MPPT control
compared to available methods. The authors stated that the main technical requirements in
developing a practical PV system include a) an optimal control that can extract the maximum
output power from the PV arrays under all operating and weather conditions, and b) a high

performance-to-cost ratio to facilitate commercialization of developed PV technologies [6].

Ref. [7] presented an intelligent approach for the improvement and optimization of the PV
control performances. A PV system topology incorporating maximum power point tracking
controller (MPPT) is studied. In order to perform this goal a special interest was focused on the
well known P&O algorithm and compared to a designed fuzzy logic controller (FLC) [10]. A

detailed study of the MPPT controller to insure a high PV system performance which can be
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selected for practical implementation issue is presented. A simulation work dealing with MPPT

controller, a DC/DC Boost converter feeding a load is achieved.

Ref. [8] presented a comparative study of two type of maximum power point tracking (MPPT).
The optimization of energy generation in a PV system is necessary to let the PV cells operate at
the maximum power point corresponding to the maximum efficiency. Since the MPP varies,
based on the irradiation and cell temperature, appropriate algorithms must be utilized to track the
MPP. This is known as MPPT. Different MPPT algorithms, each with its own specific
performance, have been proposed in the literature [9] [11]. A so-called perturb and observe
(P&O) as well as incremental conductance method is considered here and both are compared.
This two method is widely diffused because of its low-cost and ease of implementation. When
atmospheric conditions are constant or change slowly, the P&0O method oscillates close to MPP.
However, when these change rapidly, this method fails to track MPP and gives rise to a waste of
part of the available energy [12]. A comparative study has been done on both the methods by
using MATLAB environment. The MPPT algorithm was set up and validated by means of

MATLAB simulations and experimental tests, confirming the effectiveness of the method.

Ref. [13] presented an Artificial Intelligence based perturbation and observation method. The
proposed modified tracking algorithm uses an Artificial Neural Networks to detect the
atmospheric conditions variations in order to adjust the perturbation step for the next perturbation
cycle. The improved tracking performance of this presented method was verified trough
simulation. The presented tracking algorithm shows better steady state and dynamical

performance than traditional P&O.

Ref. [14] proposed the implementation of fuzzy logic based on the change of power and change
of power with respect to change of voltage, fuzzy determines the size of the perturbed voltage.
The performance of fuzzy logic with various membership functions (MFs) is tested to optimize
the MPPT. Fuzzy logic can facilitate the tracking of maximum power faster and minimize the

voltage variation [16].

Ref. [15] presented an application of the neural networks for identification of the maximum
power (MP) and the normal operating power (NOP) of a PV module. Two neural networks are

developed,; the first is the maximum power neural network (MPNN) and the second is the normal
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operating power neural network (NOPNN). The two neural networks receive the solar radiation
and the PV module surface temperature as inputs, and estimate the MP and the NOP of a PV
module as outputs. The training process for the two neural networks used a series of input/output
data pairs. The training inputs are the solar radiation and the PV module surface temperature,
while the outputs are the PV module MP for the MPNN and the PV module NOP for the NOPNN
[17] [20].

Ref. [18] proposed an integrated PSO and ANN algorithms to track the solar power optimally
based on various operation conditions due to the uncertain climate change. The proposed
approach has the capability to estimate the amount of generated PV power at a specific time. The
Levenberg-Marquardt ANN algorithm based solar insolation forecast has shown satisfactory
results with minimal error and the generated PV power has been optimized significantly with the
aids of the PSO algorithm [22].

A novel intelligent fuzzy logic controller for MPPT in grid-connected photovoltaic systems
based on boost converter and single phase grid-connected inverter is introduced in [19]. This is
simple to be implemented on MCU chip and needs no memory space to save fuzzy rules, and
that optimizing factor in the fuzzy inference equation can adjust fuzzy rules on-line automatically
to improve system control effect, which provides the system with an intelligent characteristic
[21].

An intelligent control method for MPPT of a photovoltaic system under variable temperature
and insolation conditions which uses a fuzzy logic controller applied to a DC-DC converter
device is proposed in [23]. Results of this simulation are compared to those obtained by the

perturbation and observation controller.

A fuzzy logic control (FLC) is proposed in [24] to control MPPT for a photovoltaic (PV)
system; this technique uses the fuzzy logic control to specify the size of incremental current in
the current command of MPPT. Most of the performed works in the literature reviews in this

point is based on assumed not actual solar radiation data [27]

To sum, a variety of conventional techniques such as perturb and observe (P&O) [23],
incremental conductance [25], constant voltage [26] and some others [30] have been introduced

to extract the MPP of the solar array under uniform solar irradiance of the PV system. Although

-24-



Chapter (2) Literature Review

these approaches show good performance in detecting this maxima, they failed to catch the global
maximum power point (GMPP) under partial shading conditions (PSC) of the PV panels [28].
Under PSC of the PV panel, the P-V characteristics get more complex with multiple local peaks
(LPs) and one global MPP due to the use of the bypass diodes to withstand the hot spot effect
[29].

Recently, several evolutionary optimization techniques have been proposed to mitigate the
effect of PSC on the PV arrays. Moreover, they have been utilized to detect the global maximum
power point (GMPP) of the PV panels where the conventional methods fail to converge [31],
[32]. For instance, the genetic algorithm (GA) [31], [33], artificial intelligence methods using
fuzzy logic and neural networks have been applied to find the GMMP [32], [34]. A detailed
review, classification, and comparative analysis of the GMPP algorithms are given in [35],
[36][40], [38]. The criteria for comparative evaluation of the effectiveness of different GMPP
techniques use the simple hardware implementation, cost, speed, and accuracy of tracking GMPP

in various operating conditions of the PV [39].

The main contribution of this research is to propose a new methodology to select the optimal
parameters of the MPP controller of the PV system based on the basic principles of the MPPT
algorithm. Moreover, this work considers the designing and selecting the parameters of the buck
DC-DC power converter, which connected to battery charge by taking into consideration the
topology and configuration of the PV panel.

Moreover, this thesis introduces a new technique for determining the optimal value of the
sampling time for the digital MPPT controller, providing their maximum performance.
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2.3 Conclusions

Improvements in the efficiency of the solar PV system by extracting maximum power is
presently one of the key challenges in research sectors of renewable energy. In that sense, the
concept of the MPPT controller is found to be a valuable concept as it maximises the output
power delivered by the solar PV module. A lot of articles have been already published for
presenting the detailed analysis of several MPPT methods. In this review work, the discussed
methods are classified based on the nature of the algorithm. The MPPT methods are detailed in
this study along with their pros and cons, which signify that the selection of the MPPT technique
should be based on the specific application and requirement of the utility. A tabular comparison
is also presented at the end of each category, which may be a striking apparatus to the utility of
choosing the most productive and perfect kind of MPPT to satisfy the prerequisites of both
operators and consumers. This data may find an alluring source to help the engineers in setting

with the predominant mechanical scenario.
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3.1 Introduction

This chapter develops a mathematical model of a photovoltaic (PV) system. A PV system
is one that converts solar energy into electricity using one or more solar panels.It is made up of
several components, including as PV modules, a battery bank, mechanical and electrical
connections, and devices for regulating and controlling system functioning. A photon of
sufficient wavelength and energy can induce an electron in a PV material to break loose from
the atom that is holding it. Those electrons can be swept toward a metallic contact and become
an electric current if there is an electric field nearby. It's interesting to note that the sun provides
the power for PVs, and that the earth receives it. Numerous photovoltaic systems can operate
independently. As depicted in Figure3.1 , such systems include a PV generator, energy storage

(such as a battery), AC and DC consumers, and components for power conditioning.

AC
Loads

PV generator
(arrays,
modules, cells)

Power Conditioning
(Regulators,
Converters)

DC
Loads

Battery

Fig. 3.1 The components of a stand-alone photovoltaic system
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3.2 Component models for stand-alone PV system

The system of research of this work is the PV system which is designed to provide the electric

power to the consumers in isolation from the central electrical network. From the point of view

of the basic architecture, three main option scan be distinguished for constructing autonomous

PV (Fig. 3.2).
Schema 1 Schema 2
{P};{my + MPPT PV amay [ MPPT
@ oy llp\‘ ; v | 1 :
mmma.. 0| = A - - - -‘l - =—
DCDC  Load DC-DC DC-AC
Converter Converter [nverter
Schema 3 Battery Bank
PV anm: ay ‘: MPPT_‘ DC bus
/ |
---ﬁ“-"" lp\‘ = ' —l
ammm | =/ LA\
| BT
DC-DC DC-AC Load
Wind Converter Inverter
turbine
/4 ~ MPPTH
w.\‘) V\\T_:lj\i . 1 |
l_ — '— —
AC-DC DC-DC
Converter Converter  Battery Bank

Load

Fig. 3.2. A typical block diagram of the construction of autonomous photovoltaic stations
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In the simplest configuration (Schema 1), the PV includes only the PV array and a DC-DC
converter operating under the control of the MPPT point search controller. The advantages of
this type of PV are maximum simplicity and low cost, an obvious disadvantage is the low
reliability of power supply to consumers [2] [3]. The area of the practical application of such
stations is heating, cooking and pumping water systems that are not critical to the supply voltage
parameters [1]. The main function of the control system of such a PV is to maximize the use of
available solar energy without the need to control the output voltage and current of the DC-DC

converter.

Autonomous PV systems with energy storage devices, which mainly use rechargeable
batteries (Battery Bank), are more widely used [4]. The use of battery bank can significantly
increase the reliability of the PV and provide consumers with the electricity of the required
quality, but the cost of the PV and the complexity of the control system increase [5]. Depending
on the purpose, in practice, two main options are used to build autonomous PV power plants
with energy storage: energy systems with a single generating source (Schema 2) and hybrid
energy complexes, in addition to photomultiplier stations, other plants are also used as

generation sources, for example, wind energy (Schema 3).

Note that there are other ways to build autonomous PV and hybrid energy systems [6] [7].
The choice for analysis of the three presented in Fig. 3.2, the topologies are explained by the
fact that they differ from each other in the nature of the electric load of the DC-DC converter,
which has a direct effect on its dynamic characteristics, and, accordingly, on the selection of
parameters of all the main elements of the PV. For all other PV topologies not considered in
this paper, the operation modes of the DC-DC converter will be similar to one of the above

cases.

It should also be noted that various types of voltage converters are used as part of
autonomous PV, a detailed review and comparative analysis of which are presented in [8] [10].
In these studies, autonomous PV based on a buck DC-DC converter, which is mainly used in
low-power energy systems, is considered as an object of analysis. Also, in this paper, we do not
consider modes of partial shading of PV panels, which are especially critical for high-power

photovoltaics, requiring the use of specialized MPPT controllers [6] [11].
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The primary objective of this section is to provide a description of the models for the
components of an independent PV system: load, converter, controller, PV generator, and battery

The PV system's modeling is based on modular blocks, as shown in Fig. 3.3.

I vpv |
| > MPPT |
| |p_¥ Control |
I I
I |
G K 7 I Vdc | Vac, lac
| Switched ——@—_L— I
T [ mode power |_ Inverter L, Load
— | converter |
I I
PV Generator I I
I I
I |
I I
I |
I J

Fig. 3.3 Block diagram for the stand-alone PV system

3.2.1 PV generator (cell, module, array)

A PV generator is the entire collection of solar cells, connectors, protective components,
supports, and so on [12]. The current modelling focuses only on cell, module, and array. When
electrical contacts are connected to cell terminals, electrons flow from the n-side into the
connecting wire, via the load, and back to the p-side, as illustrated in Fig. 3.4. They recombine
with holes on the p-side, completing the circuit. Positive current flows in the opposite direction
of electron flow, hence the current arrow in the image depicts current flowing from the p-side
to the load and back into the n-side[11] [13].
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Electrical contacts

Photons 77,“ \ \ Electrons —m
n-type
v Load
p-type |
+ —»

Bottom contact

Fig. 3.4 The configuration of the PV cell electric current

3.2.2 The Simplest Equivalent Circuit for a Photovoltaic Cell
As illustrated in Fig. 3.5, a simple equivalent circuit model for a photovoltaic cell consists
of a real diode in parallel with an ideal current source. The ideal current source produces a

current proportional to the amount of solar flux to which it is exposed.

/
—p V
O

+
/
A d +! Load

Load = "‘SC

Fig. 3.5 A simple equivalent circuit for a photovoltaic cell

There are two criteria that are particularly interesting for both, the real PV and its equivalent
circuit. As seen in Fig. 3.6, (a) The current flowing when the terminals are shorted together (the
short-circuit current, Isc.), and (b) the voltage across the terminals when the leads are left open
(the open-circuit voltage, Voc). When the leads of the equivalent circuit for the PV cell are

shorted together, no current flows in the diode because V is equal to zero, so all of the current
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from the ideal source flows through the shorted leads. Because the short-circuit current must

equal ISC, the magnitude of the ideal current source must also equal Isc.

O\ OI=0 O =0 _p

(a) Short-circuit current (b) Open-circuit voltage

Fig. 3.6 The short circuit current and open circuit voltage of photovoltaic cell

Now one. May develop a voltage and current equation for the PV cell equivalent circuit
shown in Fig. 3.6b. Begin with

qVv

I'=Isc —Ip(e™r" — 1) (3.2)

Where I is the short circuit current, I is the Cell current, I, is the Reverse saturation
current, V is the Cell voltage, The ideality factor, also known as the quality factor or emission
coefficient, is denoted by n. The ideality factor ranges from 1 to 2 depending on the production
technique and semiconductor material used, and is frequently thought to be about equal to 1.
k, is the Boltzmann constant (k;,=1.38x10-23 (j/K)), T is the cell Temperature in Kelvin, g is
the Charge of an electron (g=1.6x10-19 (coul)). Fig. 3.7 shows the current—voltage relationship
for a PV cell when it is dark, no illumination, and light, illuminated, based on eqgn. (3.2).: When
the PV cell leads are left open, | = 0, then eqn. (3.2) for the open-circuit voltage Voc may be
solved as follows:

nkyT

Voc = =2 In(=< + 1) (3.3)
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And at 25°C, eqns. (3.2) and (3.3) become

[ =1Isc—1p(e’* = 1) (3.4)

Voc = 0.0257 In(= + 1) (3.5)
0

Inpboth of pthese equations, short-circuit current, Isc, is directly proportional to solar
insolation, which means that we can now quite easily plot sets of PV current-voltage curves

for varying sunlight.

Isc Light

Dark

Fig. 3.7 Photovoltaic cell voltage—current relationship for dark and light

3.2.3 A more Accurate Equivalent Circuit for a PV Cell

There are times when a more complex PV equivalent circuit than that shown in Fig. 3.5
is needed [14]. For example, consider the impact of shading on a string of cells wired in
series as shown in Fig. 3.8. If any cell in the string is in the dark, shaded, it produces no
current. In our simplified equivalent circuit for the shaded cell, the current through that
cell’s current source is zero and its diode is back biased so it doesn’t pass any current either
[16]. This means that the simple equivalent circuit suggests that no power will be delivered
to a load in this case. So, we need a more complex model if we are going to be able to deal

with realities such as the shading problem. Fig. 3.9 shows a PV equivalent circuit that
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includes some parallel leakage resistance Rp. The ideal current source Isc in this case delivers

current to the diode, the parallel resistance, and the load:

74
I = ISC - Id - E (36)

For a cell to have losses of less than 1% due to its parallel resistance, Rp should be

100Voc
Isc

greater than about Rp > [15]. Modifying the idealized PV equivalent circuit by adding

parallel resistance causes the current at any given voltage to drop by V/Rp as shown in Fig.
3.10.

/I=0 —p

Ny -~
ey L
J

et w

I

I'\ | l ‘ ¢ +0

Fig. 3.9 APV cell equivalent circuit with parallel resistance
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1.5
1.0
0.5

0.0
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
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Fig. 3.10 The voltage-current characteristic for PV cell circuit with parallel resistance

A Dbetter equivalent circuit for the PV cell will include series resistance as well as parallel
resistance as shown in Fig. 3.11 [17] [19]. The original PV equivalent circuit has been
simplified by adding some series resistance, RS. Some of this might be due to contact resistance
caused by the link between the cell and its wire leads, while some could be due to semiconductor
resistance [18].

O" >V Vs

X 0

Load

Fig. 3.11 A PV cell equivalent circuit with series resistance
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Referring to the circuit shown in Fig. 3.11, one can get,

V,=V+1.Rs (3.7)

1 =Isc— I {exp [q(VH'RS] — 1} (3.8)

nkpT

For a cell to have lessthan 1% losses due to the series resistance, Rs will need to be less

0.01Voc

than about Rp < ——
Isc

[15]. Eqgn. (3.8) can be interpreted as the original PV current-

voltage curve with the voltage at any given current shifted to the left by AV = IR

as shown in Fig. 3.12,

4.5
4.0
3.5
3.0
2.5
2.0
1.5
1.0
0.5

0.0
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7

Voltage

Current (amps)

Fig. 3.12 The voltage-current characteristic for PV cell circuit with series resistance

Finally, as illustrated in Fig. 3.13, we may generalise the PV equivalent circuit by
incorporating both series and parallel resistances. The equation for current and voltage is as
follows:

ISC =I+Id+1p (39)
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1 =Isc— I {exp [M] — 1} — (EEsy (3.10)

nkpT Rp

@< i =
\ ) vl 21'?

Isc //
_v A Re
/

—

. 4

Fig. 3.13 A more complex equivalent circuit for a PV cell includes both parallel and
series resistances

Rearranging, and substituting the Shockley diode eqgn. (3.2) at 25°C gives

[ =1l —Iy(e38%a—1)—24 (3.11)

Rp

and V; =V +IRg (3.12)
3.2.4 Photovoltaic Module

A PV module is created by connecting numerous PV cells in series for high voltage and in
parallel for high current in order to overcome the low voltage of a PV cell, which is typically
approximately 0.5V [20]. Separate diodes may be required to avoid reverse currents when
partial or entire shade is present, as well as at night. Monocrystalline silicon cell PN junctions
may have appropriate reverse current properties, although they are not required [21]. Reverse
currents waste electricity and can cause shaded cells to overheat. Solar cells lose efficiency as
temperatures rise, and installers strive to ensure enough airflow behind solar panels [22]. A
typical module has 36 cells in series and is often designated as a 12-V module even though it is
capable of delivering much higher voltages than that [23]. Some 12-V modules include just 33

cells, which may be beneficial in some extremely simple battery charging systems, as will be
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demonstrated later. Large 72-cell modules are now quite common, some of which have all
of the cells wired in series, in which case they are referred to as 24-V modules. Some 72-
cell modules can be field-wired to act either as 24-V modules with all 72 cells in series or
as 12-V modules with two parallel strings having 36 series cells in each [25]. PV cells are
grouped in larger units called PV modules which are further interconnected in series-
parallel configuration to form PV arrays or PV generators [24]. The manufacturers supply

PV cells in modules, consisting of N, parallel branches, each with Ngsolar cells in series, as

shown in Fig. 3.14. In order to have a clear specification of which element (cell or module)
the parameters in the mathematical model are regarding, the following notation is used from
now on: the parameters with superscript ”M * are referring to the PV module, while the

parameters with superscript “C ” are referring to the solar cell. Thus, the applied voltage at
M
the module’s terminals is denoted by V , while the total generated current by the module

is denoted by | M.

VM

O

Fig. 3.14 A PV module consists of Np,, parallel branches, each of Ng,,solar cells in series
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M
The PV module’s current | under arbitrary operating conditions can thus be described as:

CI(%HM.RSM) 4l %'HM-RSM (3.13)
nkpT RpM '

RM =R RM="2R, and V™ = NgV (3.14)
Ny Ng

IM == NpISC - NpIO {exp

One can solve eqn. (3.4) for the reverse saturation current I, by setting 1=0 which means

that no output current.

qV
0 - ISC - Io(enka - 1) (315)
From eqgn. (3.15) one can get that;
I
ly=—— (3.16)
(enka_l)

The reverse saturation current is dependent on the temperature and is given by the

following eqn.

T E
(1) = Ip(Trep) * G)* # exp (B2 G = ) (3.17)

Where T,..fis the reference temperature of the PV cell usually 298 K, IO(Tref)is The cell
reverse saturation current at reference temperature and Eg is the band gap of semiconductor
used in the cell. The temperature dependence of the energy gap of the semiconductor is given
by:

axT?
T+B

Eq(T) = E¢(0) — (3.18)

Where E;(0), a and P are the fitting parameters. These fitting parameters are listed for

germanium, silicon and gallium arsenide in the Table 3.1.
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Table 3.1 The values of fitting parameters
Germanium Silicons GaAs
Eq(0) [eV] 0.7437 1.166 1.519
a [eV/K] 4,77 x 10 4,73 x 10 5.41 x 10*
B [K] 235 636 204

The short current depends on the solar radiation and cell temperature as follows:
Isc = [Iser + Ki(T — Tres)] * G (3.19)

Where I, is the cell is short-circuit current at reference temperature and radiation, K; is
the short circuit current temperature coefficient, and G is the solar radiation in W/m?. Finally;

Eqn. (3.13) can be described as follows:

IM - NPISC - NPIO

M
q(V—+IM.R M) M Mp M
exp L‘ —1}—( v s ) (3.20)

_I_
nkpT NgRrpM RyM

M
q(E—+1M rgM) M
u‘ _ 1} __Y (3.21)

Mgq 4 Rs™y _ _
{1+ RpM} = Nplgc — Nplj {exp [ - NeRoV

Eqgn. (3.21) can be solved by Newton's method which can be described by the

following eqn.
IMn+1 = IMn - f(IMn)/f(IMn) (3.22)

Where £ (IM,,) is the derivative of function, I™,, is the present value and ™, ; is the next

value.
vM oML M
RM q|\ -+ Rs vM
Let f(IM) =M {1 - R;—M} — Nplsc + Npl, {exp [ <”Snka )] — 1} + S
(3.23)
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nkpT nkyT

M
3 M M q(V—+IM.R M
Then  f(IM) = 1+ =5+ “2ods {exp [M” (3.24)
14

The iteration can be continued until the absolute relative approximate error Er is

equal to pre-specified relative error tolerance Es.

X 100 (3.25)

_ IMn+1_IMn
|ER| - | M
n+1

3.2.5 Photovoltaic Array

The power that one module can produce is not sufficient to meet the requirements of
home or business. Most PV arrays use an inverter to convert the DC power into alternating
current that can power the motors, loads, lights etc [26] [28]. The modulesina PV array are
usually first connected in series to obtain the desired voltages; the individual modules are
then connected in parallel to allow the system to produce more current. The modules in a
PV system are typically connected in arrays.

Fig. 3.15 illustrates the case of an array with M, parallel branches each with Mg modules

in series.

™M M M.

Fig. 3.15 Configuration of a PV array of M, parallel branches and M series strings

-45 -



Chapter (3) Methodology

A
The applied voltage at the array’s terminals is denoted by V , while the total current of the
array is denoted byl = Y37 I;. If it is assumed that the modules are identical and the ambient

irradiation is the same on all the modules, then the array’s current is 14 = MpI™.

3.3 The PV I-V Curve under Standard Test Conditions (STC)

Fig. 3.16 shows a voltage-current characteristic for a PV module, identifying several key
parameters including the open-circuit voltage Voc and the short circuit current Isc [31]. Also
the product of voltage and current, that is, power delivered by the module is shown. At the two
ends of the voltage-current curve, the output power is zero since either current or voltage is zero
at those points. The maximum power point (MPP) is that spot near the knee of the voltage-
current curve at which the product of current and voltage reaches its maximum [29]. The voltage
and current at the MPP are sometimes designated as Vm and Im for the general case and
designated Vr and I, for rated voltage and rated current, under the special circumstances that

correspond to idealized test conditions.

P: PH
1
i
< I ! =3
= | 5¢ Current ] %
E 1 oc
............................................... o
AN ' =
m 1
3 I Maximum Power Point i Q
(MPP) :
1
P=0
/ : P=0
: i /
0 VOLTAGE (V) Va Voc

Fig. 3.16 The voltage-current curve and power output for a PV module
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Another way to determine the location of the maximum power point is by imagining trying to
find the biggest possible rectangle that will fit beneath the voltage-current curve [30]. As shown
in Fig. 3.17, the sides of the rectangle correspond to current and voltage, so its area is power.
Another quantity that is often used to characterize module performance is the fill factor (FF).
The fill factor is the ratio of the power at the maximum power point to the product of Voc and
Isc, S0 FF can be visualized as the ratio of two rectangular areas, as is suggested in Fig. 3.16.
Fill factors around 70-75% for crystalline silicon solar modules are typical, while for multi
junction amorphous-Si modules, it is closer to 50-60%.

power at the max power point _ VgIg

Fill factor (FF) = (3.26)

Voclsc Voclsc

CURRENT (A)

0 10 20
VOLTAGE (V)

Fig. 3.17 The maximum power point corresponds to the biggest rectangle under the PV
module voltage-current characteristic

3.4 Impacts of Temperature and Insolation on I-V Curves

Manufacturers will often provide voltage-current curves that show how the curves shift as
insolation and cell temperature changes. Fig. 3.18, and 3.19, shows the Current-voltage
characteristic curves under various cell temperatures and irradiance levels for the bpsx150 PV

module. Since only a small fraction of the insolation hitting a module is converted to electricity

and carried away, most of that incident energy is absorbed and converted to heat [32] [33]. To
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help system designer’s account for changes in cell performance with temperature,
manufacturers often provide an indicator called the NOCT, which stands for nominal operating
cell temperature. NOCT is cell temperature in a module when ambient is 20°C, solar irradiation
is 0.8 kW/m?, and wind speed is 1 m/s. To account for other ambient conditions, the following

expression may be used [34]:

5

current in Amp
- [
- wn N wn w

o
wn

(=]

0 5 10 15 20 25 30 35 40 45 50
Voltage in volt

Fig. 3.18 Current-voltage characteristic curves under various cell temperatures and irradiance
levels for the bpsx150 PV
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Fig. 3.19 Current-power characteristic curves under various cell temperatures and irradiance
levels for the bpsx150 PV
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Te =Ty +(*o")+G

Y (3.27)

Where T, is cell temperature ("C), T,is ambient temperature, and G is solar insolation (W/m?).

3.5PV cell

To study the modes and characteristics of PV panel, in this work, a mathematical model is

used that built on the basis of an equivalent electrical equivalent circuit of a solar cell with one
diode [35], as shown in Fig. 3.20.

R. I
L
1'”T ][)l [snl
G
N
X 0 |[|Ra y

Fig. 3.20. The equivalent circuit of a solar cell

The ideal model of a solar cell consists of a current source that creates an Ipy photocurrent,
and an ideal diode (D), the current ID through which is determined by the Shockley equation
and depends on the absolute temperature (T) and voltage (V) at the output of the PV panel.

Using generally accepted assumptions, Ipn and the reverse current of the diode lo can be
determined from the following expressions:

Ipy = [ISCSTC + ki . (T — Tsrc) ] * G (3.28)

where Isc stc is the short circuit current of the photovoltaic converter under standard
conditions; k, is the temperature coefficient of short circuit current; Tstc is the cell temperature

under standard conditions; G is the value of solar irradiance, W / m2.

o= pr(im)] (TSTC) exp [q 7 (TSTC )] (3:29)

AKTgTC
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where q=1,602 - 10 C; k=1.38 - 1022 J/ °K - Boltzmann constant; A is the diode ideality
coefficient (takes values from 1 to 5); Ee- semiconductor band gap (determined by the type of
SC used).

For a photovoltaic module, consisting of Ns series and Np, parallel connected panaels, the
equation of the current-voltage characteristic has the following form:

q(V+I.RS))_ll _V+I.Rs (3.30)

I=NP.IPH_NP.10.lexp<N A KT
S - i\

RSH
where I, V are the current and voltage at the terminals of the PV module; Rs and Rsn are

equivalent series and shunt resistances of the photovoltaic module, respectively.

Equation (3.30) contains five unknown parameters (IpH, lo, A, Rs, RsH), which are dependent
on the surface temperature of the PV string and the intensity of solar irradiance. The technical
specification provides important points of the energy characteristics of the PV panel: Isc short
circuit current, the analytical expression for which can be obtained from (3.30), substituting V
=0 into it; open circuit voltage Voc corresponding to the voltage value at the PV panel terminals
with an open external circuit (I = 0). The parameters of the operating mode for the load

corresponding to the point of maximum power at which | = lyep, V = Vmpep are also given.

Using the data of the technical specification of PV panel, it is possible to obtain a numerical
solution of equation (3.30) and construct a dynamic mathematical model of PV. For simulation
of PV modes, the PV Array standard block from the MATLAB / Simulink library, built on the
basis of equations (3.28) - (3.30), was used as a PV model.

To select the parameters of the DC-converter, it is necessary to set the operating range of
its input voltage, which is determined by the values of the irradiance G and temperature Tem Of
the PV modules. Figure 3.21 shows the "family" of volt-watt characteristics of a solar battery,
consisting of three Kyocera Solar KD320GX-LPB FM modules in series (the Kyocera
polycrystalline module combines the highest energy efficiency with an enviable rated power
and stylish design, so it is an undoubted leader in sales for several years), built on the basis of
simulation results. The characteristics are built at discrete set values of G = 100, 400, 700, 1000

W / m? and Tem = —25, 0, 25, 50°C, which corresponds to the ranges of the external climatic
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conditions under which electric power generation of photovoltaic systems is possible. The

shaded area, in Fig. 3.21, defines the working range of the input voltage of the DC converter
and its power.

1200

1000
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Power (W)

400

200

i/

—— N

\ \i
100 150 200

Voltage (V)

Fig. 3.21 Volt-watt characteristics of PV panel

The task of determining the operating range of input voltages and the nominal power of the
DC- DC converter can be significantly simplified by solving it analytically using the technical
specification of the PV panel, and also assuming that when the external climatic conditions
change, the voltage in MPP changes in proportion to the open-circuit voltage, and the current
in MPP changes in proportion to the photocurrent. Then, to determine Vwmper and Impp for

arbitrary values of G and Trwm, the following equations can be used [14, 15]:

G

Iypp = [IMPP_STC + K. (Tpy — TSTC)] Nppp * (3.31)

Gstc

Vuee = [Vier src + Ky (Tows = Isrc)] - Nows = [(luppgre = Tupe)- Rs] + 52 (332)
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where Vwpp stc and Iupep stc are voltage and current in MPP under standard testing
conditions (Gstc = 1000 W / m?, Tstc = 25°C); Nems and Newp are the numbers of series-
connected and parallel-connected panels in the PV string, respectively; Rs is the series
resistance of the PV module. The value of Rs is determined by the expression [14]:

Ns -A-K-TSTCln<1 ImppP stTC

q >+VOC_STC_VMPP_STC

Isc sTc (3.33)
Impp_sTC

RS=

where Ns is the number of series solar cells in the module.

The above simplified approach for determining the parameters of the MPP PV mode with
obvious ease of use provides a sufficiently high accuracy. A comparison of the results of
calculating the voltage and current values in the MPP PV panel obtained by equations (4) - (6),
with the simulation results of the characteristics of the PV btained by the numerical solution of
equations (1) - (3), shows that the maximum error in the determination of Vipep and lvep in the

entire practical range of changes in G and Trwm is not more than 4%.

3.6. DC-DC buck converter
The circuit diagram of the buck converter is shown in Fig. 3.22.

T L .-

s
"X R

d— PWM [--*

Fig. 3.22. Schematic diagram of DC-DC buckconverter

The main elements of the converter are input capacitive filter Cin, transistor switch VT,
output LC-type smoothing filter on the L and Cout elements, and a discharge diode VD. The
power supply of the converter is the PV panel, the output terminals are connected to the

resistance Rout, which simulates the output load of the PV. The transistor switch control signal
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is supplied from a pulse width modulation (PWM) generator and is generated based on the
values of the duty cycle d calculated by the MPPT controller [36] [39].

In most practical cases, the converter is designed to operate in continuous curruent mode
(CCM), which ensures its better controllability and minimization of energy loss. The timing
diagrams of an ideal converter for the continuous current mode of the inductor are shown in
Fig. 3.23.

]L(m;l.\}
I

A
L(min) V [

l out
' ou ' r

>

Fig. 3.23. Timing diagram of a buck converter for the continuous current mode of the
inductor

If the ripples of the output voltage are neglect, from Fig. 3.23, the ripple current of the

inductor can be expressed:

Vin = Vour _ Vout (1 _ Vout) _ Vour * (1 — d) (3 34)

Aip = lintmax) — lout@min) = I * ton = Lf V. L*f
i

where ton is the time interval of the conducting state of the key; toff - pause time interval,
To=1/fis the period of the pulse-width modulated pulses; f is the switching frequency; d = ton

/ To = Vout / Vin—duty cycle or relative pulse duration.

To preserve the CCM up to the minimum load current, the following condition must be
fulfilled: 4iL =2 - loyt (min). Fulfillment of this condition will provide a CCM, however, a large
ripple negatively affects the saturation of the inductor core and the quality of the output voltage

of the converter. Therefore, in practice, the value of current ripple is limited by the choice of
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the corresponding ripple coefficient kai = 4ir / lout, the value of which is usually taken within
20-50%. Then, taking into account (3.34), we obtain the condition for choosing L:

L Vin . (1 _ u) _ Rout(man*(1-d) (3.35)

- KAI*f*Iout(min) Vin Kar+f

The value of the ripple of the output voltage of the converter can be determined by assuming
that the AC component of the current is closed only through the filter capacitor Cout [16]. Given
that the maximum ripple current corresponds to the mode d = 0.5, from Fig. 3.23, one can

express the change in charge on the output capacitor:
_ 1 T, Aly, _ Aip,
s =3+ (3)+ (3) =55 (3.36)

Taking into account that the voltage ripple and the change in the charge of the capacitance
are related by the relation 4V = AQ / C from (3.34) and (3.36), the condition for choosing a
filter capacitor can be expressed as:

> Vout*(l_d) _ (1_d)
T BHL Ay 8xLxf2xKyy,

C, (3.37)
where Kavour = 4Vout / Vout is the permissible ripple coefficient of the output voltage, this

value can be determined by the requirements of the load (usually 1-5%).

An obligatory element of the converter is the input capacitor Cin, which provides smoothing
of the voltage ripples of the PV panel due to the nonlinearity of its characteristics [38]. The
capacitor Cin is selected from the condition that the ripple of the input voltage of the converter
is limited to no more than kavin = 1%, which will ensure the most efficient use of the energy
generated by the PV panel [37]. The condition for choosing the input capacitor of a step-down
voltage converter can be represented in the form of the expression:

V*(=d) 1

C., > =
M= 8xLxf2xAV, 32xL=xf2

(3.38)

The most important task of designing voltage converters is the calculation and analysis of
their dynamic characteristics. PWM voltage converters belong to nonlinear discrete automatic

control systems, to determine the dynamic characteristics of which are widely used analysis
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methods based on approximate averaged models of converting devices [18]. The transfer
functions of the buck DC-DC converter according to the control action obtained from the
linearized averaged model [19] will be written in the following form:

Vin 1

AV,
Wy, % (s) = 3.39
ha " (s) L% Cope * 24 S 1 (3.39)

+
Rout * Cout L * Coyr

1
AVip _ Vin S Rout * Cout
s 1
Rout * Cour L * Coye

W =
S

(3.40)

s2 +

Equations (12) describe the response of the output voltage and current of the converter to a
change (deviation relative to the linearization point) of the duty ratio d. The obtained equation
(12) allows us to analyze the frequency characteristics of the converter and synthesize a control

system built on the basis of traditional analog controllers.

3.7 The output loads of the DC-DC converter

The nature of loads of the DC-DC voltage converter is determined by the power plant
construction schema. For a PV constructed according to schema 1 (see Fig. 1), the operating
modes of the DC-DC converter can be considered equivalent to the operating conditions for the
load with the same active resistance. In schema 2,the load of the converter is battery bank. In

schema 3, DC-DC converter is loaded on a DC bus.

When constructing the simulation model of PV system, the load of the converter was
modeled as a separate functional unit (Fig. 3.24), which makes it easy to change the

configuration of the system under study.
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Schema 1 Schema 2 Schema 3

! 14 ‘X7
, DC Voltage
]l - — -.- =}
( @ ¢ Coc Source

Battery v

Fig. 3.24. The simulation model of the different loads of the DC-DCConverter of the
photovoltaic station

The Battery standard block from the MATLAB / Simulink library is used as a dynamic
model of the battery. The DC bus model is based on a Cpc capacitor and a DC voltage source

with an internal resistance Rpc.

3.8 DC-DC boost converter

The modelling of the boost converter is presented in this thesis before beginning our
research on the modeling of MPPT controls. This causes the output voltage of Vs to be increased
compared to the input voltage of Vpv. The circuit diagram modelling the converter is shown in
Figure 3.25, whereas Table 2 summarizes the values of the elements used to make this converter
[40].

L
pv
I D

" N
AR >

|74
i c L le_ MOSFET el R
e — K+ s
|-

Figure. 3.25. The boost converter scheme

N
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Table 3.2. Component values of DC/DC converter

Parameters Value
Bobbin L,, 18 mH
Intput capacitorC, 2200 pF
Output capacitor C; 2200 pF
Switching frequency of the 1 KHz
MOSFT f

Load R 22 Ohm

The following equations show the process of the boosting of the voltage of the PV system:

dir,,

Voo = Lpy— 2>+ (1—ay,)Vs (3.41)

dvs = Vs .
Cs—rt—=(1—aw)i, (3.42)

3.8.1 Maximum Power Point Trackers (MPPTSs)

In order to achieve an optimal power transfer, from generator to load, it is imperative to
maintain both the PV generator and the load at their respective optimum operating conditions.
MPPT algorithms are necessary in PV applications because the MPP of a solar module varies
with the irradiation and temperature so the use of MPPT algorithms is required in order to obtain
the maximum output power from a solar array. Of course, the maximum power point is the
target for the operating point of the PV generator and this is the main task of the MPPT circuits.
When a PV module is directly coupled to a load, the PV module’s operating point will be at the
intersection of its V-I curve and the load line which is the V-1 relationship of load as shown in
Fig. 3.26.A resistive load has a straight line with a slope of 1/Riead as shown in Fig. 3.28. In
other words, the impedance of load dictates the operating condition of the PV module. In
general, this operating point is seldom at the PV module’s MPP, thus it is not producing the

maximum power.
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PV R

| ~
gl

Fig. 3.26. PV module is directly connected to a (variable) resistive load

To mitigate this problem, a maximum power point tracker (MPPT) can be used to maintain
the PV module’s operating point at the MPP. MPPTs can extract more than 97% of the PV
power when properly optimized [41]. A photovoltaic system for the stand-alone PV system

applications as shown in Fig. 3.27 is a typically composed of these main components;

e PV module that converts solar energy to electric one.
e DC-DC converter that converts produced DC voltage by the PV module to a load
voltage demand.

e Digital controller that drives the converter operation with MPPT capability.

G DC/DC
E> Converter Load
v TDuty Cycle
:l MPPT Controller

Fig. 3.27 Block diagram of the stand-alone PV system
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Fig. 3.28 V-I curve of PV module and various resistive loads

Maximum power point trackers are basically DC/DC converters and can be represented as

shown in Fig. 3.29. The input power at the DC/DC converter is:

Pi - Vili (343)

And the power supplied by the converter at the output is:

P, =V,I, (3.44)

The relationship between input and output power defines the DC/DC converter efficiency, n:

P,
n= P_i (3.45)
Ih To
+ Ly .+
Vi — Vo

Fig. 3.29 DC/DC converter schematic diagram
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In a DC/DC tracker, the input impedance of the DC/DC converter must be adapted in order
to force the PV generator to work at the maximum power point. The DC/DC converter output
must also be adapted to the specific load characteristics. The DC/DC converter can give a
variable DC output voltage from a nominally fixed DC input voltage. Depending on the load
requirements the output voltage, Vo, can be lower or higher than the input voltage, Vi. For this

reason DC/DC converters can be divided into two main basic categories:

e Voltage reductors also called step-down or buck converters.

e Voltage elevators also called step-up or boost converters.

Other types of DC-DC converters are full-bridge DC-DC converters, Cuk DC-DC
converters and buck-boost converters, which can be used in applications where special
requirements are needed, mainly negative polarity output, output voltage higher or lower than
input voltage or DC motor drives [42] [43]. In the past few years power electronics has produced

high performance converters, which can be used in PV applications.

3.9 The improved Particle Swarm Optimization (IPSO)
The PSO is based on the continuous movement of particles in a possible solution space,
while each particle in the search space is characterized by two variables: the coordinate and

the speed of movement.

The modified PSO algorithm is described by the following system of equations:

vt = vE w4y .y | Ppbest; — x| + c;.75.| Pgbest — x| (3.46)

l

vit = xF + vk, i=1,2,....,N; K=1,2 .. Kng

L

Where c¢1 and c; are the acceleration constants. ry and rz are random values in the range [0,
1]. i denotes the order number of the particle, and k denotes the number of the current iteration
value. N is the number of the particles. kmax denotes the maximum number of iterations, and w

denotes the coefficient of inertia.
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The measured voltage and current are provided to the PV panels and the proposed model
calculates the maximum power. The value of d is updated by Ad with the speed of the particle

v after a certain sampling time ts, and the PV system output power is considered to be the

fitness function Ppyv.

In this study, the technique that was named by constriction factor based PSO (CFPSO), the
convergence of the algorithm is ensured by using a special constriction coefficient CF, the
numerical values of which are demonstrated by the following equation:

CF

2
= ;where &= ¢y +¢c,, >4 (3.47)
2-¢ - o2 -4 9|
The new coordinates of the particle (i.e., the duty cycle d of the DC-DC converter) at each

iteration of the algorithm are calculated by the equation:

d¥ + c;.r,.(Ppbest; — df)

ditl = df + cF .
+cy.1y.(Pgbest — d;)

(3.48)

The application of CFPSO algorithm guarantees the convergence of the algorithm for any
values of ¢1 and ¢z, which greatly simplifies the task of determining their optimal values. The
results of [6] confirms the possibility of using CFPSO for extracting the MPP of the PV system.
Furthermore, preliminary studies have shown that the highest efficiency of the CFPSO algorithm
in tracking the MPP is observed at the following numerical values c1=c>=2.5, which corresponds

to CF =0.382. The principle operation of IPSO is shown in figure 3.30.
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Initialise PSO Parameters

A 4

A

Measure PV Panel 's Voltage & Current

A 4

Calculate CF of PSO

A 4

Evaluate Each Particle 's Speed & Position

A 4

Calculate Best Position & Best Speed

A\ 4

Set Best Position As Globale Best

Current Iteration is Equal To
Maximum Iteration

Set Best Position As Globale Best

v

End

Figure 3.30. The steps of executing the improved particle swarm optimization
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3.10 Incremental conductance (I1C)

The principle of operation of the increment conductance (IC) algorithm is based on the
equality of the instantaneous conductivity of the PV panel and the derivative of the conductivity
at the maximum power point [44] [46]. Mathematical relations explaining the operation of the
IC algorithm can be easily obtained by differentiating the power P of the solar battery with
respect to voltage V, taking into account the fact that the derivative at the maximum power point
vanishes:

dp _ d(V.D)
av -~ av

=1+vd($)=0 (3.49)

Equation (3.46) can be represented as:

a1 (3.50)

av - v
Expression (3.47) implies two important relationships that allow to determine the position of
the operating point of the PV on its voltage-power characteristics relative to the point of
maximum power:

dl 1 dpP
S=-2 (5>0) —Leftof MPPT;

(3.51)
4_1 (2_5 > o) — Right of MPPT;

Taking into account relations (3.48), the operation of the IC algorithm can be represented in the

form of a block diagram shown in Fig. 3.31 In the PV simulation model,
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Measure I(k), V(k) And
Al =1(k)—-I(k—1)

AV =V(k)-V(k—-1)

Yes
Yes Yes
[+ V(AI/AV) =0
No No
[+ V(AI/AV) >0
Yes No No Yes
\ 4 \ 4
V+ AV V—AV V+ AV V—AV
\ 4

Figure 3.31. Flowchart for the incremental conductance algorithm
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3.11 Perturb-and-observe

The perturb and observe (P&O) algorithm is the most commonly used in practice because
of its easiness of implementation [45]. Fig. 4.1 shows the flowchart of this algorithm. The most
basic form of the P&O algorithm operates as follows. Consider Fig. 3.33, which shows a family
of PV array power curves as a function of voltage, P-V curves, at different irradiance, G levels,
for uniform irradiance and constant temperature. As previously described, these curves have
global maxima at the MPP. Assume the PV array to be operating at point A in Fig. 3.30, which
is far from the MPP.

Start

A 4

Measure V (k), I (k)

A\ 4

P (k) =V (K)* 1 (k)

No Yes
Yes
D (k) < D (k-1) Nol b k) > D (k-1)
No lﬁ Yes
, I v
Increase D (k) Decrease D(k) Decrease D(k) Increase D (k)

A 4 A 4 v

Fig. 3.32 Flowchart of the P&O algorithm
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In the P&O algorithm, the operating voltage of the PV array is perturbed by a small
increment, and the resulting change in power, AP, is measured. If AP is positive, then the
perturbation of the operating voltage moved the PV array’s operating point closer to the MPP.
Thus, further voltage perturbations in the same direction (that is, with the same algebraic sign)
should move the operating point toward the MPP. If AP is negative, the system operating point
has moved away from the MPP, and the algebraic sign of the perturbation should be reversed
to move back toward the MPP. Fig. 3.34 shows the previous stated cases for the P&O algorithm.
The advantages of this algorithm, as stated before, are simplicity and easiness of

implementation.

160

140

Power in watt
a -
«© (= N
(=] o o

=]
o

5
=)

20

Voltage in volt

Fig. 3.33 Photovoltaic array power—voltage relationship

160

140

Power in watt
[ =
S o o) o N
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N
o

(=)

Voltage in volt

Fig. 3.34 The P&O algorithm modes for the PV module at G=1000 W/m? and temperature
25°C
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However, P&O has limitations that reduce its MPPT efficiency. One such limitation is that
as the amount of sunlight decreases, the P-V curve flattens out, as seen in Fig. 3.33. This makes
it difficult for the MPPT to determine the location of the MPP, owing to the small change in
power with respect to the perturbation of voltage [47]. Another fundamental drawback of P&O
is that it cannot determine when it has actually reached the MPP [48] [49]. Instead, it oscillates
around the MPP, changing the sign of the perturbation after each AP measurement. Also, it has
been shown that P&O can exhibit erratic behavior under rapidly changing irradiance levels.
Consider the case in which the irradiance is such that it generates P-V curve 1 in Fig. 3.35. The
MPPT is oscillating around the MPP from point B to A to C to A and so on.

160

PP HENNS S S S S S S SR S S—

R A I a ..

-
o
S
]

i

Power in watt
(=] =]
o o
I ]
b o
e
-
S
NP
i i

T R S— et ot B— e T N W U — .
W g SR Curve 1T [ NV e 7
0 5 10 15 20 25 30 35 40 45 50

Voltage in volt

Fig. 3.35 Illustration of erratic behavior of P&O under rapidly increasing irradiance

Then, assume the irradiance increases and the PV curve of the array moves to curve 2. If,
during the rapid increase in solar irradiance and output power, the MPPT was perturbing the
operating point from point A to point B, the MPPT would actually move from A to D. As seen
in Fig. 3.35, this result in a positive AP and the MPPT will continue perturbing in the same
direction, toward point F. If the irradiance is still rapidly increasing, the PV power curve will
move to G on curve 3 instead of to F on curve 2. Again the MPPT will see a positive AP and
will assume it is moving towards the MPP, continuing to perturb to point I. From points A to D
to G to | the MPPT is continually moving away from the MPP, decreasing the efficiency of the
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P&O algorithm. This situation can occur on partly cloudy days, when MPP tracking is most

difficult, owing to the frequent movement of the MPP.

The main task of designing digital MPPT controllers is to determine the clock frequency fq of
the change in the duty cycle of the DC-DC converter.

It is advisable to select the value of fq from the condition of stable operation of the control
system, which is ensured if the transient process in the converter, caused by a change in the

control action or external conditions, ends in the time ts = 1 / fg.

The time constant of the step-down DC-DC converter T can be approximately found from the

equation:

L
TR (3.52)

out

According to that the duration of any transient process is up to 5 of z, it is recommended to use

the expression to determine the optimal value of ts:

t. =57, (3.53)

The choice of the value of ts according to condition (3.9) will ensure maximum performance

of the MPPT controller and at the same time stable operation in MPP.

For determining the parameters of the MPPT controller, the load nature of the DC-DC converter
must be considered. For PV constructed according to schema 1, the value of the equivalent

electrical load is uniquely determined by this expression:

Rout = Rload ' (354)

In PV, according to schema 2 and 3, the voltage at the converter output is stabilized.
Neglecting the change in voltage on the battery bank clamps from the value of its charge and
without taking into account the states of the DC bus, the value of the equivalent resistance of
the DC-DC converter can be determined through the output power. For an ideal converter with

a stabilized output voltage, the equivalent output resistance is determined by the formulas:
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2 2
Vout . R _ Vout
) out(max) —

, (3.55)

Rout(min) =

PMPP (max) PMPP (min)

where Pwvpp (Mmax), Pwee (Min) are the values of the maximum and minimum powers

generated by the PV module.

Since the converter time constant is inversely proportional to Royt, it IS necessary to substitute

the minimum value of the equivalent resistance determined by (19) into equation (16).

An important parameter of the digital MPPT controller is the value of the change in the
operating cycle of the converter Ad during the sampling time ts. A large 4d value shortens the
MPP search time, but this reduces the tracking accuracy and can also lead to an oscillatory
mode near MPP. It can be approximately assumed that the magnitude of the step in changing
the output power of the PV panel4P linearly depends on the value of Ad. With this assumption,

to determine the optimal value of Ad, you can use the equation:

Ad = ﬁ (dmax — dmax) (3.56)

Where ¢ is the permissible relative error (%); dmin, dmax are the minimum and maximum
values of the duty cycle, respectively. The results of the studies showed that a good compromise
between the speed and accuracy of tracking MPP provides the value € = 1%, which was used

in the computational experiments.

3.12 MPPT by using fuzzy logic

In recent years, fuzzy logic control has been widely used in maximum power point tracking
(MPP) systems [50]-[47], this control does not require the exact knowledge of the model to be
regulated. However, a good knowledge of the behavior of the system is required for the
development of such a regulator.

The implementation of a fuzzy controller is carried out in three steps: fuzzification, inference

and defuzzification (Figure 3.36).
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Fuzzy Logic
Intput J' Output
E,CE ¢ ( AD
Inference

Figure. 3.36. Principle of the Fuzzy Controller

3.12.1. Fuzzification

Controls are selected depending on the satisfaction of two control variables in the proposed
input; they are the E error and the change in CE error in the k-test. We display the E and CE
variants in the following form:

P(k)—P(k—1)

E() = o va—D

(3.57)

CE(k)=E(k)—E(k—-1) (3.58)
Where:

P(k) the power and V(k) voltage of PV module. The change in duty cycle ratio (AD) of the
DC-DC Boost Converter is used as the output of the controller. Therefore, the control is done
by changing this duty cycle ratio according to the slope E(k) in order to track the operation

point optimal where the slope is zero

The input variables of the fuzzy controller E, CE are converted to seven the linguistic
variables NB (negative big), NM (Negative Medium), NS (negative small), ZO (zero), PS
(positive small), PM (Positive Medium), PB (positive big) using basic fuzzy subset. Figures
3.37, 3.38 and 3.39 shows the membership grades of seven basic fuzzy subsets for input and
output variables. Which can adapt shape up to appropriate system [51], [52]
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The main goal of the rules are to bring the operation point of PV module to the Maximum
Power Point (MPPT) by increasing or decreasing the duty cycle ratio of DC-DC boost
Converter depending on the position of the operation point from the MPPT.

3.12.2. Inference method

A rule is applied to fuzzy input by the inference engine to determine the fuzzy output.
Therefore, the real input value must be fuzzified , before the rule can be evaluated to obtain an
appropriate linguistic value. The fuzzy controller rule table shows in figure 2, where all the
matrix entries are fuzzy sets of the error E and the change of error CE and the change of duty
cycle ratio AD to boost converter. the fuzzy logic controller output is converted from a
linguistics variables to a numerical variables. Since the DC-DC boost converter require a

precise control signal D at its entry, This the operation is called defuzzification [50],[53], [54].

NBE Mk NS ZE PS Ph FB

input variable "E”

Figure. 3.37. Membership function for Input E
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NE Mk MS ZE PS Phd FE
input varable "CE"
Figure. 3. 38. Membership function for Input CE
NE NI  ns ZE ps PM PB
0. 008 D008 004 002 1 102 106 1108 1
output vanable "AD"

Figure. 3.39. Membership function for Output AD

The rule Table 3 contains 49 rules of fuzzy controller.

Table. 3.3, The rule contains 49 rules of fuzzy controller.

CE | NB NM NS ZE PS PM PB
E
NB NB NB NB NB NM NS ZE
NM NB NB NB NM NS ZE PS
NS NB NM NM NS ZE PS PM
ZE NB NM NS ZE PS PM PB
PS NM NS ZE PS PB PB NS
PM NS ZE PS PM PB PB ZE
PB PB ZE PS PM PB PB PB
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3.12.3. Defuzzification
Defuzzification is the process of obtaining a single number from the output with can, defined

by two algorithms; the max criterion method (MCM) and center of area (COA) .

_ Xj=1u(AD)).AD;
AD = ST (3.59)

the actual duty cycle ratio D is calculated as follows:
D(k) =D(k—1) + S,pAD(k) (3.60)

Fig. 11 shows the FLC output surface using Matlab/Simulink simulation, which represent
the relationship between the FLC inputs (E , CE) and output (AD) used.

Figure. 3.40. Fuzzy control output surface.

-73-



Chapter (3) Methodology

3.13 Conclusion

In this chapter, the mathematical model development for the component parts of the
proposed PV system are discussed. The component parts are: PV array, a DC-DC converter
operating under the control of the MPPT point search controller. For a PV constructed
according to schema 1 (see Fig. 3.24), the operating modes of the DC-DC converter can be
considered equivalent to the operating conditions for the load with the same active resistance.
In schema 2, the load of the converter is battery bank. In schema 3, DC-DC converter is loaded
on a DC bus.

The chapter begins with the physical structure of PV cells along with the fundamental
concept and principles of converting the solar energy to electrical energy. The modeling of
equivalent electrical circuit of PV cell presented and discussed. The model is implemented
using MATLAB to study the PV characteristics. Furthermore, the low output power of the
single cell is discussed and how to connect number of cells in series and parallel to form a PV
panel and array to meet the desired load power. The effect of temperature and solar radiation
on the I-V and P-V characteristics of PV cell also discusses this chapter to show the importance
of MPPT in the PV system.

This chapter introduces and investigates various DC-DC converters used in the MPPT
algorithms of PV systems. As the PV system is proposed in this work is a stand-alone system
therefore, the focus was on the Buck converter. The electrical circuit of this converter was
presented and operating concept of this convert was thoroughly discussed. And then followed
by a proposed three MPPT controllers: novel improved particle swarm optimization (IPSO),
the conventional incremental conductance algorithm (P&O) and perturb and observe (IC)
algorithm. To verify the functionality and benefits of the proposed MPPT techniques.
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Chapter (4)
Data Analysis

4.1 Introduction

This chapter presents a method for selecting the parameters of the main components of an
autonomous photovoltaic (PV) stations and methods Of Data Collection to ensure the most
efficient conversion and use of solar energy. The main energy characteristics are analyzed and the
mathematical models of the components of an autonomous PV system are developed to study the
modes of tracking the maximum power point (MPP). The necessary conditions for matching the
parameters of the PV and the DC-DC buck converter are evaluated to track the MPP. This work
aims to create an original method and algorithm for calculating and selecting parameters of the
main elements of a PV stations. The optimal value of the sampling time of the MPP controller is
obtained for different schemes of the PV system. A practical example is considered for selecting
the parameters of a DC-DC buck converter and a digital MPP of an autonomous PV station. The
simulation of dynamic modes of an autonomous photovoltaic (PV) station is performed in the
MATLAB/SIMULINK software package. The simulation results of dynamic operations of the PV
system show that the voltage converter and the MPP controller with the selected parameters
according to the proposed method provide reliable and effective tracking of the MPP in all different

connections of the PV systems.

4.2 Methods Of Data Collection

Equations (3.28) - (3.30) determine the form of the current-voltage characteristics of the PV
panel, which depend on the level of illumination G and the surface temperature T. Fig. 4.1 shows
the 1-V characteristics of the PV panel for different levels of solar irradiance and temperature.

On each of the | — V characteristics, there is a single point (in Fig. 4.1 designated as A and B),
corresponding to certain values of the current Ivpe and voltage Vmee, at which the PV panel will
generate the maximum power Pwpp.

These voltage and current values determine the equivalent PV panel resistance at the maximum

power point:

Vier

Rupe = |_ )
MPP

(4.1)
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Fig. 4.1. Volt-current characteristic of PV panel under different solar irradiance and
temperature conditions

The maximum power with PV panel is ensured when the equivalent output resistance of the
PV module in MPP Rwmep and the equivalent input resistance of the converter Ri, are equal. The
value of Rin depends on the converter topology, its load Rouwt and the duty cycle value d (duty
cycle).When searching for MPP, controller changes the value of d so that the condition is satisfied:
Rwmep = Rin. If we neglect the losses in the step-down DC-converter, an important practical relation

is derived from the condition of equality of its input and output power:

VE V2 (Vi -d) ( R
MPP _ Tout _ ( MPP ) =d= out . (42)
RMPP Rou'[ Rout RMPP

Since the value of d cannot be greater than 1, it follows from (4.2) that the output resistance of
the buck converter must be less than the minimum equivalent resistance of the PV panel in MPP

in order to ensure the PV module in MPP in all possible operating modes:

Rout < RMPP(min) : (4.3)
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When designing the converter for PV system; built according to schemes 2 and 3, this condition
is transformed into the choice of the rational value of the nominal output voltage of the converter

according to the condition, where:
Vout <VMPP(min) . (44)

A characteristic feature of PV panel is the direct dependence of Impr and the inverse
dependence of Vwvpp 0N the surface temperature of the module, with the temperature coefficient of
voltage kv in absolute value far exceeding the temperature coefficient of current k;. Analysis of the
V-P characteristics PV panel (see Fig. 4.1) shows that, for designing a converter, it is necessary to
determine the current and voltage values in MPP for four nodes at various combinations of G and
T. Characteristics of the PV panel nodes and their corresponding indicators modes are given in
table. 4.1.

Table 4.1 Key points the solar panels of a photovoltaic station

Solarirradiance (G) Temperature (T) Indicators Mode
min min RmPP(max), IMPP(min) Maximum resistance
min max Pmppmin), VMPP(min) Minimum power
max min Pmpp(max), VMPP(max) Maximum power
max max Rmpp(min), IMPP(max) Minumum resistance

The minimum and maximum values of G and T are determined in accordance with the location
and operating conditions of the PV panel. In the present studies, the ranges of the radiation and
temperature changes, characteristic for the operating conditions of photovoltaic power plants in
the northern latitudes are determined as follows: Gmin = 100 W / m?, Gmax = 1000 W / m?, Trin = -
25°C, Tmax =+ 50°C.

The values of currents, voltages and power at the nodal points of the PV panel are easily
determined by equations (3.31) - (3.33). The values of equivalent resistances are calculated by
equation (4.3). To determine the limiting values of the duty cycle of the buck converter, equation
(4.2) is used.
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4.3 Method of calculation and selection of parameters of basic elements of the
PV system

Based on the analysis of the energy characteristics of the main elements of the PV system, a
methodology has been developed for calculating and selecting their optimal parameters, presented

in the form of a flowchart shown in Fig. 4.2.

)

\ 4

Calculation of indicators of the nodal points of the PV

\ 4

Selection of the load resistance and output of voltage of the converter

A 4
A 4

Schema 1
Schema 2, 3

\ 4 \ 4

Calculation and selection of DC-DC converter parameters

A\ 4

Calculation and selection of MPPT controller parameters

v

End

Fig. 4.2. Flowchart for calculating and selecting optimal parameters of the main elements
of an Autonomous photovoltaic station
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When using the proposed method it is necessary to consider features of modes of DC-DC-
converter for loads of different nature. This feature can be noted when operating on a load in the
form of a constant resistance (Schema 1), an increase in d values leads to an increase in the output
power of the converter, while in power systems with a stabilized output voltage of the converter
(Schema 2, 3), an increase in d causes a decrease in the output power. Accordingly, when
calculating the parameters of the DC-DC converter for circuit 1 in equations (3.25) and (3.37), the
minimum duty cycle dmin must be used, for circuits 2 and 3, dmax must be used in equation (8),

and in equation (3.37) - dmin.

4.4 Reliability And Validity

To test the proposed methodology, we considered two different PV systems a practical example
of calculating and selecting the parameters of a DC-DC converter and a digital MPPT controller
of an autonomous PV system. The first system consisting of three series-connected Kyocera Solar
KD320GX-LPB, the main technical characteristics are given in Tab. 4.2, and the second system
composed of 36 monocrystalline silicon cells connected in serer having a maximum power is 50
W under standard conditions with G = 1000 W /m? and T = 25 ° C (298°K),A = 1.3, Ny=36, N,
=1; Trer = 298°K(25°C), E,=1.12eV, R, = 1000L2, R, = 0.1, the main technical characteristics
are given in Tab. 4.3,
Table 4.2 Electrical parameters of the Kyocera Solar KD320GX-LPB PV module

Parameter Value
Open-circuit voltage, Voc, V 49,5
Short circuit current, ISC, A 8,6
Voltage at PMPP , VMPPV 40,1
Current at PMPP, IMPPA 7,99
Maximum power, PMPPW 320,4
Oopen circuit voltage coefficient VOC, kV V/°C -0,1832
Short circuit current coefficient ISC, kI A/°C 0,00328
Number of cells connected in series, NS 80
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Table 4.2, Electrical Characteristics 50M (36) PV module

Parameters Value

Maximum power S0W

Voltage at Pax Vinax) 17.98V

Current at Ppax (Inax) 2.78A

Short Circuit current () 3.04A

Open circuit voltage (V,.) 21.87V
Temperature coefficient Ki (0.065+0.15)A/°C

For completeness of the analysis, three possible options for constructing autonomous PV were
considered; schemes 1-3. For each circuit, simulation models of PVstation based on the
mathematical models of the components presented above were developed and implemented in the
MATLAB / Simulink software environment. To increase the reliability of the results and evaluate
the efficiency of energy conversion in the FES simulation model, the non-ideality of the converter
elements - the active resistance of the inductor and the equivalent internal resistance of the
capacitors, as well as the static characteristics of the transistor and diode - voltage drop and
resistance in the conducting state are taken into account.

The parameters of the DC-DC converter and MPPT controller were calculated and selected by
the proposed method in accordance with the block diagram shown in Fig. 4.2. In the FES
simulation model for circuit 2, a lead-acid battery with a nominal capacity of 200 A.h is adopted
as an energy storage device, the DC bus model in circuit 3 was built on the basis of a 300 pF
capacitor and an active resistance of 0.01 Ohms. The frequency of the PWM generator (f) in all
computational experiments was taken equal to 25 kHz.

The parameters of the DC-DC converter and MPPT controller, selected as a result of

calculation by the proposed method, are given in table. 4.4.
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Table 4.4 Results of calculation and selection of parameters of the main components of
an autonomous photovoltaic station

Parameter Value
Schema 1 Schema 2, 3

Rs, Ohm 0,487 0,487

Rout,Ohm 10 —

Vout, V - 48

dmin 0,24 0,33

Omax 0,87 0,50

L, uH 800 1500

Cout, UF 20 10

Cin, LLF 20 10

ts, S 0,0004 0,004

Ad 0,005 0,0015

The calculation results show that the inertia of a DC-DC converter, designed to operate as a
part of autonomous photovoltaics, which is constructed according to schemes 2 and 3 is an order
of magnitude higher than that of a similar converter operating on an active load. In addition, from
the table. 4.3 it is obvious that for a DC-DC converter with a stabilized output voltage, the working
range of the duty cycle changes significantly, which determines the high rigidity of its adjustment
characteristics, and accordingly, increases the requirements for accuracy and quality of regulation

of the control system.

All simulations in this study have been performed using a Matlab/Simulink tool Fig.4.3

illustrates the simulation model of the PV system using the Matlab platform.
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4.5 Conclusions

The research presents an original methodology for calculating and choosing optimal
parameters for the main elements of an autonomous PV systems; a buck DC-DC converter and a
MPPT controller. The parameters of the converter are selected on the basis of calculation and
analysis of the possible range of voltage changes at the point of maximum power under various
lighting conditions and temperatures. The parameters of the digital MPPT controller are selected
based on the calculated value of the converter time constant and the nature of its electrical load.
The research considers three main options for constructing autonomous PV, for each of which
design features are established. The proposed method has been tested on a specific example, its
adequacy is confirmed by the results of the simulation of dynamic modes of an autonomous PV

for all three considered topologies.
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Chapter (5)

Results and Discussion

5.1 Introduction

This chapter present how the SIMULINK models of the proposed PV power systems are
implemented, to test and verify the functionality of the proposed MPPT controls. In this thesis,
two different PV systems are implemented in MATLAB/SIMULINK environment. The first
system is implemented with a resistive load and battery bank with DC-DC buck converter to
evaluate the effectiveness and the advantages of the proposed novel improved particle swarm
optimization (IPSO) a comparison with the conventional incremental conductance algorithm (IC)
and perturb and observe (P&O) algorithm . The second PV system is also simulated in
MATLAB, but by using fuzzy logic control (FLC) and compared to the conventional (P&O)
algorithm  with DC-DC boost converter to demonstrate the feasibility and performance of the
proposed controller based on MPPT of PV system. Furthermore, a comparison has been carried
out between the proposed controllers by way of simulation results.

5.2 Results of simulation
5.2.1 Results of simulation with DC-DC buck converter
5.2.1.1 Tracking The MPPT by IC

Fig. 5.1 shows the results of modeling the operating modes of the FES with a sudden change
in the lighting conditions of the SB for circuits 1 and 2 (the results for circuit 3 are not given,
since they are almost identical to circuit 2). When carrying out this computational experiment,
the lighting conditions of the SB change after 0.05 s of model time and correspond to the
following successive values of solar radiation: G = 800; 400; 200; 600; 1000 W / m2. The
surface temperature of the PM is assumed unchanged - 25°C.
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Fig. 5.1. Results of simulatio
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During the computational experiments, the values of the duty cycle d (duty cycle), output
power (PV Power), voltage (PV Voltage) and current (PV Current) of solar batteries, as well as

the parameters of the electric energy consumed by the load were recorded.

The simulation results presented in Fig. 10 prove that the DC-DC converter and the MPPT
controller with the selected parameter values provide reliable and efficient MPP tracking in all 5
test variants of the illumination change. The tracking accuracy of the maximum power point in
scheme 1 is at least 99.6%, in scheme 2 it is at least 98.2%, and the efficiency of the DC-DC
converter in all the considered modes did not fall below 93.2%. The operating ranges for
changing the energy characteristics of the main elements of the PV system (current, voltage,
power) correspond to the calculated values obtained during their design. With correctly selected
parameters of the converter and MPPT controller, the MPP tracking time does not exceed 0.03 s,

which is obvious from Fig. 5.1.

5.2.1.2 Tracking The MPPT by IPSO

The details simulations results of a PV system with MPPT controller based on IPSO

algorithm for schemes 1 and 2 is shown in Fig.5.2.

When carrying out these experiments, a modified version of the PSO algorithm with variable
values of the coefficients of inertia and acceleration (IPSO) is used. The number of particles is

taken to be N = 4, the maximum number of iterations is kmax = 32.
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The tracking accuracy of the maximum power point based on IPSO in scheme 1 is at least
99.78%, in scheme 2 it is at least 98.2%, and the efficiency of the DC-DC converter in all the

considered modes did not fall below 99.93%.

5.2.1.3 Tracking The MPPT by P&O

An interesting feature of the dynamic modes of an autonomous PV is as follows: despite the
fact that circuit 2 has a much greater inertia than circuit 1, the transients in it, caused by a sudden
change in the illumination of the PV panel, end much faster. This is explained by the fact that a
change in the value of solar irradiance insignificantly affects the voltage in the MPP PV (see Fig.
5.1), and in circuits with a stabilized output voltage of the converter, the value of the duty cycle d
remains practically unchanged, which ensures a quick end of the transient process. The value of
d depends much more strongly on the surface temperature of the photovoltaic modules, which
cannot change instantly or with a high gradient commensurate with the time constant of the DC-
DC converter, and this dependence is not critical. When a DC-DC converter operates on an
active resistance, the value of its output voltage changes in proportion to the supply voltage,

which requires a change in the value of d within a fairly wide range.

Fig. 5.3 shows the results that simulated the operation modes of the P&O based tracker of PV

system under changing the solar irradiance of the solar panels under the partial condition
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5.2.1.4 Comprehensive comparison between IPSO,IC, and P&O

A comparison between different studied MPPT techniques is listed in Table 5.1. From this table,

one must see the superiority of IPSO-based tracker over the IC algorithm.

Table 5.1 Comparison between IPSO, IC, and P&O.

scheme 1 scheme 2

IC PSO P&O IC PSO P&O

Test number n n n n
M, % |tmee, S|, % M;P’ n, % M;P’ n, % |tmep, S| M, % MCPP’ n, % MSPP’
1 99.93| 0.01599.94| 0.04 | 99.93 0.037 | 99.81| 0.028(99.93 | 0.052 |99.90| 0.045
2 99.92 0.01499.97| 0.03 | 99.94 0.028 | 99.66| 0.016]99.97 | 0.062 [99.94| 0.053
3 99.73| 0.01099.78| 0.02 | 99.76| 0.018 | 99.41| 0.012(99.96 | 0.049 [99.95| 0.035
4 99.91] 0.02099.91] 0.03 | 99.91] 0.025 | 99.62| 0.018[99.98 | 0.061 [99.96| 0.052
5 99.95/ 0.012/99.99] 0.03 | 99.98] 0.029 | 98.72| 0.010/99.99 | 0.056 [99.97| 0.049
A\‘/’aelrjge 99.88|0.0142(99.92| 0.03 | 99.90| 0.027 | 99.44| 0.016]99.97 | 0.056 [99.94| 0.047

5.2.2 Results of simulation with DC-DC boost converter:

Figures 7 to 12. Shows the different output results of the photovoltaic generator simulated
using P&O and FL under (G=1000W/m?2 and T=25°C). Figure 7 shown the Output power of the
PV generator for the different simulated algorithms. Where it takes 0.042 s for the traditional
Perturb and Observe (P&O) algorithm to obey the MPP with a major power swing of (50.41-
52.39W). Whilst for the fuzzy logic controller method it takes 0.035 s just and without power
oscillation at standard conditions (E=1000W/m2 and T=25°C)
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Figure 10 shows the results of the PV generator for many solar irradiance values
(800W/m2,900W/m2 and 1000W/m2) at fixed temperature of 25°C. To examine the system.
Where we observe the fuzzy logic controller has better response time, much more accurate
tracking and less oscillation at each step compared to the classical P&O controller.
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Figure 5.10. Output power at the different irradiance values and fixed temperature of 25°C with
Fuzzy Logic controller (FLC) and conventional P&O
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Figure 5.11. Output power at the different irradiance values and fixed temperature of 25°C with
Fuzzy Logic controller (FLC) and conventional P&O
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Figure 5.12. Output voltages at the different irradiance values and fixed temperature of 25°C
with Fuzzy Logic controller (FLC) and conventional P&O
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5.2.2.1 Comprehensive comparison between Fuzzy Logic (FLC), and P&O

Fuzzy Logic control is developed for maximsation of PV array. We study the MPPT
technology based on P&O and comparted to FLC. The controller of the fuzzy logic showed fast
response and successfully control of tracking the maximum power point (MPPT) considering the
effect of atmospheric changes. more than, the MPPT technology based on fuzzy logic control
achieves good and more accurate results, more flexibility and eliminates the fluctuations in the
power compared to MPPT technology based on P&O. The table 5.2. summarize The different
performance results of the photovoltaic generator simulated using the fuzzy controller and the
Perturb and Observe (P&O) algorithm.

Table 5.2 Comparison between FLC and P&O.

E=1000W/m?, and T=25°C
MPPT method
Efficiency (%) | Response time(s)
FLC 98.02 0.033
P&O 97.99 0.042

5.2 Conclusion

This chapter presents the performance for three control strategies applied of the proposed
PV power systems are implemented. The theoretical background is described, and the advantages
and disadvantages of each application are studied through analyses and a series of simulations. A
comprehensive comparison and evaluation are implemented for the four methods from several
aspects such as algorithm complexity, steady state performance. From the first system, one must
see the superiority of IPSO-based tracker over conventional incremental conductance algorithm
(IC) and perturb and observe (P&O) algorithm. Where results show that the IPSO-based tracker
method can provides best steady state and dynamic performance compared to the conventional
controllers, and from second PV system, we conclude that the MPPT using the fuzzy logic
technique takes a fast response and can improve the performance of the PV system compared to
the P&O.
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Chapter (6)

Conclusions

6.1 Conclusions

In this research, a stand-alone photovoltaic system is presented to provide the electric
power to the consumers in isolation from the central electrical network with a clean
and sustainable source of energy. The main focuses of this research was how to
improve the total system efficiency by proposes a method for selecting the parameters
of the main components of an autonomous photovoltaic (PV) stations to ensure the
most efficient conversion and implementing an efficient MPPT techniques to transfer
the maximum available power to the load especially under rapidly changing
atmospheric conditions.

The thesis reviewed and discussed some existing MPPT controller methods,
including P&O method, INC, particle swarm optimisation (PSO), fuzzy logic and
neural network, , etc., and showed their ability to track the MPP under rapidly
changing weather conditions. It illustrated the advantages and disadvantages of each
individual MPPT technique tracking performance. Based on the outcome of this
evaluation, three proposed MPPT techniques were identified which substantially

address the disadvantages that most MPPT techniques suffer from.

The three more efficient MPPT controllers proposed were analysed and developed in
more depth using new system simulations to clearly show improvements. In this
thesis, we performed the MPPT process in the PV system using the proposed novel
improved particle swarm optimization (IPSO) and compare it with the conventional
incremental conductance algorithm (IC) and perturb and observe (P&O) algorithm.
To test and verify the results obtained, simulation modeling of the dynamic regimes of
the PV was used in the MATLAB / Simulink® software package. The novel
improved particle swarm optimization (IPSO) was shown to have a faster dynamic
response and virtually eliminates the steady state oscillation around the MPP there by;
it improves the MPPT efficiency of the PV system. The design and results of the
novel improved particle swarm optimization (IPSO) technique were presented and

explained.
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The simulation results were presented in order to show the benefits of MPPT and
evaluate the performance and functionality of the proposed MPPT techniques. The
simulations were performed using MATLAB/SIMULINK. A model of the complete
PV systems was presented and discussed along with how all of the masked
components have been combined to form this system. A more detailed SIMULINK
model of each component was also presented, starting with the PV solar panels, buck
converter, DC load and MPPT controllers, and then each component masked within a

subsystem.

the simulation results were divided into two parts: in the first part the PV system is
implemented with a resistive load and battery bank with DC-DC buck converter to
evaluate the effectiveness and the advantages of the proposed novel improved particle
swarm optimization (IPSO) a comparison with the conventional incremental
conductance algorithm (IC) and perturb and observe (P&Q) algorithm. The simulation
results prove that the DC-DC converter and the MPPT controller with the selected
parameter values provide reliable and efficient MPP tracking in all maximum power
point tracking techniques with changing solar irradiation conditions. As the
simulation results clearly showed that, the the proposed novel improved particle
swarm optimization (IPSO) algorithms has the ability to improve both the steady-
state and dynamic performance of tracking the MPP and thereby increasing the total
efficiency of the PV system. The second part the PV system is also simulated in
MATLAB, but by using fuzzy logic control (FLC) and compared to the conventional
(P&O) algorithm  with DC-DC boost converter to demonstrate the feasibility and

performance of the proposed controller based on MPPT of PV system.

In the last step of simulation evaluation, the performance of the three proposed IPSO,
P&O and IC MPPT methods were compared under rabidly changing irradiation
levels. The results validate that the all of three proposed MPPT techniques can
significantly increase the efficiency and the performance of the PV system. The
highest system efficiency was shown to be achieved by the IPSO, followed by the
P&O, and then the IC method with values of 99.97%, 99.94% and 99.88%,
respectively. As comparison figures were presented with a table summarising the
performance of the proposed MPPT techniques and the efficiency improvement of the

PV system gained by each technique.

104 -



Chapter (6) Conclusions

6.2 Contributions

The major contributions of this thesis are:

1) this thesis proposes a method for selecting the parameters of the main
components of an autonomous photovoltaic (PV) stations to ensure the most
efficient conversion and use of solar energy, by create an original method and
algorithm for calculating and selecting parameters of the main elements of a PV
stations. The optimal value of the sampling time of the MPP controller is
obtained for different schemes of the PV system.

2) the proposed novel improved particle swarm optimization (IPSO)MPPT method.
The measured voltage and current are provided to the PV panels and the
proposed model calculates the maximum power. The value of d is updated by Ad
with the speed of the particle after a certain sampling time ts, and the PV system
output power is considered to be the fitness function PPV. In this study, the
technique that was named by constriction factor based PSO (CFPSO), the
convergence of the algorithm is ensured by using a special constriction
coefficient CF, the numerical values of which are demonstrated by the following

equation:

where @=c +c,, ¢>4

2
CF = ,
‘2—40—\/(/?2—4-(0‘

The application of CFPSO algorithm guarantees the convergence of the algorithm
for any values of c1 and c2, which greatly simplifies the task of determining their
optimal values. The results of [6] confirms the possibility of using CFPSO for
extracting the MPP of the PV system. Furthermore, preliminary studies have
shown that the highest efficiency of the CFPSO algorithm in tracking the MPP is
observed at the following numerical values c1=c2=2.5, which corresponds to

CF =0.382. The principle operation of IPSO is shown in figure 3.28.

6.2 Future work

In the current PV system, the buck converter is used as an interface to enable the
MPPT process. Future research could investigate some other converters such as boost,
cuk and buck-boost along with the proposed MPPT techniques to improve flexibility
in the choice and configuration of PV array connection.
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In this work, The main energy characteristics are analyzed and the mathematical
models of the components of an autonomous PV system are developed to study the
modes of tracking the maximum power point (MPP). simulation models were
developed and used to compare the performance of the proposed MPPT techniques.
However, practical hardware tests at a representative power level and under the
typical climatic conditions of an application need to be conducted to verify the
simulation results. The simulation results achieved in this work will hopefully
incentivise future investigations involving building prototype models to test
experimentally the developed MPPT techniques for the PV system.

Implementation in Arduino of MPPT Using the proposed novel improved particle
swarm optimization (IPSO) Algorithm and conventional methods P&O, IC in an

autonomous PV system.
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