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ABSTRACT

The need for a more reliable power from the utility grid and ever-increasing
concerns on Greenhouse Gas (GHG) emission effect has globally promoting
Renewable Energy Sources (RES). RES is increasingly being adopted in
complementing traditional fossil fuels in the energy power supplies. Hybrid
Renewable Energy (HRE) systems incorporating wind and solar sources offers lower
costs, higher reliability, reduced investment risks, fuel diversification etc. However,
wind speed and solar radiation are characterized by their limitations of inherent
intermittency and variability. These limitations have led to the concept of optimal
sizing and reliability assessments to maintain a balance between generated power and
the system loads. Nonetheless, RES reliability assessment studies are site-specific,
but existing studies are inexhaustive given the capacity availability and reliability
requirements of various sites as well as their performance evaluations. This thesis
presents the optimal sizing and reliability assessment of a hybrid solar and wind
energy systems for a selected location. Weibull statistical method and air temperature
amplitude based statistical models are adopted for wind and solar energy potential
assessments of the selected site. The Weibull parameters were estimated using
standard deviation method for wind energy potential assessment. Moreover, the air
temperature based models of Hargreaves and Samani; Allen; Samani; and Bristow-
Campbell models were used for solar energy potential assessment. Simulation of the
uncertainty in the wind speed and its probability distribution is performed by using
Auto-Regressive Moving Average (ARMA) model to improve wind speed normal
distribution. In this approach, the best normal distribution for the simulated wind
speed for the reliability analysis is chosen. To improve the performance of the
Photovoltaic (PV) module, a single diode six parameter model is developed. First,
the P-V and I-V curves were used to generate the required constraints. These
constraints were then used to obtain the solution vector of the six parameters using
MATLAB and System Advisor Model (SAM). Also, the system’s capacity
availability and reliability was assessed using Monte Carlo (MC) simulation. Finally,
the result of the MC reliability assessment is later served as Loss of Power Supply
Probability (LPSP) constraints to Artificial Bee Colony (ABC) algorithm for the
System’s optimal sizing and enhanced reliability assessment. Results from the study
show that both wind and solar energy potential of the selected site is high and can
generate power at utility level. The ARMA simulated wind speed shows an
improvement of 21.8% in standard deviation over the measured wind speed. The
adoption of the negative components in the ARMA model transformation resulted in
least error of 23.34% in the final wind simulation. Results obtained based on the six
parameter solution vector gives improved performance of the PV module. Using the
developed MC technique, capacity availability of 100% and LPSP of zero is
achieved. The developed ABC algorithm resulted in system reliability improvement
of 98.92% when the MC results are constraint into the ABC for the optimal sizing.
Various results were validated at appropriate sections and finally, the optimal sizing
results of PV/battery RES power system is found to give the best reliability. Such a
system has great reliability and can be implemented in facilities requiring constant
power supplies such as critical infrastructure.
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ABSTRAK

Keperluan terhadap tenaga yang boleh dipercayai daripada grid utiliti serta
kebimbangan yang meningkat terhadap pelepasan gas rumah hijau (GHG) telah
mempromosikan Sumber Tenaga Boleh Diperbaharui (RES) secara global. RES telah
semakin diterima pakai bagi komplemen bahan api fosil tradisional dalam pembekalan
tenaga. Sistem Tenaga Boleh Diperbaharui Hibrid (HRE) yang menggabungkan sumber
angin dan solar menawarkan kos yang lebih rendah, kebolehpercayaan yang lebih tinggi,
mengurangkan risiko pelaburan, kepelbagaian bahan api dsbnya. Walau bagaimanapun,
kelajuan angin dan sinaran solar diklasifikasikan berdasarkan bawaan keterputus-putusan
dan kebolehubahannya. Keterbatasan ini telah membawa kepada konsep pensaizan optimal
dan penilaian kebolehpercayaan bagi mengekalkan keseimbangan antara kuasa yang
dijanakan dan bebanan sistem. Walau bagaimanapun, kajian penilaian kebolehpercayaan
RES adalah spesifik terhadap sesebuah tapak, akan tetapi kajian yang sedia ada tidak
terperinci mengenai keperluan kebolehsediaan dan kebolehpercayaan dari pelbagai tapak
serta penilaian terhadap prestasinya. Tesis ini membentangkan pensaizan optimal dan
penilaian kebolehpercayaan bagi sistem solar dan tenaga angin hibrid untuk lokasi terpilih.
Kaedah statistik Weibull dan amplitud suhu udara berasaskan model statistik telah
dicadangkan untuk penilaian potensi tenaga angin dan solar ditapak terpilih. Parameter
Weibull dianggarkan dengan menggunakan kaedah sisihan piawai untuk penilaian
keupayaan tenaga angin. Tambahan lagi, model berasaskan suhu udara Hargreaves dan
Samani; Allen; Samani; dan model Bristow-Campbell digunakan untuk penilaian keupayaan
tenaga solar. Simulasi ketidakpastian dalam kelajuan angin dan taburan kebarangkalian
dilakukan dengan menggunakan model Purata Bergerak Auto-regresif (ARMA) untuk
meningkatkan taburan normal kelajuan angin. Dalam pendekatan ini, taburan normal yang
terbaik bagi kelajuan angin simulasi untuk analisis kebolehpercayaan dapat dipilih. Untuk
meningkatkan prestasi modul Fotovolta (PV), model diod tunggal enam parameter
dibangunkan. Pertama, lengkuk P-V dan |-V digunakan untuk menjana kekangan yang
diperlukan. Kekangan ini kemudiannya digunakan untuk mendapatkan vektor penyelesaian
bagi enam parameter dengan menggunakan MATLAB dan Model Penasihat Sistem (SAM).
Selain itu, ketersediaan dan kebolehpercayaan keupayaan sistem telah dinilai dengan
menggunakan simulasi Monte Carlo (MC). Akhirnya, keputusan penilaian kebolehpercayaan
MC kemudiannya digunakan sebagai kekangan Kebarangkalian Kehilangan Bekalan Kuasa
(LPSP) kepada algoritma Koloni Lebah Buatan (ABC) untuk pensaizan optimal dan
meningkatkan penilaian kebolehpercayaan sistem. Hasil daripada kajian menunjukkan
bahawa keupayaan kedua-dua tenaga angin dan solar di tapak terpilih adalah tinggi dan
bolen menjana kuasa pada tahap utiliti. Kelajuan angin yang disimulasikan oleh ARMA
menunjukkan peningkatan sebanyak 21.8% dalam sisihan piawai berbanding dengan
kelajuan angin yang diukur. Penggunaan komponen negatif dalam transformasi model
ARMA telah mengurangkan sisihan sebanyak 23.34% dalam simulasi angin akhir. Hasil
yang diperoleh berdasarkan enam vektor penyelesaian parameter telah meningkatan prestasi
modul PV. Dengan menggunakan teknik MC yang telah dibangunkan, kapasiti
kebolehsediaan sebanyak 100% dan LPSP sifar telah dicapai. Algoritma ABC yang
dibangunkan telah menghasilkan peningkatan kebolehpercayaan sistem sebanyak 98.92%
apabila hasil MC menjadi kekangan ke dalam ABC untuk pensaizan optimal. Pelbagai hasil
telah disahkan pada bahagian yang sesuai dan akhirnya, keputusan pensaizan optimal bagi
sistem kuasa RES PV/ bateri telah diperoleh dan memberikan kebolehpercayaan yang
terbaik. Sistem sedemikian mempunyai kebolehpercayaan yang tinggi dan boleh
dilaksanakan dalam kemudahan yang memerlukan bekalan kuasa malar seperti infrastruktur
yang kritikal.
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CHAPTER 1

INTRODUCTION

1.1  Background

The ever increasing demand for energy due to the increasing world
population and global climate change due to greenhouse gas (GHG) emission from
the usage of fossil fuel are becoming sources of concern. The fast rate of fossil fuel
depletion for power generation and the effect on the environment is quite alarming
[1]. These prevailing conditions necessitated an urgent need for alternate energy
sources [2]. Renewable energy sources (RES) such as biomass, wind, geothermal,
tide and solar power systems are clean, source free and environmentally friendly

alternative energy source [3].

The provision of reliable and affordable electrical energy to the end users
customers is the sole responsibility of the electrical energy utility provider. However,
the electric power supply situation in Nigeria has been a major source of serious
concern. The irregular power supply throughout the nation has hindered the socio-
economic growth and industrialization of the country. Additionally, it has lead an
increase in air pollution due to individual stand-alone diesel generators. Various
government incentives and policies have little or no effect to improve the availability

and reliability of the electric power supply [4].

The aviation sectors in Nigeria are placed on the dedicated power supply
because of the need for safe air navigation at both en-route and terminal navigational
facilities. The point to point and azimuth position of the aircraft, distance position,
precision runway centreline, and landing angle are provided for safe aircraft
guidance and landing. These radio navigation aids are manufactured with high
precision reliability and safety standards according to the international civil aviation

organization (ICAO) standards and regulations. However, for these navigational



systems to perform optimally for the purpose to which they are designed, they

require constant stable, quality, and reliable power supply.

Recently, RES technology such as wind turbine (WT) and solar photovoltaic
(PV) though stochastic in nature are becoming more popular for electricity
generation. Wind and solar energy are of the most preferable renewable energy
resources being utilized around the globe, Moreover, they are source free,
inexhaustible in nature, sustainable, complementary, and green in nature as well as
their integrative equipment for proper sizing and configuration [5]. Both wind speed
and solar radiation are intermittent and variable globally. The wind speed probability
distribution ultimately plays an important role in the planning, selection, and
prediction of the output power of the wind energy conversion system [1].

The global solar radiation level which is a vital parameter in estimating the
solar energy of a location is not always available and therefore the need for global
solar radiation estimating models [2]. Also, the meteorological parameter such as
sunshine hours and cloud cover for solar radiation estimation are not readily
available in most locations due to limited meteorological stations and professional

meteorological measuring instruments [3].

The inherent stochastic nature of wind speed is a major drawback for wind
energy power systems. In order to represent the wind speed in its true characteristics,

various models have been proposed for simulation of the wind speed [4].

The two major parameters that strongly determine the performance and
availability of a PV module at a particular site location are the solar radiation level
and the PV-module temperature. A detailed PV modelling required parameters
beyond what is provided in the PV panel datasheet [5]. Various works have been
done representing the PV module as a single diode model and the double diode
model, however the double diode model is much complex in analysis [5]. The single
diode five parameters model has been adopted for the PV module performance

model prediction using such methods as panel I-V curve, analytical solutions,



experimental and PV panel datasheet values [5] and each resulted in various degrees

of accuracy.

Individual implementation of wind and solar RES power supply may lead to
significant oversizing thereby resulting in the high cost of energy and poor system
reliability. Therefore, to mitigate power fluctuations, improve reliability and for a
cost effective energy system call for integration (hybridization) of the different RES
technologies [6]. Several methods have been applied for modelling, optimal sizing
and performance analysis of hybrid RES with different configurations. Recently,
artificial intelligent technique has gained more popularity in RES optimal sizing and
economic analysis. The analytic technique and probabilistic method and their
variants are the most popular reliability performance assessment of the optimal sizing
RES configuration adopted by the researchers [7]. The analytical technique in most
cases is considered for a conventional power system while the probabilistic method

is most prefer in stochastic RES power system reliability assessment.

Therefore, the aim of this research study is to address the problem of irregular
power supply to sensitive equipment such as navigational aids system used in the
aviation industries in Nigeria. The inherent uncertainties nature of the wind speed
and solar radiation will form the basis for the formulation of the objectives of the

research.

The current research work presents a study for a stand-alone hybrid
wind/solar/battery power system with availability and reliability of 100%. The
research study includes the development of models for wind and solar energy
potential assessment of the selected location, the development of an improved
simulation models for wind speed uncertainties distribution, to develop an improved
solar PV performance model based on single diode model, the development of a new
availability and reliability technique based on Monte Carlo and the development of

an improve optimal sizing algorithm based on artificial bee colony optimization.



1.2 Problem Statement

From literature, the limitation of wind speed and solar radiation are mainly
due to their inherent intermittency and variability and have been a source of major
concern in the field of research studies globally. Studies have been carried out on
reliability assessment and RES optimal sizing; however, limitations on the adopted
methodology still exist. Wrong determination of the RES type selection as well as
the energy conversion system capacity, improper representation of the wind speed in
its true characteristics, as well as the effect of solar radiation level and PVV-module
temperature on the performance of the PV module based on the single diode

parameters need to be improved.

Also, individual implementation of wind and solar RES power supply may
lead to significant oversizing thereby resulting in high cost of energy and poor
system reliability. Therefore, mitigation of the power fluctuations, improvement of
reliability and effective energy system call for integration (hybridization) of the
different RES technologies. Analytical technique, probabilistic method and their
variants are the most popular reliability performance assessment of the optimal sizing
of RES configuration adopted by researchers. The analytical technique in most cases
is considered for conventional power system while the probabilistic method is most
preferred in stochastic RES power system reliability assessment. To circumvent the
limitations of the analytical method application in RES reliability assessment, an
improved analytical based method for RES capacity availability needs to be

introduced for improving the reliability assessment indices.

This research study, therefore, aims at developing an improved Monte Carlo
based analytical method for optimal sizing and reliability of a hybrid RES stand-

alone power system.



1.3 Objectives
Based on the above-mentioned problem statement, the research objectives are
as follows:

I.  To assess the potential of solar and wind RES of a selected geographical
location in Nigeria.

ii.  To develop an improved simulation framework for stochastic auto-regressive
moving average (ARMA) time series model of wind speed using Box-Cox
transformation.

iii.  To develop solar radiation prediction algorithm based on MATLAB and
SAM applications.

iv. To develop an improved technique based on Monte Carlo for accurate
availability and reliability assessment of a stand-alone hybrid RES power
system.

v. To develop an algorithm based on an artificial bee colony (ABC) for
wind/solar hybrid RES optimal sizing.

1.4  Scope

The focus of this research work is on the design, development and optimal

sizing of a stand-alone hybrid RES power supply system capacity availability and

reliability assessment of the system. The scope of this research will include the

following:

Wind and solar renewable energy sources are only considered for this
research work. Other RES such as biomass, hydro, etc. will not be
considered.

Only the hourly and average monthly historical meteorological solar
radiation, wind speed, temperatures, air pressure and relative humidity data

will be utilized for this study.



Vi.

Vii.

viil.

1.5

The research will involve feasibility study of the selected geographical
location to determine its wind and solar energy potentials. The meteorological
data utilized will be limited to the monthly average data.

To accomplish the solar and wind energy potential assessment, Weibull and
Samani statistical models are utilized.

The uncertainties nature of wind speed distribution will be investigated under
time series analysis by developing auto-regressive moving average (ARMA)
model based on Box-Cox transformation. Hourly meteorological wind speed
data will be utilized.

PV module model development for six parameters derivation for the
forecasting and environmental effect on the performance of the selected
module.

Capacity availability and reliability assessment of the RES hybrid power
system to be analyzed by developing a Monte Carlo based technique. Hourly
meteorological data only will be utilized.

The techno-economic analysis of the study will not be elaborated since the
study is more focus on RES power system availability and reliability.

The focus of the study is on RES power supply capacity availability and
reliability assessment and optimal sizing therefore, only loss of power supply
probability (LPSP) reliability concept will be analyzed.

Simulations are performed using MATLAB, R programming and System
Advisor Model (SAM) environments.

Significance of the Study

The significance of the research study include the followings:

The developed technique for power system reliability assessment could be
adopted in hybrid RES applications.

Using the developed technique stand-alone RES power system can be
implemented in facilities such as airports, nuclear power stations etc. where
very high system availability and reliability are required for safety reasons. It

could be also implemented in areas where utility main grids are not provided.



iii. A RES power system with high availability and reliability has great
economic benefits by reducing/eliminating load and system components
failures and the cost that follow such failure consequences.

iv.  The introduction of RES hybrid power systems could enormously improve
the economic and social status of rural communities, riverine and
mountainous areas where utility transmission lines are absent.

v. A RES power with high reliability has zero carbon emission and therefore has
environmental benefit and comply with the Kyoto Protocol international
global climate change agreement of 11th Dec. 1997 aimed at reducing

greenhouse gas emissions.

1.6 Thesis Organization

There are five chapters all in this thesis. Chapter 1 is introductory and gives
the overall view of the study. It discusses the research background, problem

statement, research objectives, research scope, and significance of the study.

Chapter 2 is devoted to the critical literature review of various research
aspects as related to this study. The state of energy crisis in Nigeria and the RES
potential, assessment and application was reviewed. The review of the solar energy
conversion system along with solar radiation prediction models and PV array
performance estimation was followed. Then the review of the wind energy
conversion system along with wind turbine performance analysis and time series
ARMA modelling was performed. The chapter also reviewed RES reliability
assessment, hybrid RES systems and finally the optimal sizing of hybrid RES.

Chapter 3 is the presentation of the methodology applied to implement the
objectives of the research work. The chapter began with methods adopted for RES
data collection and this was followed with solar radiation prediction model
development. The methodology adopted for solar and wind energy potential

assessment of the selected site location was then described. In this chapter, the



expected load demand of the aircraft ground navigation system was established.
Furthermore, the ARMA time series modelling method was developed after which
the PV prediction performance methodology was fully described. The sequential
Monte Carlo technique developed for the system reliability assessment, ABC
algorithm optimal sizing method, simulations and economic analysis of the RES

methodologies were fully discussed in this chapter.

Chapter 4 presents the results and discussions. These include the RES
potential of the selected site and the validation of the results, ARMA time series
modelling analysis, the Monte Carlo reliability assessment and the different RES

configuration scenarios.

Finally, Chapter 5 presents the conclusion of the outcome of this study, the

contributions and suggestions and the recommendations for future research.
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