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The standalone photovoltaic (SAPV) system is one of the most widely used
applications of the PV system. However, the main drawbacks of this system are the
high capital investment and low energy efficiency mainly due to the simple PV model
and the ineffective sizing method of SAPV system. Therefore, precisely modeling
method to determine the unknown parameters of the PV module is essential to give a
realistic evaluation for the extracted energy of the PV array. Moreover, optimization
of the standalone PV system is necessary to maximum the reliability and minimize the
total cost of the system in both urban and rural areas.

The research presented in this thesis is divided into two phases, namely, modeling of
the PV module, and optimal sizing of the entire system to obtain reliable and cost-
effectiveness SAPV system. Due to the effective attraction-repulsion mechanism of
electromagnetic-like (EM) algorithm and reliable exploration and exploitation phases
of differential evolution (DE), these two methods were used to determine parameters
of the single diode PV model and finding optimal sizing of the SAPV system. Firstly,
an improved EM (IEM) algorithm is presented to estimate the five parameters of the
single PV-module system. The IEM algorithm uses the attraction-repulsion
mechanism to change the positions of solutions towards the optimality. The key to
improvement is performed by adding a nonlinear equation to adjust the length of the
particle. Moreover, the total force formula is simplified to speed up the exploration
for an optimal solution. Six statistical tools are used to show the superiority of the
proposed PV model as compared to other models proposed in the literature. Secondly,
the modeling method of the proposed PV module is validated by experimental data.
In the sizing of the SAPV system, the mutation adaptive DE (MADE) algorithm based
multi-objective functions minimizes three constraint objective functions. A new
mutation vector inspired by the two-opposite path (2-Opt) algorithm with adaptive



mutation scalar (F) and crossover rate (CR) control parameters were employed to
enhance the exploration and exploitation phases of the proposed algorithm. The
objective functions are loss of load probability (LLP) and life cycle cost (LCC) and
levelized cost of energy (LCE). In the current sizing optimization problem, the three
individual objectives are normalized, weighted, and then aggregated by a single
function which is minimized to select the optimal configuration of the SAPV system.
Moreover, the performance of the SAPV system is carried out based on three types of
storage batteries which are lead-acid battery, crown battery, and lithium-ion battery
using hourly meteorological data for one year.

Performance results show that the MADE algorithm based on lead-acid battery has a
high level of LLP and minimum cost among other types of storage batteries. The LLP
value of lead-acid is 0.0019 which describes the availability of the proposed SAPV
system. Moreover, the LCC and LCE values are 54895.68 USD, and 1.5803 USD,
respectively. Finally, the proposed sizing method is compared with a numerical sizing
method to show the accuracy and efficiency of the proposed method. The results of
the comparison indicated that the MADE method has an excellent level of accuracy
and outperforms the iterative method in terms of CPU-execution time.
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Sistem fotovolta berdiri sendiri (SAPV) adalah salah satu sistem aplikasi PV yang
paling banyak digunakan. Walau bagaimanapun, kelemahan utama sistem ini adalah
pelaburan modal yang tinggi dan kecekapan tenaga yang rendah terutamanya
disebabkan oleh model PV sederhana dan kaedah ukuran sistem SAPV yang tidak
berkesan. Oleh itu, kaedah pemodelan tepat untuk menentukan parameter modul PV
yang tidak diketahui adalah penting untuk memberikan penilaian yang realistik untuk
tenaga yang diekstrak dari susunatur PV. Lebih-lebih lagi, pengoptimuman sistem PV
mandiri diperlukan untuk memaksimumkan kebolehpercayaan dan meminimumkan
jumlah kos bagi sistem di kawasan bandar dan luar bandar.

Penyelidikan yang dibentangkan dalam tesis ini terbahagi kepada dua fasa iaitu,
pemodelan modul PV, dan ukuran optimum dari keseluruhan sistem untuk
mendapatkan sistem SAPV yang dapat dipercayai dan menjimatkan kos. Oleh kerana
mekanisme tarikan-tolakan yang berkesan dari algoritma seperti elektromagnetik
(EM) dan fasa eksplorasi dan eksploitasi yang boleh dipercayai dari evolusi kebezaan
(EK), kedua kaedah ini digunakan untuk menentukan parameter model PV dioda
tunggal dan mencari ukuran SAPV yang optimum sistem. Pertama, algoritma EM
yang diperbaiki (IEM) dibentangkan untuk menganggarkan lima parameter modul
sistem-PV tunggal. Algoritma IEM menggunakan mekanisme tarikan-tolakan untuk
mengubah kedudukan penyelesaian ke arah optimum. Kunci penambahbaikan
dilakukan dengan menambahkan persamaan tak setara untuk menyesuaikan panjang
zarah. Tambahan lagi, formula kekuatan keseluruhan dipermudah bagi
mempercepatkan penerokaan untuk mendapatkan penyelesaian yang optimum. Enam
alat statistik digunakan untuk menunjukkan keunggulan model PV yang dicadangkan
berbanding dengan model lain yang dicadangkan dalam literatur. Kedua, kaedah
pemodelan modul PV yang dicadangkan telah disahkan oleh data ujikaji. Dalam



ukuran sistem SAPV, fungsi multi-objektif berasaskan algoritma mutasi adaptif DE
(MADE) meminimumkan tiga fungsi objektif kekangan. Vektor mutasi baru yang
diilhamkan oleh algoritma dua-laluan bertentangan (2-Opt) dengan parameter
kawalan skalar mutasi adaptif (F) dan kadar crossover (CR) yamg digunakan untuk
meningkatkan tahap eksplorasi dan eksploitasi algoritma seperti yang dicadangkan.
Fungsi objektif adalah kehilangan kebarangkalian beban (LLP) dan kos kitaran hayat
(LCC) dan levelized kos tenaga (LCE). Dalam masalah pengoptimuman ukuran
sekarang, tiga objektif individu telah dinormalisasi, ditimbang, dan kemudian
digabungkan oleh satu fungsi yang diminimumkan untuk memilih konfigurasi
optimum sistem SAPV. Selain itu, prestasi sistem SAPV dijalankan berdasarkan tiga
jenis bateri simpanan iaitu bateri asid-plumbum, bateri crown dan bateri lithium-ion
menggunakan data meteorologi setiap jam selama setahun.

Keputusam prestasi menunjukkan bahawa algoritma MADE berdasarkan pada bateri
asid-plumbum mempunyai tahap LLP yang tinggi dan kos yang minimum berbanding
kalangan jenis bateri simpanan yang lain. Nilai LLP asid-plumbum adalah 0.0019
yang menerangkan ketersediaan sistem SAPV yang dicadangkan. Tambahan pula,
nilai LCC dan LCE masing-masing adalah 54895.68 USD, dan 1.5803 USD. Kaedah
ukuran yang dicadangkan akhirnya dibandingkan dengan kaedah ukuran berangka
untuk menunjukkan ketepatan dan kecekapan kaedah yang dicadangkan. Hasil
perbandingan menunjukkan bahawa kaedah MADE memiliki tingkat ketepatan yang
sangat baik dan mengungguli kaedah berulang dari segi masa pelaksanaan CPU.
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CHAPTER 1

INTRODUCTION

1.1 Research background

The electrical energy demand is rapidly increasing due to the growth in population.
Along time ago, conventional energy sources such as crude oil, natural gas, and coal
are considered the main sources for supplying electricity. However, these
conventional energy resources have negative impacts on the environment, which
substantially contribute to global warming [1]. Moreover, the conventional energy
resources are going to depletion as well as the oil prices are fluctuating. These reasons
stimulate many researchers in the world to focus on clean and friendly environment
energy sources such as photovoltaic systems, wind turbines, and fuel cells. The
development of these technologies gives a good opportunity to increase efficiency and
reduces system costs. In the meanwhile, the deployment of new capacity storage
techniques leads to a boost in battery storages growth in 2016 by (150%) [2]. As a
result of that, researchers cooperate with governments and companies to improve the
requirements of renewable energy and decrease CO, emission. Furthermore, energy
technology perspectives are expected to increase all share of the electricity of the
energy demand across all sectors from 18% to 26% by 2060 [2]. Stern [3] has
mentioned that the hazards of climate change can be mitigated if the greenhouse gas
(GHG) levels in the atmosphere are limited between 450 and 550 ppm-CO,. In general,
RESs are suffering from two key limitations which are the variability and low
availability. These reasons result in low capacity utilization with a high capital cost of
the system and intermittent energy sources such as solar radiation, wind, biomass, etc.

Solar energy is one of the promising emerging technology, sustainable, and eco-
friendly energy sources [4]. The standalone PV (SAPV) system is an attractive and
effective source of electricity in both the remote and resident areas [5]. Furthermore,
the SAPV system is a clean, environmentally friendly, and secure energy source.
Moreover, the long lifetime of the PV system and low (replacement and maintenance)
of subsystems carried out the governments and researchers to spend more concerns on
the SAPV system [6].

1.2 Problem statement

An accurate model and design method give more value to increasing SAPV system
reliability [7]. Standalone PV systems have been designed and conducted by many
research works in rural and remote areas, but they remain serious problems and need
for improving [8]. Low energy conversion and high initial cost are the main obstacles
to the spread of SAPV systems [9].



The parameters of the equivalent electric circuit of the PV system directly affect on
the output power and I-V characteristic curve [10]. Thus, the PV module’s parameters
take essential impacts on modeling and designing a SAPV system which can influence
the availability of the system [11]. The methods were utilized for modeling a PV array
in the SAPV systems are inaccurate and simple [12]. Several conventional methods
have been employed to estimate the parameters of PV modules such as numerical,
analytical, and artificial neural networks. However, evolutionary methods (EMs) have
been proven their ability in extraction the parameters of the PV module in terms of
efficiency, fast convergences, reducing the time of execution. The values of the
parameters and |-V characteristics curve are determined under different weather
conditions [13]. Consequently, inefficient modeling of the PV system can lead to
undesirable performance and design of the SAPV system which means that the system
will be not only unreliable but also costly [14].

Another challenge is the current sizing methods of a SAPV system. The intuitive
method is simple and imprecise, which is not taking into consideration the relationship
between the components of the subsystem and using the average monthly
meteorological data [15]. Therefore, this method is suitable to give an initial
estimation and a rough approximation of a SAPV system [16]. In meanwhile, the
numerical method is the most common in the sizing of SAPV system: it uses the
meteorological data and electrical load demand to describe the performance of the
system over a large set of configurations. However, the numerical method takes very
long execution time as it explores all possible configurations of the SAPV system in
a search space. Moreover, the numerical method gives a single configuration selected
from the search space [8,17]. In the analytical method, the SAPV system’s
components are calculated by computational mathematical models to describe the
reliability of the system. The advantage of analytical methods is the simplicity in
sizing calculation while the main obstacle in estimating coefficients of these equations
which are local dependent [18, 19]. Several studies have conducted in the sizing of a
SAPV system using artificial intelligence methods. These methods can successfully
fix the unavailability of the meteorological data because they use a population-based
search algorithm to find the optimal solutions. However, the complexity of these
methods is in designing the components of a SAPV [20].

Therefore, an appropriate modeling method to identify the unknown parameters of the
PV module is necessary to obtain an efficient SAPV model. Optimization of a SAPV
system is required to increase system reliability and minimizing the capital cost.



1.3 Objectives

This research study was carried out under to achieve the following specific objectives:

1. To develop an accurate method of parameters extraction of the PV module’s
model based on improved electromagnetic-like (IEM) algorithm.

2. To optimize the size of the SAPV system using mutation adaptive differential
evolution (MADE) algorithm based on multi-objective optimization for
various types of storage batteries.

3. To validate the MADE method for sizing of the SAPV system by using
numerical method based on techno-economic criteria.

14 Significance and contribution of the study

Based on the previous objectives, the significant contributions of this thesis are
described in the following:

1. Proposing improved electromagnetic-like (IEM) algorithm to identify the five
parameters of the single PVV-module system. Six statistical tools are utilized to
show the superiority of the proposed model which are root mean square error
(RMSE), deviation of RMSE of each solar radiation level (d;), standard test
deviation of RMSE (STD), absolute error (AE), mean bias error (MBE), and
test statistic (TS).

2. Proposing mutation adaptive differential evolution (MADE) algorithm using
techno-economic criteria for determining optimal sizing of the SAPV system
considering three types of storage batteries.

3. Proposing a new flow chart energy management for a SAPV based on a
numerical approach considering multi-objective optimization.

15 Scope and limitations of work

Nowadays, the global electricity demand is increased due to the rapid developing in
the industry, increasing population, and the rising cost of bills [21]. However, most of
the rural and remote areas are without electricity. Therefore, this research focuses on
providing the right solutions for predetermined problems. The scopes and limitations
of this thesis work are:

1. An accurate PV model is obtained by estimating the five parameters of a single
PV-module system using improved electromagnetic-like (IEM) algorithm to
achieve lower root mean square error (RMSE), lower deviation of RMSE of
each solar radiation level (d;), lower standard test deviation of RMSE (STD),
lower absolute error (AE), and lower mean bias error (MBE). The solar



radiation and ambient temperature are obtained as inputs for the proposed
model.

2. The MADE algorithm is proposed to optimize the SAPV system size based on
techno-economic criteria.

3. A new flowchart for a SAPV system based on a numerical approach to find a
set of optimal configurations considering techno-economic perspectives.

4. The IEM algorithm is time-consuming. This phenomenon occurs because
exploration is performed for all particles.

5. The proposed MADE algorithm has the main obstacle which is: The results of
optimization are strongly dependent on the weights and the individual
objectives are represented by a single-objective function.

6. The actual data of load demand are not available in this research. Therefore,
the performance of the SAPV system was evaluated by using a typical load
demand for one day and then duplicated for one year.

1.6 Thesis outline

This thesis consists of five chapters, where chapter 1 shows the overview of the thesis
and contains the introduction, problem statement, objectives, significance, and
contribution of the study, and scope.

Chapter 2 outlines the literature review, which contains methods for estimating the
parameters of PV modules. Then, the components of the SAPV system are explained.
Furthermore, it also includes the mathematical model of the output power prediction
of PV mode. In addition to that, the types of methods used for sizing a SAPV system
are discussed. Finally, the limitations and challenges of a SAPV system’s performance
are summarized.

The methodology of this research work is presented in Chapter 3. The proposed
improved electromagnetism-like (IEM) model to identify unknown parameters of a
single-diode (SD) PV module is explained. The criteria used for evaluation of the
accuracy of the proposed IEM model is presented. Furthermore, the proposed mutation
adaptive differential evolution (MADE) algorithm using multi-objective optimization
to find the optimal configuration of a SAPV system is explained. Loss of load
probability (LLP), life cycle cost (LCC), and levelized cost of energy (LCE) are
obtained as objectives of the MADE algorithm. Finally, the flow chart energy
management of a SAPV system based on the numerical method is presented. A new
flow chart energy management based on the numerical approach is proposed and used
for validation of the proposed MADE method.

In chapter 4, the results of the proposed methods to extract the five parameters of the
PV module’s model and prediction of I-V and P-V data curves are presented. The
proposed PV modeling model is compared with the different methods available in the
literature. The IEM method is verified by using experimental data and the various
statistical criteria. The optimization results based on the MADE algorithm are



explained. The analysis of the MADE algorithm is performed based on hourly
meteorological data for one year. The optimal configurations based on the numerical
approach and their relationships with the techno-economic criteria for the sizing of a
SAPV system are presented. The results and discussions of findings are explained with
figures, and tables in this chapter.

Chapter 5 focuses on the conclusion and shows how the objectives of this study are
fulfilled. Finally, research contributions, limitations, and a direction for future work
are presented.
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