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ABSTRACT 

Global warming is curre1:-tly a worldwide concern due to the rising pollution in 

theecosystem; this is a result of the ever-increasing demand for electricity which depends 

on fossil fuel. Therefore, using other renewable energy resources such as solar energy has 

been investigated as an alternative power generating resource in the past few decades. 

The main purpose of this thesis is to develop a solar panel model, which gives a real 

operation condition according to IEC standard and real life recorded data. Therefore, two 

models are implemented, developed, and validated. The DC I DC converteris implemented 

and studied under different operation conditions, an AC I DC inverteris presented and 

studied for solar energy application. In this thesis a novel approach was presented by the 

use of back of the panel temperature to measure and calculate the solar model parameters 

which mimic the real operation of a PV cell. Finally MATLAB simulator 2012a version is 

used to design and simulate a solar power generators for domestic load, the result of 

implemented circuit is discussed in details. 

Keywords: Solar energy, solar panel model, DC/DC converter, AC/DC inverter, solar 

power for domestic "load 
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CHAPTER ONE 

INTRODUCTION 

1.1 Overview 

This chapter is composed of an introduction to the thesis where a literature review is done 

and the objectives and the outline are discussed in details besides a block diagram of the 

thesis plan is given. 

1.2 - Introduction 

As a matter of fact no one can deny that electricity is an important part in our everyday 

life. Furthermore, electricity actually plays an essential role in the development of industry, 

agriculture, medicine and all fields of human activities. The global primary electric energy 

demands are met largely from conventional energy source as fossil fuels, which add to 

environmental degradation problems through gaseous emissions, using renewable and 

unconventional energy power sources will help to control, replace and avoid adverse 

environmental impacts [ 1, 2, 3]. 

The Solar energy is an inexhaustible resource, where the sun produces vast amounts of 

renewable solar energy that can be collected and converted into heat and electricity. The 

ecological life depends on the sun's energy. Which is very important for the chemical and 

biological processes on our planet [ 4, 5]. "It is an established and accepted fact that solar 

energy will play an increasingly important role in the future as it is cleaner and easier to 

use and environmentally being and is bound to become economically more viable with 

increased use"[ 6]. 

1 



e importance of solar energy is outlined by [7] in the following points: Renewable and 

free, Safe and clean. Less maintenance required, Cost-effective in remote areas, Provides 

energy independent of the power grid, and Flexible and adaptable. 

From the 50's of the last century scientists are trying to find a new technology to generate 

clean energy. The sun is considered to be the most important one because it's clean and 

renewable source through use of Photovoltaic cells which were convert sunlight to 

electricity. A photovoltaic (PV) is the most promising one as a future energy technology 

[8, 9, 10] and has less operational and maintenance costs [11, 12]. 

In general, the basic elementary device used in PV systems is the PV cell; a PV cell is 

consisting of semiconductor material which directly converts sunlight into electricity [13]. 

A group of cells interconnected in series or parallel to form a new building block so called 

PV module [ 14]. The modules are then connected together depending upon required 

voltage and current and general series and parallel topologies are used in order to increase 

voltage and current respectively. A PV array is formed by series and parallel combinations 

of modules and the produced power is direct current (DC) [ 15]. 

However, in photovoltaic power generator system the interface between source (solar 

array) and load (utility grid) consists of three stages, which are solar array, the DC-DC 

converter with a maximum power point tracker (MPPT), and inverter. In order to study the 

characteristic of a PV system modeling of the PV array is necessary. 

A PV device is a nonlinear device and the characteristic of generating power depend 

essentially on solar irradiance and cell temperature [2, 11, 15]. The system can be 

mathematically modeled based on the theoretical equations that describe the functioning of 

the PV system using the equivalent circuit [9, 16, 11]. The equivalent circuit of a single 

solar cell could be modulated by using one current source, one diode or two diodes when 

more accuracy is required, and parallel resistor (Rp) with series resistor (Rs) connected in 

series [ 16]. 

Due to the nonlinear characteristics of PV cell with weather and load condition on one side 

and the high capital cost of PV array on other, maximum power point tracking (MPPT) 

control technique is essential in order to extract the maximum available power from PV 
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array in order to maximize the efficiency of PV array [ 12, 1 7]. Therefore, the MPPT is 

used to control a DC/DC converter which inserted between PV generator and inverter 

circuit. The role of MPPT algorithms controls the switching of DC-DC converter by 

applying pulse-width modulation (PWM) technique [17, 18]. 

The last part of a standalone PV power system is an AC I DC inverter; the main function of 

the inverter changes the generated voltage from the PV from DC to AC to be used in 

supplying normal AC load for household and industrial appliances which need AC current. 

In this thesis several PV modules are proposed and simulated, the best model is selected 

according to the empirical result and validation data. To validate the selected model, these 

data that consist of voltage, current, temperature, and solar irradiance were recorded. 

Thereafter, the selected module of PV array will be connected with DC/DC converter 

controlled by MPPT algorithm, and the better MPPT algorithm and DC/DC converter will 

be selected according to literature survey. 

Finally the DC/AC inverter will be designed to achieve AC current in the final stage of PV 

system, where the best design will be selected according to the simulation result. After 

that, a small scale PV power system implemented and validated to supply the domestic 

load. 

1.3 Literature review 

This section includes research papers and published articles related to modeling of PV 

systems. Many parameters affected the operation of PV, to calculate some parameters 

which uncovered by data sheet has been addressed by few research works. For instance, in 

[2], the authors implemented a generalized photovoltaic model using Matlab/Simulink, 

which is representative of a PV cell, module, and array; the proposed model connected to 

power electronics for a maximum power point tracker. Taking the effect of sunlight 

irradiance and cell temperature into consideration, they assumed that Rs = 0 and Rp = o: for 
easy calculation and to approximate the results. 
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Using an incremental conductance method for MPPT algorithm theory presented in [ 4] 

where Matlab Simulink used, to simulate a Solar Photovoltaic module using The I-V and 

PV characteristics are obtained for various values of solar insolation keeping the cell 

temperature constant. They proposed for further work using the proposed simulation model 

in conjunction with MPPT algorithm can be used with DC-DC Boost converter. The 

authors in [ 11 J study the use of numerical methods to find such parameters which are not 

provided by the manufacturers data sheet, for example Rs, Rp, A, 10, lsat, by using internal 

parameters were given in the PV module datasheet, they present a new improvement and 

modification for some of the existing models under standard test condition (STC) and 

under varying environmental conditions. 

In [ 15) a solar cell single diode model parameters from experimental data were extracted, 

the author suggested a number of methods for measuring the series resistance (Rs ) of a 

solar cell, other parameters, such as Rp, Isat, and ideality factor of a diode (a) at a particular 

temperature and solar irradiance can be computed from the other parameters which were 

provided by the manufacturer data sheet of PV panel. 

The Authors in [18) have proposed a method for modeling a photovoltaic array, they 

calculate unknown parameters of PV array by adjusting the nonlinear 1-V curve at three 

points: maximum power (Vm), short circuit (I sc), and open circuit (V 0c), These three points 

provided by the manufacture PV array datasets, the method finds the best 1-V equation for 

the single-diode photovoltaic model including the effect of the series and parallel 

resistances, and warranties that the maximum power of the model matches with the 

maximum power of the real array, they present a simple, fast, accurate, and easy-to-use 

modeling method for using in simulations of PV systems. 

In order to validate the MATLAB simulated model of PV array presented in [19), the 

proposed model is based on mathematical equations, to find out the equivalent circuit of 

PV array which includes a photocurrent source, a diode, a series resistance (Rs) and a 

parallel resistance (Rp), The developed model allows the prediction of PV cell behavior 

under different physical and environmental parameters. They presented that the obtained 

results are in good agreement with the simulation ones. The authors in [20) proposed a 

model of a PV array, which uses only parameters given by manufacturer datasheets 
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,ithout the use of any numerical calculation, they suggested that the electrical parameters 

the modules can be changed and it will be different from those given by the 

manufacturer when the PV Array is getting older. Therefore, the behavior of the 

mathematical model of a PV module can't match the real operating conditions. The 

simulated model based on Shockley diode equation to build an accurate PV module. 

An electric model is presented in [21] the electrical model consists of photo-current current 

ource, a single diode junction and a series resistance, and also includes temperature 

dependences, this model is used to investigate the variation of maximum power point with 

temperature and insulation levels. A comparison of buck versus boost MPPT topologies is 

made, and compared with a direct connection to a constant voltage (battery) load. The 

boost converter shows it has a slight advantage over the buck, since it can always track the 

maximum power point. 

A simple inverter consists of one stage single phase was presented in [22] the inverter 

connected with DC -DC converter which integrated the MPPT, also the authors have 

presented, the control approach which based on the current and voltage amplification. They 

show that using two DC/DC converters connected to a common inverter, which has more 

advantages than using centralized DC/DC converter, the designed topology considers a 

suitable for small or large-scale solar power generator. 

In [23] a complete solar power generator system was presented which consists of PY 

panel, an MPPT controller with DC/DC buck converter, and inverter, and cloud generation. 

They developed two systems in this study: first, a centralized MPPT for all PV's and the 

second strings MPPT connected with each panel in the array individually. For each system, 

a best case and worst-case weather scenario were run. The performance of each system 

was observed and compared. The authors investigated that the performance of distributed 

MPPT is better than the centralized one in the cloudy weather situation but in the sunny 

day there is no difference between the two systems. 

Two MPPT algorithms developed in [24] used to control a high efficiency of DC-DC 

converter, the MPPT algorithms were used are Incremental Conductance (INC) method 

and Perturbation and Observation (P&O) method are applied to the converter. The 
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simulation results of 3kW PV array together with the converter show that the P&O method 

is more appropriate than the INC method because it gives a higher speed and accuracy of 

system performance. 

In [25] the authors have presented a low-cost implementations of the P&O maximum 

power point tracking algorithm, they developed a new method to limit the negative effects 

of P&O algorithm which are, at steady state, the operating point oscillates around the MPP 

giving rise to the waste of some amount of available energy, also the P&O algorithm can 

be confused during those time intervals characterized by rapidly changing atmospheric 

conditions, they suggested that the P&O MPPT parameters must be customized to the 

dynamic behavior of the specific converter adopted in order to avoide the negative effects 

of P&O algorithm. 

In [26] the authors implemented several MPPT algorithms to evaluate the best 

performance among the most commonly used of MPPT techniques, making meaningful 

comparisons with respect to the amount of energy extracted from the photovoltaic panel 

tracking factor (TF) in relation to the available power. The experimental results are 

presented for conventional MPPT algorithms and improved MPPT algorithms named IC 

based on proportional-integral (PI) and perturb and observe based on PI, finally the table 

of comparison showed that the P&O algorithm has a simple circuit implementation, good 

accuracy, and good tracking factor. 

In [27] the authors developed a photovoltaic simulation system with MPPT function using 

Matlab/Simulink software in order to simulate and evaluate the behaviors of the real 

photovoltaic systems. After that, a DC/DC buck-boost converter with two different MPPT 

algorithms established and simulated. The research found that P&O algorithm possesses 

faster dynamic response than INC algorithm owing to its simple judgment procedure in 

every perturbing period. 

All these recent works aimed of modeling a PV System by using MATLAB simulated 

package, and mathematical equations were used for modeling a single solar cell, in [2], 

[20] the authors neglecting the parallel resistor and series resistor of solar cell, but in [ 4], 

[11, 18, 19, 23, 24] the authors take in their consideration Rs and Rp and they highlighted 
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the effect of these resistors on the output of PV array specially when there is validation 

data (real time recorded data) which compared with simulated result. Also the authors in 

[24, 25, 26, 27] are presented that the two very common MPPT algorithms are INC and 

P&O, these two algorithms are shared same features which are, simple circuit 

implementation, low cost implementations, higher speed and accuracy of system 

performance. 

In [27] the authors used P&O with INC algorithm to control the DC/DC converter they 

found that the best structure was a Buck - boost converter. In [22] the authors found that 

the using individual DC/DC converter with each PV panel is better than used centralized 

DC/DC converter for PV's. Also in the same article [22] the authors proposed a single­ 

phase inverter, which are, consist from full bridge circuit, they proved that the proposed 

inverter is suitable for large-scale solar power generator. 

Therefore, in this thesis MATLAB simulated package will be used to simulate the PV 

array, and P&O algorithm will be used to control a DC/DC converter to achieve MPPT , 

also a single phase inverter is presented by using the PI controller for the PV modeling 

system. 

The final judgment about the best PV model, MPPT algorithm, will be according to the 

simulation result and validation data to validate best circuit design. 

1.4 Thesis Objectives 

The main objectives of this thesis are 

1. To study the different circuits of PV array in order to select the best one. 

2. To design and study a DC/DC converter, and MPPT algorithms for PV application. 

3. To study a DC/AC inverter for PV application. 

The ultimate objective of this thesis is to build a solar power generator in small scale to 

supply a householder in the Koya city (KRG of IRAQ); this will be developed by using 

MATLAB Simulink environment based on real life data recorded. 
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1.5 Thesis organization 

The thesis has been organized into five chapters. 

Chapter One: is an introduction of the thesis. This chapter provides the introduction of the 

thesis, literature reviews, thesis objectives, thesis organization, finally a block diagram that 

describes the organization of the thesis. 
-, 

Chapter Two: Focuses on solar energy, application, PV (cells, panel, and array), types of 

solar cells, and the modeling equations, which are used to build a simple solar cell , where 

two models of solar cell module are given. 

Chapter Three: Explains power electronic devices, MPPT concept and algorithms, an 

introduction to DC/DC converter with focusing on buck-boost converter, and finally 

DC! AC inverter with controlling strategies are given. 

Chapter Four: Experimental and implementation result discussed and compared with 

simulation results of the overall PV power generator. 

Chapter Five: Draws a conclusion for this dissertation and proposes future work. The 

recommendation is also discussed in this Chapter. 
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CHAPTER TWO 

SOLAR ENERGY 

2.1 Overview 

In this chapter, the following topics will be discussed: diffuse and direct solar radiation, 

solar constant, and solar applications, thermal and electric forms. In addition to PV cell 

types, application, PV array model, topology, and proposed modeling. 

2.2 Diffuse and Direct Solar Radiation 

The most important supplier of energy for Earth is the sun. The whole life depends on the 

sun's energy. It is the starting point for the chemical and biological processes on our 

planet. At the same time it is the most environmentally friendly form of all energies, it can 

be used in many ways, and it is suitable for all social systems [28]. The Sun is made up of 

about (80) % hydrogen, (20) % helium and only (0.1) % other elements. Its Radiant power 

comes from nuclear fusion processes, during which the Sun loses 4.3 million tons of mass 

each second, to be converted into radiant energy [29]. As sunlight passes through the 

atmosphere, some of it is absorbed, scattered, and reflected by the following: [29] 

- Air molecules 

- Water vapor 

- Clouds 

- Dust 

- Pollutants 

- Volcanoes 

This is called diffuse solar radiation. The solar radiation that reaches the Earth's surface 

without being diffused is called a direct beam solar radiation. The sum of the diffuse and 

direct solar radiation is called global solar radiation. Atmospheric conditions can reduce 
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direct beam radiation by (10)% on clear, and dry days and by (100)% during thick, and 
r 
cloudy days [29]. 

In other words, on a clear day the amounts of diffuse energy are (15-20) % of global 

irradiance whereas on a cloudy day it will be (100) %, sunlight that reaches the earth's 

surface without scattering is called direct or beam radiation. Scattered sunlight is called 

Albedo radiation, and the sun of all three components of sunlight is called global radiation 

[27]. 
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Figure 2.1 Diffuse and direct Solar Radiation Source [30]. 
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2.3 Solar constant (Irradiance) 

The solar constant is defined as the quantity of solar energy (W/m2) at normal incidence 

outside the atmosphere ( extraterrestrial) at the mean sun-earth distance. Applying the 

Stefan-Boltzmann's law to the Sun and Earth the radiant flux, received from the Sun 

outside the Earth's atmosphere can be calculated as a mean value of(1367.7 W/m2) [31]. 

Solar constant acquires special importance in the applications of solar energy so that it 

cannot in fact access to the amount of energy from the sun is higher than the value of solar 

constant [32]. 

The solar constant actually varies by(~ 3%) because of the Earth's slightly elliptical orbit 

around the Sun. The sun-earth distance is larger when the Earth is at perihelion (first week 

in January) and smaller when the Earth is at aphelion (first week in July), the distance 

between earth and sun is another factor affecting solar radiation, and the variation, and 

refers to the solar constant as the power per unit area received at the average Earth-solar 

distance of one "Astronomical Unit" or AU which is (149.59787066) million kilometers. 

Various different measurement units are used when dealing with solar radiation, often 

incorrectly even by some solar specialists [33]. The total specific radiant power, or radiant 

flux, per area that reaches a surface is called Irradiance. Irradiance is measured in W /m2 

and has the symbol E. When integrating the irradiance over a certain period it becomes 

solar irradiation. Irradiation is measured in either J/m2 or Wh/m2, and represented by the 

symbol H. Since the variation of annual irradiations from year to year can be well over 20 

% [32]. 

.r: 

The specific direct solar irradiance Edir that reaches an inclined surface is lower depending 

on the cosine of the angle of incidence cp: 

Ectir = Ebeam COS cp (2.1) 

This is illustrated in Fig. 2.2 where it can be seen that for with increase of the angle cp the 
same radiation power covers a larger area, thus decreasing the irradiance as per area value. 
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-Figure 2.2 Earth's atmospheric effect on the solar radiation attenuation [32]. 

2.4 Solar Energy Power Generation 

At the present time, solar energy can be harnessed in many ways, including using it for 

water heating, solar heating and cooling of buildings, crop and vegetable drying, and 

greenhouse agriculture. The solar radiation can be captured and converted into useful 

forms of energy, such as heat and electricity [34], this thesis focus on using solar energy to 

generate electricity. There are two ways to generate electricity from the sun which are: 

2.4.1 Solar Thermal Electricity Generation 

Solar thermal energy can be collected at large scale and complex collectors are generally 

used in solar power plants where solar heat is used to generate electricity by heating water 

to produce steam which drives a turbine connected to an electrical generator. Light from 

the sun may be collected using huge mirror arrays focused onto a receiver at the top of a 

tower [34]. 

Most commercially attractive is the solar thermal electricity generation system developed 

by Luz, which uses parabolic reflectors to warm heat-transfer oil running through a pipe at 

the focus of the reflector. This heated oil is used to raise steam to power a turbine [34]. 
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Figure 2.3 Solar thermal plant Source [30]. 

2.4.2 Photovoltaic PV (Solar cell) 

Photovoltaic (PY) or Solar cell is a Semiconductor material that converts sunlight to 

electricity. Common seals are Silicon. The photovoltaic process does not produce any 

emissions; PV's have played an important role in our life, such as feeding satellites with 

needed electricity and they have many applications. The simplest solar cells provide small 

amounts of power for watches and calculators. More complex systems can provide 

electricity to houses and electric grids. Usually though, solar cells provide low power to 

remote, unattended devices such as buoys, weather and communication satellites, and 

equipment aboard spacecraft [35, 36]. 

2.4.2.1 How to produce electricity by photovoltaic cell? 

Photovoltaic cell made from at least two layers of the semiconductor material which is 

usually silicon. A positive layer which is called p-type, the other layer negative which is 

called n-type, and between them an area that is called p-n junction [36, 3 7]. 

When light enters the cell, some of the photons from the light are absorbed by the 

semiconductor atoms, freeing electrons from the cell's negative layer (n-type) to flow 

through an external circuit and back into the positive layer (p-type) this flow of electrons 
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produces current [38, 39). Typically, a PV cell generates a voltage around (0.5) to (0.8) 

voltsdepending on the semiconductor and the built-up technology [10, 40], these cells are 

connected with each other in a sealed so-called module. When two modules are connected 

with each other in series the voltage will be doubled, while the current remains constant, 

but when two modules are connected in parallel the current will be doubled and the voltage 
·., 

remains constant [ 40]. 

For the current and the voltage that be required many numbers of modules are connected to 

each other in a series and parallel form which is called an array. The following figures 

shows photovoltaic cell, module, and array [ 40). 

A pt,otovott:alc ceu generates electJiclfy VI/hen ttradla1ed b_y .sunlight. 
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Figure 2.4 Components of PV Cell Source [30]. 
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Figure 2.5 Photovoltaic Cell, Module, and Array Source [30]. 
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2.5 Photovoltaic Module connections 

Modules in series: When photovoltaic modules are connected in series increasing the 

voltage of the system. The final system voltage is the sum of the individual voltages of 

each module [ 41]. 

Vtotal =Vi + Vz + V3 + ... + Vn (2.2) 

• 
'IV=)U 
, - I 

1.J 

Figure 2.6 Modules in series [ 41]. 

Modules in parallel: Photovoltaic modules are connected in parallel to increase 

the current of the system. The final current is the sum of the individual currents of 

each module [ 41]. 

ltotal = 11 + h + l3 + ... + In (2.3) 

Figure 2. 7 Modules in parallel [ 41]. 
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2.6 r Photovoltaic (PV) generations 

The first generation of PV cells was discovered at Bell Telephone in 1954, when scientists 

discovered that silicon (is one of element found in sand) created an electric charge when 

exposed to sunlight [39]. Traditional solar cells are made from silicon, one of the most 

common elements on Earth [35]. Second-generation of PV cells changed names of PV 

cells into thin film solar cells because they are made from amorphous silicon or non-silicon 

materials such as Cadmium Telluride Thin film solar cells use layers of semiconductor 

materials only a few micrometers thick [39]. 

The last generation is third-generation solar cells were made from a variety of new 

materials besides silicon, including solar inks using conventional printing press 

technologies, solar dyes, and conductive plastics [ 42]. 

2.7 Types of Photovoltaic Cells: 

There are four types of photovoltaic cells categorized according to silicon crystal and 

efficient rate and cost of production: [35, 39, 40, 43]. 

1. Monocrystalline silicon(l 5) % efficient, made up of sections of a single silicon 

crystal. When cooling, the molten silicon solidifies into a single large crystal, 

typically expensive to make (grown as big crystal). 

2. Multicrystalline silicon (10-12) % efficient, these are formed by crystallized small 

particles. During the cooling of the molten silicon, it solidifies creating many 

crystals. Their appearance is blue too, but it is not uniform, since we can 

distinguish several different colors created by the glass , cheaper to make ( cast in 

ingots). 

3. Thin film silicon (4-6) % efficient, cheapest per Watt, easily deposited on a wide 

range of surface type. 
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~- Amorphous: These cells are produced when the silicon has not yet crystallized 

during processing, and it produces a gas that is projected onto a glass slide. They 

are able to operate with low diffuse light, even on cloudy days. The cost is much 

smaller and it can accommodate both flexible and rigid media. Against this, the 

performance, in full sunlight conditions, is between (5 -7) %, and it decreases, with 

the pass of time, around (7) %. 

(B) (C) 

Figure 2.8 Example silicon cell in a panel, (A) single crystal silicon , (B) multicrystal Si., 

(3) amorphous Si [44). 

2.8 Photovoltaic Applications 

Photovoltaic system generates clean electric power, PV provides a suitable energy source 

for remote regions with no other electricity source. For example, photovoltaic systems can 

be used to supply electricity for: [45, 46, 47]: 

1. Small scale such as domestic load or a large scale such as grid connected solar 

power plant. 

2. Telecommunication repeater stations using of PV panel to power mobility, radio 

communication, telephones, remote control systems, emergency call boxes, 

microwave links, The range of power that is used in these systems varies from a 

few watts for an emergency call system to several kilowatts for large radio 

repeaters. 
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3. J\erospace application used PV panels to supply satellites, space station and 

telescopes which used in monitoring the space . 

4. Water pumps: water pumping for irrigation, drinking, and small industrial 

purposes, this technique especially used in rural areas because, although the 

electricity is used as it is generated, the water can be stored in tanks during daylight 

' hours and then using water by gravity when it was needed at night. 

5. "Village and remote residences: due to the electricity network is far away and the 

distance between the houses is large although, the number of population is few. The 

PV system supplies energy effectively for the operation of refrigerators, televisions, 

lightings, radios, etc. 

6. Lighting: PV lighting is very common in remote locations such as nature preserves, 

mountain areas, highway signs, or rural towns and villages, street lighting, security, 

gardens, vacation cabins, and the car's sparking, these kinds oflighting systems are 

reliable and cheap cost. 

7. Handle electronics devices: One of the uses of PV technologies is handling 

electronics that require low energy, such as watches, calculators, cameras, which 

are working well, even in normal light environments such as classrooms and 

offices. 

8. Battery Charging: Photovoltaic system provides constant and small current to the 

batteries to prevent discharge problems. These PV cells are very reliable and a 

cheap solution in these cases. 

9. Warning signal: PV is used to power warning signal in several areas such as the 

transportation, oil industries, utility and military. This warning signal that could be, 

highway warning signs, transmission tower, navigational beacons. 

10. Remote observation: the applications of photovoltaic have become very large and 

observation system is one of these largest applications. PV systems are used to 

monitor the water, weather, temperature, flow rate and oil pipes. 
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Figure 2.9 Example of PV's application [30]. 

2.9 Photovoltaic Topologies 

Photovoltaic systems can be grouped into stand-alone systems and grid connected systems. 

In stand-alone systems, the solar energy supplies the energy demand. Since the solar 

energy yield often does not match in time with the energy demand from the connected 

loads, additional storage systems (batteries) are generally used. If the PV system connected 

by another power source such as, a wind generator or diesel generator, this is known as a 

photovoltaic hybrid system. In grid-connected systems, the public electricity grid functions 

as an energy store [ 4 7] the overall topology shown in Fig. 2.10. 

- Direct coupled PV system 

In direct-coupled system, the PV array is connected directly to the load. Therefore, the PV 

operates only whenever there is solar radiation, so, this system has very limited application 

such as water pumping. 

- Stand alone system (Off Grid) 

Stand-alone system is used in areas have not access to a public grid , such as remote area 

and rural places, the produced energy usually stored in batteries. This system composed 
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from the PV array, batteries, charge controller, and sometimes inverter when AC current 

required. 

- Grid connected system (On Grid) 

Nowadays, the grid connected system is a usual practice to connect PV system with public 

grid, this means that "sunshine" system supplies the domestic, commercial, and industrial 

load, the remain of the harvested energy will be sold to one of electricity supply 

companies, this system usually composed from PV array and inverter. 

"· - Hybrid connected system 

In the hybrid system, more than one electricity generators are used with the PV system 

such as wind turbine and diesel generators, this system composed from the PV array, and 

inverter. 

PY systems ______ _;,;.._s 

r l l 
without storage with storage hybrid systems 

appliances with wind 
tud>ine 

with 
cogeneratlon 
engine 

with diesel 
generator 

systems 

Figure 2.10 The standard topology of PV system [47]. 
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2.10 Characteristics of a PV Cell 

There are three parameters playing an important role in the study the characteristic of PV 

system, these are open circuit voltage (Voe), short circuit current Ose) and maximum power 

point (P max), The maximum power that can be supplied from a PV cell are at the maximum 

power points. These parameters are provided by the manufacture at standard test condition 

(STC) where the temperature (T) equal to (25°C), and solar irradiance equal to 1000 WI m2 

all parameters are described below [ 45]: 

Short circuit current (Isc): Maximum amount of current that can deliver the PV module 

under standard conditions, corresponding to zero voltage and therefore no power. 

Open circuit voltage (Voe): The maximum voltage that is delivered in a PV module under 

standard conditions, not allowing any current flow between the terminals of photovoltaic 

module under conditions of zero current and therefore no power. 

Maximum or peak power (Pmax): Pmax is the maximum value of power that can be delivered 

by the PV module under standard conditions. Its value is specified by a pair of voltage and 

current values, ranging between (0) and Ise and between (0) and Voe· 

Current at maximum power: current delivered to the device in maximum power under 

standard conditions. It is used as nominal current of the photovoltaic module. 

Voltage at maximum power: voltage delivered by the device when the power reaches its 

maximum value under standard conditions. It is used as a nominal voltage of the device 

[ 48]. 

Usually manufacturers provide these parameters in their data sheets for a particular PV cell 

or module. By using these parameters, we can build a simple model but more information 

is required for designing an accurate model [ 48]. 

The current to voltage characteristic of a solar array is non-linear, which makes it difficult 

to determine the MPPT. The Fig. 2.11 gives the characteristic I-V and P-V curve for a 

fixed level of solar irradiation and temperature [ 49]. 
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Figure 2.11 I-V and PV curve characteristics [49]. 

2.11 PV Cell Model 
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The equivalent circuit of a PV cell, models have been developed by many researchers in 

order to find accurate, simple , and practical model for PV module, in this regard the model 

can be mathematically modeled based on the theoretical equations that describe the 

functioning of the PV system using the equivalent circuit in the literature of this thesis. 

Other models are empirically-based models that acquire their versatility and accurate from 

the fact that individual equations used in the model are derived from individual PV system 

characteristics [ 11]. Fig. 2.11 ( a) to ( c) shows the equivalent circuit model used by 

researchers to describe the behavior of the PV module. The ideal PV module model in (a) 

does not include the parasitic resistances Rs and R, that account for the cell power loss due 

to the internal resistance of PV module. The single-diode model in (b) is the common used 

PV module, The double-diode model in (c) is reported in [9] and [12, 13] 
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Figure 2.12 PV module equivalent circuit ( a) ideal model, (b) single-diode model, 

( c) double-diode model [ 11]. 

The mathematical equations describing the three cases in Fig 2.12 are given respectively 

by: 

The characteristic Equation for the PV cell is given by: 

[ 
V+Rs I ] 

I= fpv - 105 ev"t"it - 1 (2.4) 

/ = / [ V+Rs I pv - 105 e Vta _ 1] _ V+R5I 
Rp 

(2.5) 

(2.6) 

Where; 

I : The PV module terminal current (A) 

V: The PV module terminal voltage (V) 
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lpv (A): Light-generated Current or Photocurrent it is generated directly by an incident of 

sunlight on the PV cell. This current varies linearly with sun irradiation and depends on 

temperature given by [48], [11]: 

105 (A): Diode Saturation Current: It is a part of the reverse current in a diode caused by 

diffusion of minority carriers from the neutral regions in the depletion region. 

R5and RP (0): internal resistances, the power loss takes place in the cell. 

a : Diode ideality factor: It is the measure of how much a practical diode deviates from the 

ideal diode equation. The average value assumed during the determination of unknown 

parameters in the photovoltaic system is usually equal to 1.3. 

Vt= kT/q : Junction thermal voltage: It is a characteristic voltage that relates the current 

flow in the p-n junction to the electrostatic potential across it. 

Where, 

K: Boltzmann's constant (1.3806503 e-23 J/K) 

T: Nominal Temperature (298.15 K) 

q : Charge of electron (1.60217646 e-19 C) 

2.12 PV Cell Model Implementation 

The implementation of the PV model was done by using MALAB /Simulink package 2012 

version , several PV models are presented in order to find the accurate, simplest, and best 

performance model which validated by using real time recorded data , the following 

models are implemented: 

2.12.1 Model One 

Mathematical equations are used in order to build the electric circuit equivalent to a PV 

cell this approach is presented by [21, 46, 50], this model is consisting of current source, 

which represents the photocurrent source in parallel with a diode. The output of the current 
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source is directly proportional to the light incident on the cell. The diode determines the I­ 

V characteristics of the cell. The photocurrent depends on the cell temperature. 

The series resistance Rs, gives more accuracy between the maximum power point and the 

open circuit voltage. Rp Shunt resistance in parallel with the diode, sets saturation currents. 

The model included temperature dependence of the photocurrent IL and the saturation 

current of the diode I05• A series resistance Rs was included, but not a shunt resistance. The 

circuit diagram of the solar cell is shown in Fig. 2.13. The equations that describe the I-V 

characteristics of the cell [20]. 

[ 
V+Rsl ] 

l = lpv - las ev"t"a - 1 (2.7) 

(2.8) 

lpv,nam = lsc,nam (~) 
S nom 

(2.9) 

K _ fsc,nom-lsc,T 
a - r+-r-;« 

(2.10) 

3 ( -EgTnom ) 
- Ty n av t _i __ _!_ 

las - las,nam (--) e (rnom Ty) 
Tnom 

(2.11) 

lsc,nom 
las,nam = {oc,nom 

e aVtTT 

(2.12) 

dV ~ R - --- X s - dVoc v 
(2.13) 

(
V X - 1 ocTnom 

v - las nam-e aVtTnom) 
' a Vt 

(2.14) 
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All of the constants in the above equations were described in the previous section other 

parameters can be determined by examining the manufacturers' ratings of the PV array, and 

then the I-V curves of the array published or measured. 

Where; 

Tnom : Nominal temperature= 25° C. 

T2 : New Temperature required to calculate other variables. 

Gnom : Nominal irradiance = 1000 W/m2. 

G : New Irradiance required to calculate other variables. 

fsc,nom : Short circuit current at nominal temperature. 

TT : Required simulation temperature. 

fsc,T : Short circuit current at required simulation temperature. 

Figure 2.13 The circuit diagram of the PV model [21]. 

The implemented model is shown in Fig. 2.14 which consists of a MATLAB function used 

to calculate the photocurrent of PV cell connected in parallel with the diode , the total 

circuit was connected with resistance (Rs). 
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Figure 2.14 Implemented circuit diagram of PV model one. 

2.12.2 Model Two 

The proposed model designed according to [ 46, 48] this model are based on 

manufacturing data sheet were given with PV array . Some parameters are given such as 

open circuit voltage, short circuit current, maximum power, maximum current and 

maximum voltage, also Ki and Kv, which represents the short circuit current and open 

circuit voltage changing with temperature respectively. 

lpv 

Rp V 

Figure 2.15 Implemented circuit diagram of PV model two. 

There are five unknown parameters in the characteristic equation (2.15) of a single diode 

model which are, (lpv, 105, a, Rs, Rp) 
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l=l [ V+Rsl pv-las e Vta -1]- V+R5I 
Rp 

\,~ 

In this method, we assume diode ideality factor, a =1. 3. 

Now, remain with four unknown parameters (/pv, las,Rs, Rp) 

las Can be calculated using equation (2.18), and (2.19) 

lpv Can be calculated using equations (2.16), (2.17) 

Rp+Rs 
lpv,n = -R- * ls,n 

p 

lsc.n 
l as,n = (v oc,n)-i 

e a Vt,n 

T [qEg( 1 1)] 
las = las,n( ;)3e aK Tn -T 

There is one pair of Rs and Rp that's warranties (Pmax,m = Pman,e) at maximum point 

condition. 

[ [ 
Vmp+Rslmp] V +RI ] 

Pmax,m = Vmp lpv - las e Vta - mp R/ mp = Pmax,e 
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(2.15) 

(2.16) 

(2.17) 

(2.18) 

(2.19) 

(2.20) 



(2.21) 

In order to find the values of Rs and Rp, we need to do a certain number of iterations so 

that the peak value of power at maximum power-point, equals experimental MPP 

power, Pma,,e· 

It can be easily done using a numerical method. It is required to choose proper initial 

conditions for these unknown parameters. They can be initialized with (0) and then slowly 

incremented. As mentioned earlier, parallel resistance can be approximated to the inverse 

of slope at maximum power point of the I-V curve. So, we can easily assume the initial 

condition for to be the negated inverse of the slope, Thus, we get 

Vmpp 
Rp,min = Is,n-lmpp 

(2.22) 

Previously, for simplicity, authors used to assume but since due to iterative updates and, 

the model developed can be further improved by [ 18]. 

(2.23) 

Fig. 2.16 shows the algorithm that can be followed using MATLAB in order to find the 

unknown parameters of PV cell. 
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START 

INPUTS 
T , G , TOLERANCE(tol) 

CALCULATE 
Ios: from eq. (2.18),(2.19) 
Rpmin :from eq.(2.22) 

Perr >tol 

YES 

NO 

CALCULATE 
Ipv, Ipvn: From eq. (2.18).(2.19) 
Isc,Iscn: From eq. (2.16),(2.17) 

Rp: From eq.(2.2-1) 
Solve eq.(2.15) for O <V >Voe 

Calculate P for O<V> V oc 
Find Pmax 

Perr = II Pmax,m-Pmax,expll 
Increment Rs 

END 

Figure 2.16 Flow chart of second modeling circuit. 
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'2.13 Photovoltaic Array Modeling 

The PV array consists of several interconnected photovoltaic cells (module) each cell has a 

specific characteristic, the calculation of the last two sections assumed that the cell has the 

same properties. In real life application one cell is rarely used in solar energy applications. 

The modeling of the solar array is the same as the PV cells. The same parameters from the 

data sheet are used. To obtain the generated power, voltage and current, the PV cells 

connected in series and parallel to increase voltage and current respectively. 

The number of cells that connected in series and connected in parallel must be provided by 

the manufacturers data sheet. Fig. 2.17. Shows a photovoltaic array, which consists of 

multiple cells, connected in parallel and series. N, are the number of series cells in the 

same array and Np are the number of parallel cells in same array. The number of modules 

modifies the value of resistance in parallel and resistance in series. The value of equivalent 

resistance series and resistance parallel of the PV array, which presented by [50], which 

are: 

Rs,array = :s Rs,cell 
p 

(2.24) 

R - Ns R p,arry - N p,cell p 
(2.25) 

Rs,array Ipv 

Rp,array V pv 
Ipv,array 

Figute 2.17 PV array composed ofN, * Np cells (module) [50]. 
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, The interconnection of many solar cells is affected by the photocurrent which is produced 

by the PV system, in additional to that, the voltage (V ph) and current (lpv) are also changed 

according to the new connection. The general equation of the photovoltaic current, which 

describes the current produced by PV, is changed as given below, as presented in [ 46]. 

(2.26) 

Where; 

I0s, lpv, V1 : are still having the same parameters used for a PV cell. 

According to [ 46] Eq. 2.26. Is valid for any given array formed with identical modules. 

The two models, which were proposed in this thesis simulated by using the above equation 

to determine the ,photovoltaic current. 
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CHAPTER THREE 

POWER ELECTRONIC DEVICES IN PV SYSTEMS 

3.1 Overview 

This chapter is composed of an introduction to the Power Electronics devices, DC/DC 

converter, types, topology, and detail description of MPPT algorithms, an introduction to 

inverters and controlling strategies are given in this chapter. 

3.2 Power Electronics 

Historically, power electronics have been predominantly employed in domestic, industrial, 

and information technology applications. However, due to advancements in power 

semiconductor and microelectronics technologies, their application in power systems has 

gained considerably more attention in the past two decades. Thus, power-electronic 

converters are increasingly utilized in power conditioning, compensation, and 

power filtering applications [51]. 

Power electronics have already found an important place in modern technology and has 

revolutionized control of power and energy. As the voltage and current ratings and 

switching characteristics of power semiconductor devices keep improving, the range of 

applications continues to expand in areas such as lamp controls, power supplies to motion 

control, factory automation, transportation, energy storage, multi megawatt industrial 

drives, and electric power transmission and distribution [52]. Power electronics systems 

are composed of simple electronic elements that are working to change the magnitude, 
' 

frequency, and type of voltage and current according to the requirement of the users, some 

of power electronics devices work as [53]: 

- AC/DC converters called rectifiers that convert input AC voltage, to DC with 

adjustment of output voltage and current. 

- DC/ AC converters called inverters that produce output ac voltage of controllable 

magnitude and frequency from input de voltage. 
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- AC/ AC converter called frequency converters and changers that establish the AC 

frequency, phase, magnitude, and shape. 

- DC/DC converters called choppers that change DC voltage and current levels using 

the switching mode of semiconductor devices. 

3.3 Power Electronics Converters 

_, A power-electronic converter consists of a power circuit, which can be realized through 

a variety of configurations of power switches and passive components and a control 

protection system. The link between the two is through gating/switching signals and 

feedback control signals [53]. The power electronics converter system using primary 

electronic elements that are: resistors capacitors, transformers, inductors (choke coils), 

frames, etc., and basic classes of semiconductor devices [ 53]: 

- Diodes, including Zener, optoelectonic and Schottky diodes, and diac 

- Thyristors, such as silicon controlled rectifiers (SCR), Triacs, gate tum off (GTO), 

and metal oxide semiconductor controlled Thyristors (MCT). 

- Transistors, particular bipolar junction (BJT), field effect (FET), and insulated 

)ipolar (IGBT) transistors. A comparative diagram of power ratings and switching 

speeds of the controlled semiconductor electronic devices given in Fig. 3 .1. 

Fig. 3.2. Shows the symbols diagram of semiconductor devices used in power, which were 

diode, Thyristors, gate tum-off Thyristors (GTO), bipolar junction transistors, junction 

field effect transistors (GFET), metal-oxide semiconductor field effect transistors 

(MOSFET), and insulated gate bipolar transistors (IGBT). 
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Figure 3.1 power ratings and switching speeds of the controlled semiconductor [53]. 
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' Figure 3,.2 Semiconductor power electronics devices (a) diode, (b) Thyristors, (c) gate 
, tum-off Thyristors (GTO), (d) bipolar junction transistors (BJT), (e) junction 

field effect transistors (GFET), (f-g) metal-oxide semiconductor field effect 
transistors (MOSFET), (h) insulated gate bipolar transistors (IGBT) [53]. 
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? 

3.4 DC/DC Converter 

There 'are four topologies for the switching regulators: buck converter, boost converter, 

buck-boost converter, Cuk converter [54], in all of these circuits, a power device is used as 

a switch. The buck converter (DC/DC) is called as 'step-down chopper', whereas boost 

converter (DC/DC) is a 'step-up chopper'. In the case of the chopper, no buck-boost type is 

used [53]. The first device is used to design DC/DC converter is Thyristor, but due to the 

losses and low switching response speed [53], the modem DC/DC converter replaced the 

Thyristors by IGBT device. The controlling of DC/DC converter is normally achieved by 

PWM at a fixed frequency and the switching device is generally BJT, MOSFET or IGBT. 

The minimum oscillator frequency should be about 100 times longer than the transistor 

switching time to maximize efficiency [ 54]. 

The functions of DC-DC converters are [52]: 

- To convert a DC input voltage into a DC output voltage; 

- To regulate the DC output voltage against load and line variations; 

- To reduce the AC voltage ripple on the DC output voltage below the required level; 

- To provide isolation between the input source and the load (isolation is not always 

required); 

- To protect the supplied system and the input source from electromagnetic 

interference (EMI); and 

- To satisfy various international and national safety standards. 

The DC/DC converters can be divided into two main types: hard-switching pulse width 

modulated (PWM) converters, and resonant and soft-switching converters [52] 

3.5 DC/DC Converter Types 

3.5.1 Buck Converters 

Buck Converter is also known as the step down converter. It's typical application is to 

.. convert the input voltage into a lower output voltage [55], it is a switched-mode power 

supply that uses two switches, a transistor and a diode. A buck converter is shown in Fig. 

3.3. The diode is used to allow the load current to flow through it, when the switch is 

turned off. If the switching device used is a Thyristor, this circuit is called as a step-down 
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' chopper, as the output voltage is normally lower than the input voltage [53]. Fig. 3.4. 
? 

Shows the output voltage and load current of buck converter. 

In [58] the buck converter has higher efficacy, lesser costs and can adjust to bear a higher 

-amount of energy. The advantages and disadvantages (features) of buck converter can be 

summarized as given below [53]: 

Pulsed input current, requires input filter. 

- Continuous output current results in lower output voltage ripple. 

- Output voltage is always less than the input voltage . 

••••••••••••• • • L • s E !C"'I •••• ~: .i. .•.•• 11 .•• 
~+ • • • • t . . UUUJ}:' • • + 1 •••••••••• , 

Vs 
Dr~ 

Vo I I ~ n 

Figure 3.3 Buck converter circuit diagram [53]. 
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Figure 3.4 Output voltage and current waveforms [53]. 
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-, 3.5.2 Boost Converters 

Boost Converter: also known as a step up converter. The typical application is increasing 

the output voltage [55]. A boost converter is shown in Fig. 3.5. For which a device 

belonging to transistor family is generally used [56]. The power source of boost converter 

can come from any suitable DC sources, such as batteries, solar panels, rectifiers and DC 

generators [54]. Fig. 3.6. Shows the load current of boost converter. 

The advantages and disadvantages (features) ofboost converter can be summarized as 

given below [53]. 

- Continuous input current, eliminates input filter. 

- Pulsed output current increases output voltage ripple. 

- Output voltage is always greater than the input voltage. 
~ 

t 
D +~ Io 

····~····-. : s : . . • • . . . . • J • ~ ••••••••• .r 
Vo 

L 
0 
A 
D Switch 

Figure 3.5 Boost converter circuit diagram [56]. 
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2T 

Figure 3.6 Waveforms of source current [56]. 
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- 3.5.3 Buck-Boost Converters 

A buck-boost converter is shown in Fig.3.7. The buck-boost converter is composed the 

properties of buck and boost converter, that has an output voltage magnitude that is either 

greater than or less than the input voltage magnitude [53]. The most common device used 

as a switch in a buck boost converter is a transistor, diode connected in series with the load 

/ and the inductor and capacitance connected in parallel [55]. The polarity of the output 

voltage is opposite to that of input voltage here. Fig. 3.8. Shows the load current of a buck 

boost converter. 

The advantages and disadvantages (features) of buck-boost converter can be summarized 

as given below [53]. 

- Pulsed input current, requires input filter. 

- Pulsed output current increases output voltage ripple. 

- Output voltage can be either greater or smaller than the input voltage. 

t 
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D 
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+ 

Figure 3.7 Buck-boost converter circuit diagram [56]. 
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Figure 3.8 Inductor current (IL) waveform [56]. 
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3.5.4 Cuk converter 

The Cuk converter shown in Fig. 3.9. Shared the buck-boost converter in the operation and 

the polarity of output voltage, there is one difference between Cuk converters is it uses a 
\ 

_ capacitor as its main energy-storage component, unlike most other types of converters, 

which use an inductor [55]. 

- CuK converter is one such converter. It has the following advantages [53]. 

- Continuous input current. 

- Continuous output current. 

- Output voltage can be either greater or less than the input voltage . 

. 2: 
l + 

2' 

R 

l' 

Figure 3.9 Cuk converter circuit diagram [ 56]. 

3.6 Maximum power point Tracking controller and algorithm 

The Photovoltaic has a non-linearity characteristic [57], conversely the power output of the 

PV module changes, with the amount o~ solar irradiance incident on PV system, also with 

the variation of temperature and load impedance [55]. Maximum power point controller 

allows operating the photovoltaic array at MPP [ 57]. Also, a typical solar panel converts 

only 30 to 40 percent of the incident solar irradiation into electrical energy, and according 

to [57] "for single PV cell, extracting the maximum power is relatively easy simple 

algorithms can be applied to search the right operating point on the I- V curve of the 
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-photovoltaic cell when building a photovoltaic generator by connecting photovoltaic 

modules in series to boost the voltage of the generator, certain difficulties arise, for 
'- ' example, multiple maximum power points can occur. Multiple maximum power points 

cannot be detected by using simple maximum power point tracking techniques" 
1 ' 

MPPT used the Maximum Power Transfer theorem; the power output of a circuit is 

maximum when the Thevenin impedance of the circuit (source impedance) matches with 

r~the load impedance [54], [58]. From the above description it is clear that the use of MPPT 
), 

in PV system cannot be overlooked, many MPPT algorithms used by researchers in order 

to find the best MPPT algorithms, with the fact that each algorithm has Pros and cons. 

3.6.1 Different MPPT techniques 

There are different techniques used to track the maximum power point. Some of the most 

common techniques are [54], [55]: 

1. Perturb and Observe (hill climbing method). 

"2. Incremental Conductance method (INC). 

3. Voltage control maximum power point tracker. 

4. Fractional short circuit current. 

5. Fractional open circuit voltage 

6.. - Neural networks 

7. Fuzzy logic 

8. Parasitic capacitances 

9. Current control maximum power point tracker 

The presented list of algorithms starts from simple complexity and the cost of 

implementation goes on increasing which may be suitable for a highly complicated system. 
) 

This is the reason that Perturb and Observe and Incremental Conductance method are the 

most widely used algorithms. So due to the simplicity of implementation we have chosen 

the two algorithms P&O and INC algorithms for our study among the presented list [54]. 
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3.6.2 Perturb and observe 

- Perturbation and Observation method also known as Hill Climbing method [55], [59] is 
'- 
one of the most popular algorithms. As the name implies the method will perturb the 

system by either increasing or decreasing the array's operating voltage point and 

comparing the result to the one obtained in the previous perturbation cycle. If the 

perturbation leads to an increase or decrease in array power, the subsequent perturbation is 

,o made in the same or opposite direction [59]. 

140, - - - - - - - - - - - - - - - 12oi ---/-_ll!!PP ·------- __ , _ 

B - ,._ - - - •. - 

~ ! 100 f - - - - - - - - - - - - - - - _ _,,_. - . - - - - - ... - - . 
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~ 80 I- - - • - • • - - - - _A_ - - - - • - - •• - • - • - 
c3 
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Figure 3.10 P-V curve showing MPP and operating points A and B [54]. 

Figure 3 .10 shows the plot of module output power versus module voltage for a solar panel 

at a given irradiation. The point marked as MPP is the Maximum Power Point, the 

·· theoretical maximum output obtained from the PV panel. 

Consider A and B as two operating points. As shown in the Fig.3 .10. The point A is on the 

left hand side of the MPP. Therefore, we can move towards the MPP by providing a 

positive perturbation to the voltage. On the other hand, point B is on the right hand side of 

the MPP. When we give a positive perturbation, the value of (P) becomes negative, thus it 
C 

is imperative to change the direction of perturbation to achieve MPP [59]. The flowchart 
"' 

for the P&O algorithm is shown in Fig. 3.11. 
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Figure 3.11 Flow chart of the P&O algorithm. 
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- 3. 7 Inverter 

The word 'inverter' in the context of power-electronics denotes a class of power 

'conversion ( or power conditioning) circuits that operates from a DC voltage source or a 

DC current source and converts it into AC voltage or current [56]. These are the types of 

waveforms required in adjustable speed drives (ASDs), uninterruptible power supplies 

(UPS), static var compensators, active filters, flexible AC transmission systems (FACTS), 

~ 
0and voltage compensators, which are only a few applications. For sinusoidal AC outputs, 

the magnitude, frequency, and phase should be controllable. According to the type of AC 

output waveform, these topologies can be considered as voltage source inverters (VSis) 
0 

[ 60]. The input DC voltage of inverter may come from the rectified output of a power 

supply. Alternatively, the input DC may enter from an independent source, such as a DC 

voltage source, PV array system, a fuel cell, or a battery. Generally, controlled 

semiconductor devices, such as transistors, SCR, and GTO Thyristors are used in inverters 

[53]. 

3. 7 .1 Classification of Voltage Source Inverters 

The classification of voltage source inverters depending on different criteria, according to 

the number of phases in the output of the inverter. Therefore, there are single-phase or 

three-phase inverters. It is also possible to have inverters with two or five or any other 

number of output phases. 

Inverters can also be classified according to their ability in controlling the magnitude of 

output parameters like, frequency, voltage, harmonic content etc. Inverters may also be 

classified according to their topologies. Some inverter topologies are suitable for low and 

medium voltage ratings whereas some others are more suitable for higher voltage 

applications [53, 60]. 

3. 7 .2 Inverter Configuration 

The circuit arrangements used in inverters are similar to those used in the rectifiers. The 

inverter applications are however limited to single or three phase circuits. There are six 

types of configuration in common use Fig. 3.12 [61]: 

- Chopper type. 
44 



- Center Tapped load. 

- Single phase bridge. 

\_ - Three phase bridge. 

Center tapped load. 

Chopper type 

+ 

LOAD 

Center tapped supply 

LOAD LOAD 

+ 
+ 

Single phase bridge Three phase bridge 

LOAD 

Centre taped load 

Figure 3.12 Inverter configuration [63] 
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3. 7 .3 Solar Inverters 

Solar inverter is one of most efficient inverters, used to change the DC voltage to AC 

voltage, the size and capacity of this type of inverters are varying according to supply 

power requirement. Solar inverter may use for domestic or industrial, and for large scale 

such as solar energy plant, The solar energy is collected during the daytime and used at the 

time of need after being converted into electrical energy. Some basic types of solar 

~inverters are: 

- Stand-alone inverters used in remote areas or in off line grid, where the inverter 

takes its DC energy from batteries charged by PV arrays, or connected directly to 

the PV array, such as those used in water pumping, due to this system don't connect 

to the utility grid, and as such, are not required to have anti-islanding protection. 

Battery back-up inverters are special inverters, which are used for supplying energy 

from a battery to selected loads during a utility outage. This type of inverter 

required to have anti-islanding protection. 

Grid-tie inverters this type of inverter is connected and supplying with the utility 

grid, the type of signal generated is a sine wave, this inverter designed to shut down 

automatically when the utility supply shut down, for safety reasons. They do not 

provide backup power during utility outages. 

3. 7.4 Inverter Topology in PV System 

Different topology that can be used to build photovoltaic generator system and 

technologies to connect PV systems to the utility grid [62]. Various inverter configurations 

are used. There are single-phase inverter for connecting photovoltaic modules to a single­ 

phase grid or more of them to the three-phase grid and three-phase inverter for connecting 

to the three-phase grid [63]. The topology of inverter is centralized inverters, string 

inverters, AC modules and multi-string inverters depending on the modularity of the 

system [63]. 

- Multi string inverter 
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- Inthis topology, "multiple PV module or string is connected to a dedicated DC/DC - . ' 
converter that is connected to a common DC/AC inverter."[64]. Each PV string has its 

own boost converter and MPPT. Each PV operates at MPP. Fig. 3.13. (a) represents the 
'-- 

- multi string inverter and can be noted that each DC/DC converters typically link with each 

other by means of DC bus via an inverter. 
The advantage with multistring inverter is its ability to add an extra PV module to the bus 

if more power is needed in the future. In case of failure of one PV string, the PV system 
? 

still able to operate with the remaining PV [63, 64]. 

- Centralized inverters 
Central inverter topology or common name is a single stage photovoltaic system. In this 

topology, the PV system includes a series-parallel connection arrangement, which is 

connected to a single inverter DC/ AC for the higher amount of power, which is connected 
'-r 

to the grid or the load. Single stage photovoltaic is shown in Fig. 3 .13. (b ), this type of 

DC/ AC inverter that must include the MPPT algorithm and DC/DC converter in order to 

extract Maximum power from PV [63],[64]. 

- Micro inverter 

The micro inverter is a small inverter rated to handle the output of a single PV array or a 

small group of PV's, these types of micro-inverters are typically rated between 200 and 

230 W. The output from several micro-inverters are combined and often connected to the 

utility grid. Each micro-inverter harvests optimum power by performing MPPT for its 

connected panel. The micro inverter is simple to design and stock, they can be used with 

any size of the PV array and a wide variety of panel types [ 67]. Micro inverter is shown in 

Fig. 3.13. (c). 

- String inverter 

String invert,er or so called two stages PV system have the following drawbacks oflower 

effectiveness, higher count of parts, lower level of reliability, bigger size and higher cost. 

This topology is mostly used due to its simplicity [63]. The two-stage PV system 

photovoltaic is shown in Fig. 3 .13. ( d). 
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'-. (c) 

(d) 

Figure 3. 13 PV plant different connecting topology; ( a) Multi string inverter, (b) Central 

inverter, ( c) Micro inverter, ( d) String inverter [ 65]. 

AC module is an integrated system in which only one photovoltaic module is connected 

through interfacing equipment to the grid. AC modules offer very modular solution to 

build a photovoltaic system. There are very little power losses due to MPPT because every 

module has its own tracker. 

The problem is that inverters have high price per watt ratio. AC modules are very suitable 

for mass production which can lead to low manufacturing costs in the future. AC module is 

illustrated in Fig. 4.14 [ 65]. 

r----------------, 

L - - - - - .J 

AC module 

Figure 3.14 AC module configuration of a photovoltaic generator [6]. 
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· ~)3.8 Proposed Simulation 

The proposed PV system is composed of three phases in order to build a complete solar 

power generator; the first phase is PV cell and PV array modeling that were described in 

the.previous chapter, second phase is the DC/DC converter which integrate the maximum 

power point tracking, and the third phase is DC/ AC inverter design. The designed circuits 

are validated by real time recording for small or large-scale system Fig. 3 .15. Shows the 

three phase block diagram. 
'l 

\__ ';., 

PHASE ONE PHASE TWO PHASE THREE 

PV 
MODELING 

DC/DC Converter 
With 
MPPT 

DC/AC 
Inverter 

Figure 3.15 The proposed design phases. 

y 3.8.1 PHASE TWO: MPPT and DC/DC Converter 

3.8.1.1 Maximum power point tracker 

One of the most important problems faced the PV system designers is changing the 

produced power with loads and climatological parameters such as irradiance, and 

temperature, in addition to these parameters , there is another parameter which is changing 

the load characteristic. All these parameters affect the produced power in a PV array. 

Therefore, the maximum power point tracker is necessary to draw the maximum power 

from the PV module. The MPPT algorithm is controlling the DC/DC converter by using 

the PWM to change the duty cycle point of operation of the module to pulses which control 
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; the DC/DC converter. Fig. 3 .16 shows the general diagram of the proposed DC/DC 

converter and Fig. 3 .17 presents the internal circuit of MPPT system. 

DC Converter 

Load 
DC 
+- 

PV 

MPPT 
control 

Control Box 

Figure 3.16 The schematic diagram of the photovoltaic simulation system. 

Vpv Duty Ratio 

Pulse 

lpv 

MPPT andP&O 
Algorthim 

Control Box 
Change the Duty ratio to 

Pulse 

Figure 3.17 Block Diagram ofMPPT control box. 

3.8.1.2 Buck Boost Converter 

A Buck Boost type DC/DC converter is proposed as the first stage with regulated output 

inductor current, The Buck Boost converter circuitconsist ofMOSFET switch Q, inductor 

L, diode D, filter capacitor C. As shown in Fig. 3.18. Since the circuit runs either in boost 
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or buck mode, its first stage can be very efficient if the low conduction voltage drop power 
' I 
MOSFET and ultra-fast reverse recovery diode is used. 

/ 

.For the second stage, because the unfolding circuit only operates at the line frequency and 

switches at zero voltage and current, the switching loss can be omitted. The only loss is 

due to the conduction voltage drop, which can be minimized with the use of low on drop 

power devices, such as Thyristor or slow-speed IGBT. In this version, IGBT is used in the 
--0 

unfolding circuit because it can be easily turned on and off with gating control, since only 

the boost DC/DC converter or buck DC/DC converter operates with high frequency 

switching all the time in the proposed system [65]. 

+ 
D 

L C 

+ 

Figure 3. 18 Schematic diagram of Buck-Boost converter 

- Operation Principle 

When the switch is turned-on, Fig. 3 .19 the input voltage source supplies current to the 

inductor, and the capacitor supplies current to the output load. When the switch is opened, 

the inductor supplies current to the load via the diode D, the Energy is stored in inductor 

when the switch is close and transferred to load when the switch is opened [65]. 
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Figure 3.19 The two operating states of a buck-boost converter. 

The Fig. 3.19 (a) shows the circuit diagram of buck- boost converter when the switch is 

closed, these equations describe the circuit [65]: 

(3.1) 

diL = Vd 
dt L 

(3.2) 

b.iL b.iL V d -= -=--- 
M DT L 

. VdDT 
(l::.iL)closed = -L- 

(3.3) 

(3.4) 
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- _ The off state condition when the switch is turned off, in this case the system can be 

described by the equations [65]. 
" ~, 

\ 
'e 

ati. Vo -, = - 
dt: L 

~iL ~iL Vo -= --= - 
~t (1-D)T L 

(LliL) _ Vo (1-D)T opened - --~ L 

- Average inductor current 

To calculate the inductor current (average value), assuming that there is no power 

consumption in the converter, that means the power supply from source is completely 

transferred to the load [65]. 

Po= Ps 

But the average source current is related to the average inductor current as: 

Substituting for V0, 

vz 
0 

R(l - D)2 

53 

(3.5) 

(3.6) 

(3.7) 

(3.8) 

(3.9) 

(3.10) 

(3.11) 

(3.12) 

(3.13) 



Maximum and Minimum inductor current can be calculated by: 

(3.14) 

(3.15) 

The Buck boost converter has two operating modes, which are, continuous mode and 

discontinuous the two modes are described below: 

- Continuous mode 

In this thesis, the operation of buck boost converter is a continuous mode the Eq. (3 .16) 

shows the relationship between load current and source voltage. If the current through the 

inductor L never fall to zero during a commutation cycle, the converter is said to operate in 

continuous mode. The current and voltage waveforms in an ideal converter can be seen in 

Fig. 3.20. 

Off .•. T T 
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min .•....• 
C 
(l) 

D.Tt: 0 - 

t 

....------tVD 

t 

VL 

T 

Figure 3.20 Waveforms of current and voltage in a buck-boost converter operating in 

continuous mode [65]. 

When t=O to t=DT, the switch is on, the rate of change in the inductor current (iL) is given 

by: 
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(3.16) 

- . f DT DT (b.zL)opened = diL = f Vd dt = VdDT 
o O L L 

(3.17) 

Dis the duty cycle. It represents the fraction of the commutation period T during which the 

switch is on. Therefore D ranges between O (Sis never on) and 1 (Sis always on). 

During the Off state, the switch Sis open, so theinductor current flows through the load. If 

we assume zero voltage drops in the diode, and a capacitor large enough for its voltage to 

remain constant. 

Therefore, the variation of iL during the Off-period is: 

. - f (l-D)T - -f (l-D)T Vd - Vd(l - D)T 
(tizL)of f - dzL - L dt - L 

0 0 
(3.18) 

At Steady state operation, the amount of energy stored in each of its components has to be 

the same at the beginning and at the end of a commutation cycle. As the energy in an 

inductor is given by: 
1 

E = -Li/ 
2 

(3.19) 

(3.20) 

VdDT V0 (1 - D)T 
-L-+ - = 0 (3.21) 

(3.22) 

The Output voltage of buck- boost converter is opposite to the input in polarity. Finally, 

(3.23) 
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'" .... The output of a buck-boost converter it will be higher or lower than the input, which 

~ mainly depended upon the value ofD. 
"\_ 

If D>0.5, output is higher than the input 

_ If D<0.5, output is lower input 

Apart from the polarity, this converter is either step-up (as a boost converter) or step-down 

'(as a buck converter). This is why it is referred to as a buck-boost converter 

- Discontinuous mode 

In some cases, the amount of energy required by the load is small enough to be transferred 

at a time smaller than the whole commutation period. In this case, the current through the 

_inductor falls to zero during part of the period. The only difference in the principle 

described above is that the inductor is completely discharged at the end of the commutation 

cycle as shown in the Fig. 3 .21. Although slight, the difference has a strong effect on the 

output voltage equation. It can be calculated as follows: 

- As the inductor current at the beginning of the cycle is zero, its maximum value iLmax ( at 

t=DT) is 

(3.24) 

During the off-period, IL falls to zero after 8.T: 

. Vd8T 
lLmax+ZL= 0 

Using the two previous equations, 8 is: 

(3.25) 

(3.26) 
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The load current I0 is equal to the average diode current (10). As can be seen in Fig. 3.21. 

~ The diode current is equal to the inductor current during the off-state. Therefore, the output 
-, 

current can be written as: 

'/ =I _iLmax~ o D - --u 2 
(3.27) 

Replacing iLmax and o by their respective expressions yields: 

(3.26) 

Therefore, the output voltage gain can be written as: 

(3.27) 

V 

·~ I On 6.T 

D On Off On t 

- - - - - - - 
0 

- - - - - - - VD -- - - - - - - - - - 
0 t n 

Vo 'V 

I 
>- -- - - - - -- ·~ ------- ------- I~ - 

L 

L 

0 T t 

Figure 3.21 Waveforms of current and voltage in a buck-boost converter operating in 

discontinuous mode [ 65]. 

3.8.2 PHASE THREE: DC/AC Inverter 

In photovoltaic system, the DC/ AC inverter is a single phase bridge connected inverter 

shown in Fig. 3.22. Used to convert the power of the source by switching the DC input 

voltage to generate an AC voltage at the output. The single-phase bridge inverter has four 
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I-- 

.: switches that tum on and off to get a sinusoidal output. To generate an AC waveform in 

l single-phase inverter, the switches SI, S2 should be ON and S3, S4 should be OFF for 
-, 

period t1 and tz as shown in Fig. 3.23. For that period, the output is a positive voltage for 

period t2 to t3 in Fig. 3.24. The switches S3, S4 are on and Sl and S2 are off to obtain negative 

~voltage [50]. 

Lfilter 

v: J I fv~ 
c__ 

I 
l PWM T LI 

I «; 

Figure 3.22 Topology of a single-phase inverter with filter and load [50]. 
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Figure 3.23 Output current for Sl, S2 ON; S3, S4 OFF for t1 < t < t2 [50]. 
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Figure 3.24 Output current for S3, S4 ON; SI, S2 OFF for h < t < t3 [50]. 

The control of these switches was done using the PID controller approach specially PI 

(proportional-integral) controller the general equations which were described this control 

system are given below: 

The controller output given by 

(3.28) 

Where; b. is the error or deviation of actual measured value (PV) from the set point (SP). 

ti= SP - PV 

The general form of the transfer function 

G = Va(s) = K + Ki 
c Vi(s) p S 

Where 
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(3.30) 
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(3.37) 



" CHAPTERFOUR 

Experimental and Simulation Results 

4.1 Overview 

This chapter is composed of two main sections, section one consists of experimental work 

and section two of simulation work which includes, solar array models where two models 

are given. Validation of implemented models is presented in order to find suitable circuit, 

also two MPPT algorithms are simulated to achieve maximum output power in all 

operating conditions, and DC/DC converter is given and simulated. In addition, DC/ AC 

converters are simulated and the output waveforms are given. Finally, the last section will 

be the results and discussion. 

4.2 Experimental Work 

The experimental work is based on real data, which were recorded at outdoor conditions. 

The data of PV system were taken during a one year period (three to four times) per week, 

and (twelve to thirteen times) per month in Koya city (KRG ofIRAQ). The following 

equipments are used in recorded data. 

- Two Solar Cell panel PV (NT 111 SHARP), the short circuit current is (2. 7 A), 

open circuit voltage is (21.6 V), max. power is ( 43 W), and module area is (0.504 

m2). It consists of ( 4*9) single silicon crystal cells Fig. 4.1 shows the two panels 

which used in the experimental work. 

- Variable resistance model (Box 1051) from Time Electronic LTD. This variable 

resistance will be used as load to calculate the electrical power supply by the PV 

system, the load resistance changed between (10-190) n. Fig. 4.2 shows the 
variable resistance used in the experimental work. 
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- Explorer GLX (real time recorder) Real-time graphing and calculations from 

Floating Point Processor even instant calculations on live data as it is collected, this 

equipment used for monitoring and record the ambient and panel temperature 

- Digital Multimeter used to calculate the current pass through load resistance, and 

voltage across the resistance. 

- Two Thermo coupled to measure the ambient and back of panel temperatures. 

Figure 4.1 PV panels used in experimental work [30]. 

Figure 4.2 Variable resistance (BOX 1051) [30]. 

Figure 4.3 Explorer GLX [30]. 
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4.3 Simulation Work 

In the current work the simulation process composed of three phases of PV system 
) 

implementation. Phase one is PV array models and validations, phase two DC/DC 

converter and MPPT algorithms were implemented and comparison between them were 

given, and phase three which is DC/ AC converter is designed and tested were two 

controlling strategies are used as shown in the figure 4.4. 

Table 4.1 shows the manufacturer's datasheet, by which the data were given under standard 

test condition (STC), which mean the solar irradiance equal to (1000 W/m2) and panel 

temperature equal to (25°C) where K, and Ki are changing the voltage with temperature, 

and changing short circuit current with temperature respectively. 

PHASE ONE PHASE TWO PHASE THREE 

PV 
MODELING 

DC/DC Converter 
With 
MPPT 

DC/AC 
Inverter 

Figure 4.4 Implemented circuit diagram of PV model. 

Table 4.1 The manufacture datasheet for NT 111 solar panel. 

Parameters Values 

Ns 36 

Pm 43 [WJ 

Vm 17.5 [VJ 

Im 2.46 [AJ 

r, 2.7 [AJ 

Yoe 21.6 [VJ 

Kv -0.0037 [V/KJ 

Ki 0.0005 [NKJ 
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i 
4.3.1 Phase One: PV array models 

The implementation of the PV models were done by using MALAB /Simulink package 

2012 version, several PV modules are presented in order to find the accurate, simplest, and 

C best Pfrformance model which validated by using real time recorded data, the following 

models are implemented: 

~- 4.3.1.1 Model one 

The implemented circuits of model one are based on Eqs. 2. 7 to 2.14 given in chapter two 

section 2.12.1. The general circuit of model one given in the Fig. 4.5. The internal circuit 

of model one which includes the MATLAB function to calculate (lph) of the array is given 

in Appendix. 

The implemented model is shown in Fig. 4.6 which consists of a MATLAB function used 

to calculate the photocurrent of PV cell connected in parallel with the diode, the circuit is 

connected with resistance (Rs) it represents the internal series resistor. The final circuit 

which used to simulate the solar panel model is shown in the fig. 4.7. Which composed of 

a PV panel, voltage and current measurements and a load resistor. The simulation results of 

PV panel are given in the fig. 4.8 and 4.9 which represents the I-V and P-V curve 

respectively, Table 4.2 shows the simulation result for some unknown parameters of PV 

panel. 

Rs I 

T 

V 

Figure 4.5 Implemented circuit digram of PV model. 
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Figure 4.6 The internal circuit diagram of PV array model one. 
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Figure 4.7 The complete circuit diagram of a PV array. 
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\lolt:ige(V) 

Figure 4.8 The 1-V curve of implemented circuit model one. 
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Figure 4.9 The P-V curve of implemented circuit model one. 
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Table 4.2 Shows the unknown parameters obtained from MATLAB simulation by first 
model. 

Parameters Values 

a 1.2 

Vg 1.12 V 

Rs 0.162 n 

Rp o: [open circuit] 

Isa 9.6e-9 A 

Iph 2.69 A 

4.3.1.2 Model two 

The implemented circuit of model two based on Eqs. 2.15 to 2.23 which are given in 

chapter two section 2.12.2. The general circuit that represents model two is shown in the 

Fig. 4.10. The implemented program is using Newton-Rephson method to calculate the 

unknown parameters of PV panel, which is not provided by the manufacturer datasheet. 

This method based on the maximum power point; at this point, the value of experimental 

power of PV is equal to the theoretical power value. In this model mathematical blocks in 

MATLAB /Simulink in were used in order to modeling the PV panel a~ shown in the Fig. 

4.11, Table 4.3 shows the parameters used to build model two as shown in the Fig. 4.12. 

The output results of the implemented circuit simulation shown in the Fig.4.13. ( a) and (b) 

shows the output result of implementing programs and (c) show the experimental test by 

PV manufactures. 
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Rs I 

Ipv 

Rp V 

Figure 4.10 The circuit diagram of model two. 

Figure 4.11 The internal circuit diagram of PV array model two. 

67 

I 



•10 

0 

Figure 4.12 The block diagram of PV array model two. 

Table 4.3 The unknown parameters obtained from MATLAB simulation by second model. 

Parameters Values 

a 1.2 

Vg 1.12 V 

Rs 580mn 

Rp 325.98 KQ 

Isa 9.54143e-009 A 

Iph 2.700005 A 

Pmax,m 43.170821 W 
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Figure 4.13 Comparison between modeling results and experimental data from data sheet 

( a) And (b) shows the output results of implemeted circuit and ( c) show the 
experimental test by PV manufactures. 

From the simulation results in Table 4.4, which were recorded and compared with real data 

(validation) it is clear that the model one consider the more accurate and simulate the 

operation of PV panel in real life. Therefore, model one it will be used to implement the 

solar power generator for domestic load operation. 

69 



Table 4.4 The experimental, model one, and model two results. 

- Sbn11hltio11 Result 
--- ~ ·- ~ .••... ........----~~ - 

Back-of-Panel Ex11e1ime11tal 
Ambient. Irradiance 

Momlls Temperature Result of PV Mo,lelOue Model Two 
Temperature (C) (Wlm"2) 

(C) V I p V I p V I p 

January 13.7 IS.I 490 14.2 1.3 18.46 13.35 128 17.09 12.23 1.22 14.96 

February 15.3 20.1 520 14.5 1.35 19.575 14.12 1.41 19.91 12.99 1.3 16.89 

march 18.6 27.4 610 1 i 1.55 26.35 16.15 1.62 26.16 15.26 1.53 23.35 

' April 22.6 30.1 710 IS 1.65 29.7 17.61 1.76 30.99 17.77 1.78 31.56 

may 29.8 37.2 792 18.5 1.6 29.6 17.92 1.79 32.08 19.85 1\.98 39.39 

June 39 48 826 17.5 1.7 29.75 17.4 1.74 30.28 20.74 2.07 42.93 

July 42.5 67 810 15.5 1.55 24.025 16.01 1.6 25.62 20.42 2.04 41.66 

August 42 58 736 16 1.59 25.44 16.B 1.61 25.97 18.52 1.85 34.26 

September 36.5 45 - 650 16.5 1.64 27.06 16.01 1.6 25.62 ! 6.31 1.63 26.59 

October 28 35.4 565 14.7 1.5 22.05 14.84 1.48 21.96 14.15 11.42 20.09 

November 18.5 26.4 510 14 1.2 16.8 14.02 1.29 18.09 11.25 '1.13 '12.71 

December 13.5 17.5 480 13.1 1.4 18.34 13.25 1.3 17.23 9.48 0.95 9.01 

4.3.2 Phase Two: DC/DC converter with MPPT 

The block diagram of the Fig. 4.14 shows the general structure of DC/DC converter 

which controlled by use of the MPPT control box, this box is composed from, MPPT 

algorithm, and Pulse width modulation which converted the duty cycle to pulses used to 

drive the IGBT device in the DC/DC converter to achieve the maximum power in any 

operating condition. The implementation of the DC/DC converter was done by using 

MALAB /Simulink package 2012 version. The implemented circuit of DC/DC converter is 

based on the section 3.11.2. Two models are implemented, the first one, which composed 

from one solar panel to validate the design, and the second model composed from multi PY 

system to achieve the required power for domestic load, according to the ministry of 

electricity standard (KRG of IRAQ). 

DC Converter 

DC 
+- Load 

PV DC 
+ - 

MPPT 
Controller 

Control Box 

Figure 4.14 The schematic diagram of the photovoltaic simulation system. 
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The parameters used for modeling a single PV panel is shown in the Table 4.5 these 

values are calculated according to IEC harmonic standards, these values, are considered as 

initial values and changed according to experimental results to achieve the best 

performance and accurate results so, the final values are given in the Table 4.5. 

Fig. 4.15 shows the buck-boost DC/DC converter which is composed of inductance, 

capacitance, diode, and IGBT works as a switch. 

Table 4.5 The calculated parameters values of DC/DC converter. 

Vin 13- 17 V 

Yout 20- 24 V 

Lmin 37.5 µH 

cmin 1670 µF 

Duty Cycle Boost mode=> 0.5 and Buck 
mode<= 0.5 

Switching frequency 100 kHz 

R1oad 300 

Table 4.6 L-C Experimental values of DC/DC converter. 

L 90 µH 

C 2000 µF 

.votrr 
I• I •© (D .• •----­ 

+VIN IGBT Diodel 

L C 

<D• I • VIN I +VOITT •CD 

Figure 4.15 The circuit diagram of buck boost converter. 
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In order to verify and compare the effects of the MPPT algorithms for the photovoltaic 

simulation system, some test cases implemented under different irradiance, temperature 

and load conditions to observe whether the output power of the photovoltaic system can 
~ 

reach the maximum power of the solar modules. Table 4.6 shows the sample of testing 

parameters. The simulated results are given in the Fig. 4.16 to 4.19. These figures are 

show the change in the load resistor, irradiance, and temperature. 

Table 4.7 Shows the test data for implemented MPPT system. 

Load PV power PVpower 

Cases Resistor Without With MPP Irradiance Temperature 

(0) MPP (W) (W) (W/m2) (OC) 

Case 1 50 9.25 41.5 1000 25 

Case2 85 5.6 30.4 800 25 

Case 3 20 21 42 1000 25 

Case4 30 14.48 29 800 25 

Case 1: R=50(0), Ir=lOOO (W!m2), T= 25 (C). 

Figure 16 Simulation Result of case 1. 
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Case 2: R=85 (0), Ir=800 (W/m2), T= 25 (C). 

Figure 17 Simulation Result of case 2. 

Case 3: R=20(0), Ir=lOOO (W/M2), T= 25 (C). 

Figure 18 Simulation Result of case 3. 
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Case 4: R=30(Q), Ir=800 (W/M2), T= 25 (C). 

Figure 19 Simulation Result of case 4. 

4.3.3 Phase Three: DC/ AC inverter 

The implemented circuit of DC/AC converter shown in the Fig. 4.20. This circuit is 

powered by 220 V DC and full bridge IGBT connected to supply a load with a capacity of 

lKW, and 220V AC, these load parameters simulate the required power which provides 

a domestic load. The control of VSI is based on the PI controller were used to control 

voltage and current. The output result of the DC/ AC inverter is shown in the Figure 4.21. 

PV 

~~ 
R.Land C 

p.f'-0.9 

Figure 4.20 Implemented circuit of DC/AC converter. 
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Figure 4.21 Simulation results waveforms of the load voltage and current. 

4.4 Solar Power Generator Design for Domestic Load 

The ultimate objective of this thesis is to design an economic and environmentally friendly 

source of energy for domestic load according to [30] the 99% of households in (Koya city/ 

J(RG of IRAQ) consumed a current equal or less than to ( 4A) for 6 hours per day, supplied 

by private generators in the city. 

The parameters were used to design the solar power generator system under IEC harmonic 

standard and ministry of electricity. Where the PV panels used in design is NT 111 Sharp 

Co. Product with maximum power equal to (43W) under STC, the solar model for panel 

· module used is model one. According to this model recorded result very close to.real data. 

The existing solar irradiance in the study is divided into four part which represent the year 

seasons of the year (winter, Fall, Summer, and Spring) as shown in the Table 4.9, the 

selected season with lowest irradiance was in winter to ensure the designed solar power 

generator provides the required power during the year. The calculation used to design the 

solar power generators are. 

_ PV sizing: 

,. 

0Ppv The irradiance in winter session (W) 
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Ppv = 18. 7 (W) 

EPV = 18.07 * td = 18.07 * 10 = 180.7 Wh/day 

Where td Is daylight in hour I day; 

Table 4.8 shows the different solar parameters such as td, Current, voltage, power, and 

energy recorded in the study area. 

180.7 
Epv = PV area 180.7 = 359 Wh/m2 /day 

0.504 

This value is existing solar energy in the winter session. 

The required power is 1 kw with PF=0.9 

P = V *I* cos a = 220 * 4 * 0.9 = 792W 

The power used by PV system supply the householder for six hours per day at daylight 

period when the grid utility always supply electricity at night. 

Ereq = P * to = 792 * 6 = 4752 Wh/day 

Where t0 is equal to operation time ofload =6 hours/day 

Assume that the efficiency of DC/DC converter and DC/AC converter be equal to 0.8. 
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- Ereq = 4752 = 5940 Wh/m2/day E, - o.8 o.8 

. Required Energy 5940 2 The required area of PV panels= = -- = 16.5 m Existing Energy 359 

. Area of PV Required = 16.5 = 32.8 
Number of PV panels required = Area of one PV panel 0.504 

The minimum number of PV is equal to= 33 

In the current design, the number of PV panels used is 35 PV's 

The connection is five PV's in parallel to supply current equal to 8 A minimum values as 

shown the fig.4.22. 

And 6 groups of above group connected to supply 140 V minimum values (series 

connection) shown in Fig 4.23, the overall system connected directly to the DC/AC 

inverter as shown in the Fig. 4.24. 

- DC/DC converter sizing 

The DC/DC converter connected in string topology so, each panel connected directly with 

DC/DC converter individually the values of parameters used are shown in Table 4.10. 

- DC/ AC inverter sizing 

The net power required to supply the load by inverter is 1000 W. According to IEC 

standard and for safety operation the inverter should be considered 25-30% bigger than the 

power required. 

Therefore: 

Pinv = Preq + Preq * 0.3 = 1000 + 300 = 1300 W 

The total circuit is shown in the fig. 4.25 and the output result is given in the fig.4.26 
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Table 4.8 The day length and clearness index. 

~--- - I Day length Clearness 
::\fonths {h day) Index 

I Id K, 

I Januarv 9.98 O.i 
T 

1FclmJ3r\' 10.86 0.77 
I 
I match 11.97 0.78 
i 

April 13.05 0.76 

I mav 14.09 0.7:! 
I 

I June 14.58 0.69 

' Julv 14..!I 0.66 

Ammst 13.~ 0.66 

Seotember 12.45 0.67 

October 11,4 0.67 

·~o,·ember 10.28 0.7 

December 9.15 0.74 

Table 4.9 Average seasons solar irradiance, in studied area. 

Voltage Current Power Energy 
Daylight 

Energy 

Seasons V I p (W/m2) 

length 
(Wh/m2/day) 

(V) (I) (W) E 
(h/day) 

Et 
td 

Winter 13.6 1.33 18.08 35.78 10.1 361.3 

Spring 17.3 1.6 27.68 54.92 13.3 730.4 

Summer 16.5 1.65 27.2 54 14.1 761.4 

Fall 14.9 1.45 21.6 42.85 11.37 487.2 
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Table 4.10 Shows the parameters used to configure the DC/DC converter. 

Vin ( average value) 140 V 

Yout (Average Value) 400V 

L 47 µH 

C 2000 µF 

+PV 

~ .pv 

Figure 4.22 Parallel connection of PV panels. 

+PV_OUT_BUS 

l l 

' 
1 l J f'"' 

~ I I ~ ~ Ill ~ I t ~ ~ I ~L 

Figure 4.23 Series connection of PV panels. 
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PV 

~·-- 

~ 
.

. '"~ ~ I•® «>- DW,1 •I~ lllll'T 

I I :® ~· 

Figure 4.24 Internal components of PV panels. 
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Discrete, 
• 1•·005 

3- 
power9yi 

PV 

0.1----~--1~ 

VLl-------'--t~ 

Load 
IKW 

R,L,and C 
p.t,,,0.9 

SCOPE 

Figure 4.25 Inverter connected with PV panel. 

Figure 4.26 Simulation waveform of implemented system for domestic load. 
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4.5 Results Discussion 

4.5.1 Phase One: PV modeling 

In phase one two PV panels of the PV modeling system were designed and simulates to 

find the best one used to supply DC/DC converter. Table 4.3 and figures 4.8, 4.9, and 4.13, 

show the output results of model one and model two of PV panels respectively. From the 

simulation, results it's clear that the two models simulate the real operation of PV panels 

under STC, but for real life application model one has better accuracy and operation 

,behavior according to simulation results which compared with validation data. For model 

one simulation, all unknown parameters are calculated directly therefore, it takes a long 

time in the simulation process, but for model two the unknown parameters are calculated 

offline, by the help of an individual program, after that the output results are used to 

configure the parameters of fig. 4.11. All above results implemented by the use of back of 

panel temperature, which is different from the ambient temperature as shown in Table Al 

in appendices. 

4.5.2 Phase Two: DC/DC converter with MPPT controller 

The DC/DC converter implemented in this thesis presented in the FIG. 4.15 it's a simple 

buck-boost converter, the parameters of the converter are selected according to IEC 

standard for harmonic and required operation. 

Figs. 4.16 to 4.19 shows the operation of implemented DC/DC converter from the 

implemented results it's clear that the operation of DC/DC converter always gives the 

maximum power of PV under variation in the load and weather conditions. The P&O 

algorithm was used to control a DC/DC converter it succeeded to track the maximum point 

according to the simulation results. 

4.5.3 Phase Three: DC/AC inverter 

The simulation results of the implemented inverter are shown in the Fiqs. 4.21 and 4.26, 

these two figures represented the load voltage and current, from these two waveforms it's 

clear that the output of inverter in sinusoidal waveform and includes a harmonic due to the 

non-linear load connected with the inverter. 
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Fig. 4.26 shows the output of the overall PV system. This system used to supply a 

domestic load in the study area, from this figure it's clear that there are distortion in the 

current and voltage waveforms especially at time ( 0.005 s) at this time the distortion is 

very clear, this distortion is due to the delay in the PV processing where a (35) panel used 

to supply lKW, also the changing in the output of DC/DC converter. The control approach 

used was PI controller, in this type of controllers two parameters Proportional gain (Kp), 

and Integral gain (Ki) were changed many times in order to achieve better results. 
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CHAPTER FIVE 

CONCLUSIONS 

A novel approach to solar power generator was developed. The novelty of this work is 

using real life data, which was recorded under different weather conditions, also a new 

approach to measure the solar cell parameters by the use of back panel temperature as a 

modeling temperature. In this thesis a complete model of solar power generator is 

presented composed of, two solar cells, MPPT controller, DC/DC buck-boost converter, 

and inverter where all of them were implemented and tested with validation data. 

The implemented system is divided into three phases, where each phase is implemented 

and simulated also the results are given and discussed. Phase one was implemented by two 

solar cell models, a comparative study of two models show that model one has better 

accuracy and operation behavior according to simulation results which were compared 

with validation data. 

Phase two was MPPT algorithm, were a P &O algorithm was used, the simulation results 

show that the presented algorithm gives an efficiency close to steady state operation. The 

MPPT controller used to control a buck boost converter. From the simulation result of 

DC/DC converter it's clear that, the implemented circuit of DC/DC converter with MPPT 

algorithm succeed to track the maximum power operation of PV panel under change the 

load and weather conditions. The designed DC/DC converter depended mainly on the 

ripple factor of voltage and current required, also on the duty cycle of DC/DC converter. 

Phase three an inverter circuit to convert the DC input to AC was implemented and tested. 

The control approach used was PI controller, from the simulation results it is clear that the 

output of the inverter is close to a sine wave signal which is required. 
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The proposed system to supply domestic load was implemented and the simulation results 

were presented , from simulation results it's clear that the output of DC/ AC inverter could 

be used directly to supply load composed of L, C, and R with PF equal to 0.9. 

A real life application has been addressed in this work; the proposed model could be 

successfully used to supply the householders according to validation data (real life data) 

and simulation results. 

FUTURE WORK 

The simulation results achieved in this thesis could be considered as a driven force for 

future work, for instance to build a prototype model to test the implemented solar power 

generators in the Laboratory. The model should be developed to include some important 

stages such as: charger control and battery, grid connected system, and a very promised 

aspect is the use of PV panels with DC bus bar for a domestic load. 
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APPENDICES 

Sample of source code used to calculate lph in model one adapted from [21]. 

function Ia= NTI 1 l(Va,G,T) 

% G = num of Suns (1 Sun= 1000 W/m~2) 

% T = Temp in Deg C 

T2 = 273 + 75; 

Voc_T2 = V0 /Ns; 

TaK = 273 + TaC; 

TrK = 273 + 25; 

Iph_Tl = Isc_Tl * Suns; 

a= (lsc_T2 - Isc_Tl)/Isc_Tl * 1/(T2 -Tl); 

Iph = Iph_Tl * (1 + a*(TaK- Tl)); 

k = l.38e-23; 

q = l.60e-19; 

A= 1.2; 

Vg = 1.12; 

Ns = 36; 

Np=l; 

Tl= 273 + 25; 

Voc_Tl = V0 /Ns; 

Isc _ Tl = lsc; 

% Boltzman's const 

% charge on an electron 

% "diode quality" factor, =2 for crystaline, <2 

% band gap voltage, l.12eV for Si, 

% number of series connected cells (diodes) 

%number of parllel connected cells (diodes) 

% open cct voltage per cell at temperature Tl 

% short cct current per cell at temp Tl 

% open cct voltage per cell at temperature T2 

% array working temp 

% reference temp 

Vt_Tl = k * Tl I q; % =A* kT/q 

Ir Tl = Isc Tl I (exp(Voc Tl/(A *Vt Tl))-1); - - - - 

Ir_T2 = Isc_T2 I (exp(Voc_T2/(A*Vt_Tl))-1); 

b = Vg * q/(A*k); 

Ir= Ir Tl * (TaK/Tl )."'(3/ A) . * exp(-b. *(1./TaK - 1/Tl )); 

X2v = Ir_Tl/(A*Vt_Tl) * exp(Voc_Tl/(A*Vt_Tl)); 

dVdl_ Voe = - 1.15/Ns I 2; 

Rs= - dVdl_ Voe - 1/X2v; % series resistance per cell 

% Ia= 0:0.01 :Iph; 

Vt_Ta =A* l.38e-23 * TaK I l.60e-19; % =A* kT/q 
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Table Al Sample of the back of panel temperature at June. 

Ambient Solar 

Temperature Panel Temperature ~T 

(OC) (OC) (OC) 

31.00 38.50 7.50 

34.60 44.00 9.40 

32.20 40.00 7.80 

31.00 42.00 11.00 

29.40 37.00 7.60 

34.00 45.00 11.00 

36.30 45.10 8.80 

36.50 46.00 9.50 

34.70 44.00 9.30 

30.90 37.00 6.10 

33.30 44.80 11.50 

30.50 38.50 8.00 

32.87 41.83 8.96 
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