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ABSTRACT 

 

The solar energy is one of the renewable energy sources that plays an important part in 
our daily life nowadays. The solar energy harvesting system usually consists of solar 
panels and inverters. The inverter consists of many subsystems; solar charge controller 
is one of them. As the name suggests, solar charge controller plays a crucial role in 
harvesting maximum energy from the sun’s irradiation. This thesis focuses on solar 
charge controller area; which presents theoretical studies on the photovoltaic (PV) 
module characteristics and Maximum Power Point Tracking (MPPT) capability. This 
study uses real irradiation data to analyze the PV module characteristics and the MPPT 
algorithm in MATLAB. The simulations in PSIM software is to verify the Single Ended 
Primary Inductor Converter (SEPIC) circuit with Perturb & Observe (P&O) MPPT  
algorithm method. This simulation provides an information on the charge controller 
capability to produce an output power as close as the input power on the changement of 
the solar irradiation intensity. This simulation provides an information on how the P&O 
algorithm reacts to the changement of solar irradiation and how long it took for this 
MPPT to track the Maximum Power Point (MPP). The SEPIC hardware analysis is 
likely to be the determination of the losses in the SEPIC circuit at certain working 
frequency parameters and component selections. This experiment also contributes to the 
knowledge on the switching and conduction losses, where in reality depending on many 
parameters. On the ideal SEPIC circuit (lossless converter), the efficiency can reach as 
high as 98% at maximum solar irradiation. By comparison, given the same components 
with the same value, the experimental SEPIC circuit can obtain an efficiency of only 
77%. 
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ABSTRAK 

 

Tenaga solar adalah salah satu sumber tenaga boleh diperbaharui yang memainkan 
peranan penting dalam kehidupan seharian kita pada masa kini. Sistem 
pengusahasilan tenaga solar ini biasanya terdiri daripada panel solar dan 
penyongsang. Penyongsang ini terdiri daripada banyak sistem kecil di mana 
pengawal caj solar adalah salah satu daripadanya. Seperti namanya, pengawal caj 
solar memainkan peranan penting dalam pengusahasilan tenaga maksimum dari 
sinaran matahari. Tesis ini memberi tumpuan kepada pengawal caj solar; yang 
mana akan membentangkan kajian secara teori kepada ciri-ciri modul PV dan 
keupayaan Pengesan Titik Kuasa Maksimum (MPPT). Kajian ini menggunakan data 
penyinaran sebenar untuk menganalisis ciri-ciri modul PV dan algoritma MPPT 
dalam MATLAB. Simulasi di PSIM adalah untuk pengesahan litar SEPIC dengan 
menggunakan kaedah MPPT yang dipilih. Simulasi ini memberi maklumat 
mengenai keupayaan pengesanan MPPT dari segi masa dan juga keamatan sinaran 
matahari. Analisis tentang perkakasan SEPIC menjadi penentu dalam 
kehilangankuasa dalam litar SEPIC pada frekuensi dan pilihan komponentertentu. 
Eksperimen ini memberi beberapa keputusan yang tidak dijangka dari segi nilai 
kehilangan kuasa. Ia juga menyumbang kepada pengetahuan tentang jangkaan 
dalam kehilangan kuasa semasa pensuisan dan konduksi yang pada hakikatnya 
bergantung kepada banyak parameter. 
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CHAPTER 1  

 

 

INTRODUCTION 

 

 

1.1 OVERVIEW 

 

Over the past few years, there was plenty speculation of fuel price hikes, a world 

energy crisis and concerns of global warming. The increasing demand of energy and the 

growing concern about the environment has sparked enormous interest in the utilization 

of renewable energy. For the time being, renewable energy represents only 7 % of the 

global energy consumed and it will slightly increase as the need for the global energy 

increased (Bose, 2010). One of the alternative energy sources that are recently 

flourishingis the sun, mainly because it is free, sustainable, environmental friendly and 

maintenance free.  

 

The sun's energy, which is converted to solar electricity, or photovoltaic (PV), is 

likely being one of our major energy sources in the near future. PV is energy from the 

sun, which the light is converted directly into electricity without creating any air or 

water pollution. It consists of silicon, which going through a doping process to produce 

positive and negative type semiconductor materials. 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 to flow through an external circuit and back into the 

positive layer. The main electrical characteristics of a PV cell or module are 

summarized in the relationship between the current and voltage. The solar radiation that  

is absorbed by the cell controls the current (I), while the increases in the temperature of 

the solar cell reduce its voltage (V). A single PV cell is basically a direct current (DC) 

source, where the current is determined by the area of the cell and the amount of 
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exposed solar irradiation. One of the examples of the PV module structure is as shown 

in Figure 1.1. 

  

 

 

Figure 1.1: PV Module construction 

 

Source: Kroposki, Margolis et al. 2009 

 

There was a long list to show a chronological history of solar PV, but it is 

important to know that in 1839, French scientist, Edmond Becquerel, discovered the 

photovoltaic effect while experimenting with an electrolytic cell made up of two metal 

electrodes placed in an electricity-conducting solution; the electricity-generation 

increased when exposed to light. In 1876, William Adams, a British physicist, 

discovered a material of photovoltaic which is selenium with his student, Richard Day. 

They, altogether, then made it to solid cells with 1 % – 2 % efficiency. And in 2008, 

scientists at the U.S. Department of Energy's National Renewable Energy 

Laboratory (NREL) have achieved a new world record in solar cell efficiency. They 

managed to get a photovoltaic device have 40.8 % of efficiency. The achievement and 

evolution in PV industry are really outstanding and exceptional. The PV system is 

gaining an important as a renewable source due to advantages such as the absence of 

fuel cost, little maintenance and no noise and wear due to the absence of moving parts.  

Even though solar energy constitutes a very small percentage of our energy system 

today, the size of the resource is enormous which we can state that the earth receives 

more energy from the sun in one hour than the global population uses in an entire year 

(Kroposki, Margolis et al., 2009).  
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1.2 PROBLEM STATEMENT 

 

In this thesis, the solar charge controller is being studied in term of efficiency 

and performance. Questions have been raised about the efficiency where it is actively 

discussed as one of the main issue which is causing either by MPPT algorithm or 

DC/DC converter topology (J.M. Enrique, 2006; Esram and Chapman, 2007; A. Dolara, 

2009; Patarau, Daraban et al., 2011). Research on the converter efficiency arises in 

many scopes, but the one that should be concerned of, is the design of the converter 

itself (Kimball, Flowers et al., 2004). There are increasing concern that apart from the 

PV system, there are also a need for analysis on DC/DC converters’ efficiency in a wind 

farm technology (Prabhakar, Bollinger et al., 2008) which triggered that the efficiency 

issue of the DC/DC converters needs to be taken into consideration for the designers 

regardless on which applications it will be used. While there has been considerable 

research on the efficiency analysis of DC/DC converter, only certain studies have 

proposed a new method of DC/DC to improve the converter efficiency (Kim, Lee et al., 

2013; Kawaguchi, Yamaguchi et al., 2008; Al-Saffar, Ismail et al., 2008). One major 

issue arose that the converters used for photovoltaic applications had a common 

reliability issues, which is a failed electrolytic capacitor used in filters (Lahyani, Venet 

et al., 1998). Thus, it is important for the designers not only to maximize the extracted 

energy, but also to ensure that the converter does not require failure prone components 

like large capacitors. Previous studies of Martin A. Green (2013) on PV module, the 

efficiency of conversion of the incident radiation to electrical energy in the PV cell is 

low and could be as high as 24.1 % for thin film type module at Standard Test 

Condition, STC.  
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1.3 OBJECTIVES 

 

The objectives of this study are:  

1. To develop a model of PV module in computer simulation based on varying 

solar irradiation at a specific geographical location. 

2. To realize a charge controller in computer simulation; consists of PV 

module, SEPIC DC/DC converter and control system.   

3. To analyze the efficiency and the losses of a SEPIC DC/DC converter via 

practical experiment. 

 

1.4 SCOPE AND LIMITATIONS 

 

To achieve the objectives, this study is conducted on a best efforts basis. Like all other 

studies, this study is focused at a specific scope and is bounded by limitations. It should 

be noted that the study covers the overall study of solar charge controller; from the solar 

irradiance, solar panel, DC/DC converter and its controller. The inverter is not part of 

the study, and will be looked at as a load from the solar charge controller's perspective. 

 

Objective 1: 

Geographical and time scope: The context of the study is based on data logged from the 

UMP's weather station at Pekan, Pahang. The data spans for over the period of one year 

and three months; from Jan 2011 to March 2012. 

Lab resource limitation: The model of PV is based on a readily available PV panel 

during the study, the Mitsubishi PV-TE125MF5N. 

 

Objective 2: 

For Objective 2, a thorough literature study is conducted, mainly on choosing the 

appropriate DC/DC converter topology and the suitable control algorithm. This is 

explained in detail in Chapter 2. At the end of the literature review, the study narrowed 

to focus on SEPIC DC/DC converter and Perturb & Observe (P&O) algorithm, hence 

the title of the thesis. A simulation is conducted to achieve Objective 2, where the 

SEPIC with P&O system is tested using the cloudiest and the sunniest data set from the 

Objective 1 study. 
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Objective 3: 

Objective 3 is about the efficiency and the losses of SEPIC DC/DC converter. 

To achieve this objective, a SEPIC DC/DC converter is constructed with the same 

parameters and same component sizing as in Objective 2. As for the controller, open-

loop control is sufficient for efficiency analysis, where an Arduino board is used as the 

controller. The limitation of the Arduino board applied to the study, especially on the 

switching frequencies, where the maximum possible is 62.3 kHz. The converter is 

normally operate at swiching frequency higher than 50 kHz (Burmester, Rayudu et al., 

2013). 

 

1.5 OVERVIEW OF THE THESIS 

 

This study has been divided into two parts. The first part deals with the simulation 

of solar charge controller while the second part deals with the DC/DC converter 

efficiency analysis experiment. The charge controller has a DC/DC converter that using 

a Single Ended Primary Inductor Converter (SEPIC) topology. This study includes a 

simulation of the PV module and SEPIC circuit model in MATLAB and PSIM 

respectively, plus a hardware testing for the SEPIC. The PV module used is the modules 

that available in the Fakulti Kejuruteraan Elektrik & Elektronik, Universiti Malaysia 

Pahang, which is Mitsubishi PV-TE125MF5N. This thesis is organized in five chapters. 

Chapter 1 is a brief introduction of Renewable Energy as a whole and specifically on 

the use of the PV system with the concern over its price compare to efficiency. In 

Chapter 2, literatures that relevant to the issue are presented along with the reviews of 

various books, journals and articles. The literatures focused on the PV cell 

characteristics, MPPT algorithm (P&O) and DC/DC converter (SEPIC). Chapter 3 

presents the methodology of the study. This chapter includes simulation procedures and 

component selection for experimental purposes which involve some calculations. 

Chapter 4 is relate or a continuation of Chapter 3 where the results that obtained from 

simulation and experiment are presented and discussed. Graphs and figures are included 

to be observed and discussed. In the last chapter (Chapter 5), the study is concluded and 

summarized based on the methodology used and the results obtained. Moreover, further 

works that can be conducted are also recommended. 

 



 
 

 

CHAPTER 2  

 

 

LITERATURE REVIEW 

 

 

2.1 INTRODUCTION 

 

French physicist, Edmund Becquerel, discovered the first photovoltaic effect 

when he illuminated a metal electrode in an electrolytic solution back in 1839. Then, 

William Adams, a British physicist, discovered a material of photovoltaic which is 

selenium thirty-seven years later with his student, Richard Day. They, altogether then 

made it to solid cells with 1 % – 2 % efficiency (Masters, 2004). The PV timeline 

evolution is as per attached in APPENDIX B which is prepared by United States 

Department of Energy. PV systems are comprised of photovoltaic cells, devices that 

convert light energy directly into electricity. The word photovoltaic comes from 

“photo,” meaning light, and “voltaic,” which refers to producing electricity. Therefore, 

the photovoltaic process is producing electricity directly from sunlight (S.E.C.O, 1997).  

 

The uses of solar energy become more demanding year by year. PV based 

installation demand has grown consistently by 20 %–25 % per annum over the past 20 

years (Carrasco, Franquelo et al., 2006). Today, the production of PV cells is following 

an exponential growth curve since technological advancement of the late ‘80s that has 

started to rapidly improve efficiency.  

 

Despite its rapid growth, there remain several challenges that hinder the 

widespread use of PV power systems. The main limitation is the high cost of the 

module. It is difficult to ignore that the cost is basically determined by the economics of 

scale of a certain country, supply-demand, price of basic material and the cell 

manufacturing processes (Taheri, Salam et al., 2010). To ensure that the installation of
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PV is effective, there is a need to ensure that the power output of the PV modules 

should be at its optimum. Several attempts have been made to overcome the problem, 

where one evidence suggests that this can be achieved by employing a specific circuit, 

famously known as Maximum Power Point Tracker (MPPT) (Rebei, Gammoudi et al., 

2014; Zanotti, dos Santos et al., 2013; Durgadevi, Arulselvi et al., 2011; Coelho, Concer 

et al., 2009) . Therefore, an efficient PV module requires the MPPT to assured that the 

maximum power is delivered at the operation point, where the magnitudes of the PV 

generator and load circuit resistances are equal as shown in Figure 2.1. 

 

 

 

Figure 2.1: Load and generation curves intersection 

 

Source: (Coelho, Concer et al. 2009) 

 

2.2 PHOTOVOLTAIC 

 

Photovoltaic (PV) is a method of generating electrical power by converting solar 

radiation into direct current electricity using semiconductors that exhibit the photovoltaic 

effect. Photovoltaic power generation employs solar panels composed of a number 

of solar cells containing a photovoltaic material. Mainstream materials presently used 

for photovoltaic include mono-crystalline silicon, poly-crystalline silicon, amorphous 

silicon, cadmium telluride and copper indium gallium selenide/sulfide. Due to the 

increased demand for renewable energy sources, the manufacturing of solar cells 

and photovoltaic arrays has advanced considerably in recent years. 
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current. The temperature of the cell affects its voltage and the larger the cell, the more 

current it will produce. There are various types (Mono-crystalline, Poly-crystalline and 

Amorphous) and sizes (typically sized from 60 W to 170 W) of PV module that 

available in the PV market worldwide. 

 

The reason to connect the cells in series is to provide a suitable voltage for 

battery charging as well as storage (non grid-tied system). Furthermore, it was also 

needed for the use of DC/DC converters in the solar charge controller system which 

required a specific voltage. Typical PV module use 36 solar cells connected in series 

and will have a total voltage of around 16 V (36 x 0.5 V) and this is why the individual 

solar PV cells which make up a solar module have a standard size (156 mm x 156 mm) 

(Yingli, 2013; KYOCERA, 2011; MITSUBISHI, 2007). There are also available 

modules with 30, 54, 60 and 72 cells connection. A 60 cells module will operate at a 

higher voltage than the 54 cells module which allows them to overcome the reduction in 

output voltage when the modules are operating at high temperatures. Figure 2.3 shows 

the different of form I-V curve under different type of cell connections.  

 

 

 

Figure 2.3: I-V curve for various types of PV cell connections 

 

Source: (Articles 2013) 

 

There are three main panel types come from the three different forms of 

crystalline materials. In 2012, mono-crystalline module and poly-crystalline module are 

the most modules sold globally, approximately 93 % of all modules type while 
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Amorphous silicon module is approximately only 4.2 % sold globally (EvoEnergy, 

2012). 

 

2.2.3 The I-V Curve and Maximum Power Point 

 

The I-V curve is a characteristic of any PV module which consists of the PV 

module current and voltage on its x-axis and y-axis respectively. A PV module can 

produce the power at an operating point, anywhere on the I-V curve where the 

coordinates of the operating point are the operating voltage and current. There is a 

unique point near the knee of the I-V curve, called a maximum power point (MPP), at 

which the module operates with the maximum efficiency and produces the maximum 

output power. The rectangle area as in Figure 2.4 is equal to the output power which is a 

product of voltage and current. 

  

 

 

Figure 2.4: I-V and P-V curve of a typical PV module working 

                                 under Standard Test Condition (STC) 

 

Source: (Articles 2013) 
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2.3 MAXIMUM POWER POINT TRACKING 

 

Dang (1990), from California Polytechnic State University, Pomona was the 

first person that made an attempt to study MPPT on his research. The maximum power 

point tracker (MPPT) is now prevalent in grid-tied PV power systems and is becoming 

more popular in stand-alone systems. MPPT plays an important role in photovoltaic 

(PV) power systems because they maximize the power output from a PV system for a 

given set of conditions, and therefore maximize the array efficiency (Abdelmoula, 

Moughamir et al., 2014; Durgadevi, Arulselvi et al., 2011). MPPT’s found and maintain 

operation at the maximum power point, using an MPPT algorithm. Nowadays, this 

algorithm is executed using a microcontroller that used the PV current and voltage data 

to control the duty cycle that applied to the DC/DC converter circuit. There are many 

researches done on tracking the MPP with the entire algorithm proposed (Burmester, 

Rayudu et al., 2013; Muoka, Haque et al., 2012; Hohm and Ropp, 2000) but there is 

lack of source on which algorithm is appropriate for a suitable topology of a DC/DC 

converter. However, one particular algorithm, the perturb and observe (P&O) method, 

claimed by many in the literature to be inferior to others, continues to be by far the most 

widely used method in commercial PV MPPT (Charfi and Chaabene, 2014; Byunggyu, 

Gwonjong et al., 2011; Kazmi, Goto et al. 2009; Femia, Petrone et al., 2004; Hohm and 

Ropp, 2000).  

 

2.3.1 Perturb & Observe Algorithm 

 

The P&O algorithm is a simple method for MPPT. The algorithm is an iteration 

based approach to MPPT (Elgendy, Zahawi et al., 2012; Salas, Olías et al., 2006). A 

flowchart of the method can be seen in Figure 2.5. The first step in this algorithm is to 

sense the current, Ik and voltage, Vk  coming out of the PV panel and these values is used 

to calculate the output power, Pk of the panel. The algorithm then compares the present 

output power with the power from the previous iteration that has been stored in 

memory. If the algorithm is just in the first iteration the current power will be compared 

against some constant, k placed in the algorithm during programming. The system 

compares the difference between the present power and the previous power against a 

predefined constant. This constant is placed within the algorithm to ensure that when 
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the method has found the MPP on the PV panel, the duty cycle will remain constant 

until any condition changes large enough to change the location of the MPP. If this step 

is not included the algorithm would constantly change the duty cycle, causing the 

operating point of the panel to move back and forth across the MPP. The movement 

across the MPP is an unwanted oscillation that can be disruptive to power flow and 

could also cause unwanted loss from not having the operating point right over the MPP 

at all times.  

 

The next step in the algorithm is determining whether the current power, Pk is 

greater than or less than the previous power, Pk-1. The answer to this tells the algorithm 

which branch of the flowchart to take next. No matter which direction the algorithm 

takes, the next step is to compare the voltage in the current, Vin(k) and the voltage in the 

previous, Vin(k-1) iterations. The voltage comparison tells the algorithm which side of the 

MPP the operating point is at thereby allowing the algorithm to adjust the duty cycle in 

the right direction, either a positive or a negative addition to the current duty cycle. The 

final step of the method is to actually change the duty cycle being output to the 

converter, and wait for the converter to stabilize before starting the process all over 

again. 

 

The main advantage of choosing the P&O as an algorithm is easier and simple to 

implement and its low computational method. However, there are some limitations that 

cannot be ignored such like the oscillations around the MPP in steady state operation 

and slow response speed. But, these limitations can be reduced by optimizing the 

sampling rate depends on the converters’ dynamic (Kollimalla and Mishra, 2014; 

Sharma and Purohit, 2012; Femia, Petrone et al., 2004; Liu and Lopes, 2004). 
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Figure 2.5: P&O algorithm flowchart 

 

2.3.2 Incremental Conductance Algorithm 

 

Apart from P&O, the incremental conductance method (IncCond) also regards 

as another popular algorithm. This algorithm was introduced to improve any problems 

occurred from the P&O algorithm (Jerin, 2014; Hussein, Muta et al., 1995). The 

algorithm works on the fact that the slope of the P-V curve is equal to zero at the MPP. 

The left hand side of the MPP, the power is increasing with the voltage and its 

decreasing on the right of MPP. This can be written as the following equation: 

 

at MPP 
݀ܲ

ܸ݀
ൌ 0 (2.1) 

 

left of the MPP 
݀ܲ

ܸ݀
൐ 0 (2.2) 

 

right of the MPP 
݀ܲ

ܸ݀
൏ 0 (2.3) 
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Update history 
V(k‐1) = V(k) 
I(k‐1) = I(k) 

D = D ‐ inc D = D + inc D = D ‐ incD = D + inc 

∆I>0 
yes 

no no 

dI/dV = ‐I/V  ∆I=0 

yes  yes 

Begin IncCond 

Measure: V(k), I(k) 

dV = V(k)‐V(k‐1) 
dI = I(k) – I(k‐1) 

dV=0 
yes no 

no  no 

dI/dV > ‐I/V 
yes 

These equations can be written in terms of the current and voltage by: 

 

 
݀ܲ

ܸ݀
ൌ
݀ሺܫ. ܸሻ

ܸ݀
ൌ ܫ ൅ ܸ

ܫ݀

ܸ݀
 (2.4) 

 

Hence, this algorithm shows that the only information needed to determine the relative 

location of the MPP is only by measuring the incremental and instantaneous module 

conductance, dI/dV and I/V respectively.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.6: IncCond algorithm flowchart 

 

As the list of algorithms keeps on increasing, its complexity and cost of 

implementation  also keeps on increasing. This is the reason why the P&O method is 

chosen, due to its simplicity and also by its low computational demand. 
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2.4 DC/DC CONVERTER 

 

The purpose of a DC/DC converter is to supply a regulated DC output voltage to 

a variable-load resistance from a fluctuating DC input voltage. In many cases the DC 

input voltage is obtained by rectifying a line voltage that is changing in magnitude.The 

output voltage in DC/DC converters is generally controlled using a switching concept. 

Early DC/DC converters were known as choppers with Silicon-Controlled Rectifiers 

(SCRs) used as the switching mechanisms. Modern DC/DC converters classified as 

Switch Mode Power Supplies (SMPS) employ Insulated Gate Bipolar Transistors 

(IGBTs) and Metal Oxide Silicon Field Effect Transistors (MOSFETs). In solar 

photovoltaic application, DC/DC converters work in conjunction with MPPT to control 

through a strategy that allows imposing the photovoltaic module operation point on the 

maximum power point (MPP) or close to it.The generated power exhibits a nonlinear I-

V characteristic and its maximum power point (MPP) vary with solar irradiation and 

temperature. Therefore, an intermediate DC/DC converter is necessary to adjust the 

voltage and current levels, and matches the PV source to the load (Hemalatha, 

Hariprasad et al., 2014; Kashyap, Ahmadi et al., 2013; Alghuwainem , Coelho, dos 

Santos et al., 2012; Salameh and Taylor, 1990).  

 

Basic switching converters such as Buck, Boost, Buck-boost and SEPIC 

converter have been widely applied. These types of converters are known as non-

isolated topologies where they do not have isolation transformers. The Buck topology is 

a step-down converter where the output voltage is stepped down to lower than the input 

voltage. The converter circuit diagram is shown as in Figure 2.7. In PV application, the 

converter is implemented with the MPPT algorithms to make sure that the load voltage 

is lower than PV module output voltage.  
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Figure 2.7: Buck converter circuit 

 

The conversion ratio for Buck converter can be described as: 

 

ܯ  ൌ
௢ܸ௨௧

௜ܸ௡
ൌ ܦ  (2.5) 

 

The Boost topology is the one commonly used converter in a PV system as 

illustrates in Figure 2.8.  

 

 

 

Figure 2.8: Boost converter circuit 

 

The Boost topology is a step-up converter where the output voltage is stepped up 

to higher than the input voltage. The Boost converter can operate in MPPT circuit as 

long as the voltage required by the load is larger than the PV module voltage. The 

primary advantage of Boost converter compared to the Buck converter is when it 

operated in Continuous Conduction Mode (CCM), it draws a smooth current from the 
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PV array by applying a small capacitor at the array terminals compared to the Buck 

converter which requires a big capacitor to smooth the current array.The conversion 

ratio for Buck converter can be described as: 

 

ܯ  ൌ
௢ܸ௨௧

௜ܸ௡
ൌ

1

1 െ ܦ
 (2.6) 

 

In a PV system that using batteries, the PV module MPP is higher than the 

charging voltage of the batteries. At this point, a Buck converter can well operate at the 

MPP. The problem arises when the MPP dropped below the charging voltage of the 

battery in the case when there is a low irradiance condition. This is the case where a 

Buck-Boost converter is needed when the boost capability can step up the MPP higher 

than the battery charging voltage and at the same time increasing the efficiency. The 

Buck-Boost circuit is shown in Figure 2.9 while its conversion ratio can be written as: 

 

ܯ  ൌ
௢ܸ௨௧

௜ܸ௡
ൌ

ܦ

ܦ െ 1
 (2.7) 

 

 

 

Figure 2.9: Buck-Boost converter circuit 

 

Although the Boost converter is very popular among them, however, SEPIC 

converter have been regarded the better choice because its benefits that include buck-

boost conversion function without polarity reversal and low ripple input current 

(Chiang, Hsin-Jang et al., 2009). Conventional hard-switching converters were 

presenting large switching losses, which decrease the converter efficiency. The main 

reason of choosing SEPIC is because it can easily adapt to any PV output voltage and 
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also any battery input where it provides a positive regulated output voltage from an 

input voltage that varies from above to below the output voltage. 

 

2.4.1 SEPIC Topology 

 

The single-ended primary-inductance converter (SEPIC) is a DC/DC converter 

topology that widely used in battery-powered systems. Figure 2.10 shows a simple 

circuit diagram of a SEPIC converter, consisting of an input capacitor, Cin; an output 

capacitor, Cout; coupled inductors L1 and L2; an AC coupling capacitor, Cs; a power 

FET, Q1; and a diode, D1.  

 

Figure 2.11 and Figure 2.12 shows the SEPIC operation in continuous 

conduction mode (CCM) with Q1 is ON and OFF, respectively. To understand the 

voltages at the various circuit nodes, it is important to analyze the circuit in the DC 

condition when Q1 is off and not switching. During steady-state CCM, pulse-width 

modulation (PWM) operation, and neglecting ripple voltage, capacitor Cs is charged to 

the input voltage, VIN. Knowing this, we can easily determine the voltages as shown in 

Figure 2.10. 

 

When Q1 is off, the voltage across L2is equal to VOUT. Since Cin is charged to 

VIN, the voltage across Q1 when Q1 is off is VIN + VOUT, so the voltage across L1 is 

VOUT. When Q1 is on, capacitor Cs, charged to VIN, is connected in parallel with L2, so 

the voltage across L2 is –VIN. The currents flowing through various circuit components 

are shown in Figure 2.13. When Q1 is on, the energy from the input and from CS is 

stored in L1 and L2, respectively. When Q1 turns off, L1’s current continues to flow 

through Cs and D1, and into Cout and the load. Both Cout and Cs get recharged so that 

they can continuously providing the current to the load and to L2, respectively, during 

the next half switching cycle when Q1 is on again. 
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Figure 2.10: SEPIC Topology 

 

Source: (Zhang 2013) 

 

 

 

Figure 2.11: SEPIC Converter Current Flow during Q1 On-Time 

 

Source: (Zhang 2013) 

 

 

 

 

Figure 2.12: SEPIC Converter Current Flow during Q1 Off-Time 

 

Source: (Zhang 2013) 
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Figure 2.13: SEPIC Converter Switching Waveforms 

 

Source: (Zhang 2013) 

 

The SEPIC is known for its capability of providing a wide range of output 

voltage from lower than to greater than the input voltage without having to invert the 

polarity. The conversion ratio, M is defined as: 

 

ܯ  ൌ
௢ܸ௨௧

௜ܸ௡

ൌ ൬
ܦ

1 െ ܦ
൰ (2.8) 

 

If D < 0.5, the output voltage will be lower than the input voltage. When D > 

0.5, the output voltage will be greater than the input voltage. Figure 2.14 shows SEPIC 

conversion ratio, M, versus duty cycle, D. The conversion ratio heading to the infinite 

value as the duty cycle value is approaching 1. 
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Figure 2.14: SEPIC conversion ratio 

 

2.5 EFFICIENCY ANALYSIS OF DC/DC CONVERTER 

 

The ideal DC-DC converter delivers 100 % efficiency; in practice, efficiencies 

of 70 % to 95 % are typically obtained while boosting, reducing, or inverting supply 

voltages. Resistance in the power source is one of the most important factors that can 

limit efficiency. The DC/DC converter efficiency became an important issue in the 

power electronics field. Each design and topology became more critical for its designers 

to implement. In the renewable energy environment, the sources fluctuate depending to 

the availability of the energy sources which make the energy storage and consumption 

become important. Researchers and designers have tried on many aspects to outcome 

this issue based on the implementation of the converters and topology used. For 

example, (Zhiguo, Fan et al., 2005) analyzed about the power losses which considers 

the different loss mechanisms. The analysis also can be considered in term of regulation 

ability, power ratings and also switch stresses (Junjian, Yeates et al., 2013). Apart from 

the power losses, there are also an efficiency analysis regarding power characteristics in 

DC/DC converter by decreasing the overall power dissipation and current demand 

(Volkan Kursun, 2002). 
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2.6 SUMMARY 

 

This chapter explains about the history and construction of a PV; from a PV cell 

to PV module and the characteristics of the I-V curve. In this chapter, there is a brief 

explanation on solar charge controller construction. The charge controller that consists 

of  MPPT algorithm and DC/DC converter, where two types of MPP algorithm and four 

types of DC/DC converter topology were presented. The final review in this chapter 

focused on the efficiency analysis of the DC/DC converter. The P&O algorithm is 

chosen because of its simplicity to implement into the system. Then the DC/DC 

converter topologies are explained together with the brief explanation focused on 

SEPIC operation. Meanwhile, SEPIC is chosen because of its capability of step-up and 

step-down the output voltage without having to invert the polarity. The combination of 

P&O algorithm and SEPIC which is also known as charge controller will be analyzed in 

this study. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 

 

CHAPTER 3  

 

 

METHODOLOGY 

 

 

3.1 INTRODUCTION 

 

In this chapter, the study is divided into two sections of the Solar Charge 

Controller. The first section is concentrating on the controller part while the second 

section is focused on the power circuit. In the first section, it begins with the data 

collection for solar irradiation in Pekan, Pahang. Then, a modeling of a PV cell using an 

equivalent electrical circuit followed by testing P&O algorithm is realized in MATLAB. 

In the second section, a SEPIC circuit is designed and simulates using PSIM and finish 

with the experiment that will focus on the circuit efficiency and loss analysis. 

 

The experiment is conducted without having any continuity with the simulation 

that previously done. The circuit used the same parameters in the simulation, but with 

different input and testing parameters. On the other hand, the experiment is running 

only in the open loop circuit compared to the simulation which is tested in close loop 

circuit.  The sampling frequency selection is determined only to suit the charge 

controller performance under rapid changing solar irradiation. During hardware 

experiment, the PWM signal is delivered by the Arduino UNO board at two frequencies 

tested; 7.8 kHz and 62.3 kHz. The methodology block diagram is as shown in Figure 

3.1. The block diagram illustrates the three methods use in this research in accordance 

with the research objective. The first block labelled by MATLAB correspond to the first 

objective. The second block that labelled by PSIM correspond to the second objective 

while the third objective represent by the red rectangle on the far right corner of the 

diagram. 
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Figure 3.1: Methodology block diagram 

 

3.2 MODELING THE PV MODULE IN MATLAB 

 

First of all, solar irradiation data are collected from the UMP weather station for 

simulation purpose. Two criteria of data are collected, which consists of the sunniest 

and the cloudiest day in the UMP for the period from January 2011 to March 2012. The 

cloudiest day along that period was on 28 December 2011 and the sunniest day is on 19 

March 2012. From 24-hours solar irradiation data, only 12-hours data picked from 0700 

hours to 1900 hours. This is to neglected all zero irradiation data that occur nearly from 

1900 hours until 0700 hours. All the data are logged using WeatherLink which is a 

comprehensive software to store, display and analyze all accumulated weather data and, 

if required, to run a live weather reporting website as in Figure 3.2. The collected data 

will be compiled and plotted in the MATLAB editor shown in APPENDIX A. This data 

will then used to evaluate the P&O algorithm later.  
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Figure 3.2: WeatherLink software interface 

 

As for modeling purpose, The PV module, Mitsubishi PV-TE125MF5N is 36 

polycrystalline silicon solar cells in series which able to provide 125 W of maximum 

power (MITSUBISHI, 2007) is selected. The specifications of the module are shown in 

Table 3.1. The model was evaluated using MATLAB using the equations shown in this 

section. The current, I, is then evaluated using three variable parameters, voltage, 

irradiation, and temperature. If one of the input variables is a vector, the output variable 

(current) is also a vector.  

 

Table 3.1:Electrical specification of PV_125MF5N module 

 

 
Parameter 

PV-TE125MF5N 
Variable Value 

Maximum Power Pm 125 W 
Maximum Power Voltage  Vmp 21.8 V 
Maximum Power Current  Imp 7.9 A 
Open-circuit Voltage  Voc 17.3 V 
Short-circuit Current Isc 7.23 A 

 

The simplest equivalent circuit of a solar cell is a current source in parallel with 

a diode as previously studied by (Chapin, Fuller et al., 1954). It consists of a current 

source (Isc), a diode (D), and a series resistance (Rs). As the effect of shunt resistance 
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(Rsh) is very small in a single module, thus it is neglected (Walker, 2000). To make the 

circuit a better model, it will also include temperature effects on the short-circuit current 

(Isc) and the reverse saturation current of the diode (I0). It uses a single diode with the 

diode ideality factor (n) set to achieve the best I-V curve match. The equivalent circuit 

of PV cell is shown in Figure 3.3 below. 

 

 

 

Figure 3.3: Equivalent electrical circuit of a PV cell 

 

Adapted from : (Chiang, Hsin-Jang et al. 2009) 

 

 As presented by Chapin, Fuller et al. (1954), the current-voltage relationship of 

the PV cell is described as following equation: 

 

ܫ  ൌ ௦௖ܫ െ ௢ܫ ൤݁
௤ ൬
ܸ ൅ .ܫ ܴ௦
݊݇ܶ

൰ െ 1൨ (3.1) 

 

where: 

I is the cell / module current,  

I0is the reverse saturation of the diode,  

k is the Boltzmann constant (1.3806503 × 10-23 J/K),  

q is the electron charge (1.60217646 × 10-19 C),  

n is the diode ideality factor,  

V is the cell voltage {(module voltage) ÷ (number of cells in series)},  

T is the cell temperature in Kelvin = (273+25); 
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The short-circuit current (Isc) was first calculated at a given cell temperature (T): 

 

்|௦௖ܫ  ൌ .௦௖|்ೝ೐೑ܫ ൣ1 ൅ ܽ൫ܶ െ ௥ܶ௘௙൯൧ (3.2) 

 

where, Isc at Tref is given in the datasheet (measured under irradiance of 1000 W/m2), Tref 

is the reference temperature of PV cell in Kelvin (K), usually 298 K (25 ˚C); α  is the 

temperature coefficient of Isc in percent change per degree temperature also given in the 

datasheet. 

 

The short-circuit current (Isc) is proportional to the amount of irradiance. Isc at a 

given irradiance (G) is: 

 

௦௖ܫ  ฬܩ ൌ ൬
ܩ

଴ܩ
൰ ௦௖ฬܫ  ଴ (3.3)ܩ

 

Gois the nominal value of irradiance, which are normally 1 kW/m2. 

 

The reverse saturation current of the diode (I0) at the reference temperature (Tref) 

is given below with the diode ideality factor added: 

 

଴ܫ  ൌ
௦௖ܫ

ሺ݁௤௏೚೎ ௡௞்⁄ െ 1ሻ
 (3.4) 

 

The reverse saturation current (I0) is temperature dependent and the I0at a given 

temperature (T) is calculated by the following equation: 

 

்|଴ܫ  ൌ .௢|்ೝ೐೑ܫ ቆ
ܶ

௥ܶ௘௙
ቇ

య

೙

. ݁

ష೜.ಶ೒

೙ೖ
ሺ
భ

೅
ି

భ

೅ೝ೐೑
ሻ
 (3.5) 

 

The diode ideality factor (n) must be estimated because its value is unknown. 

The estimation value must be between one and two where, n =1 (for ideal diode) is used 

for instance, until more accurate value can be estimated during simulation. The effect of 

the varying diode ideality factor is shown as in Figure 3.4. 
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Figure 3.4: Effect of diode ideality factor on I-V curve 

 

Source: (Oi 2005) 

 

The series resistance (Rs) of the PV module has a large impact on the slope of 

the I-V curve near the open-circuit voltage (Voc), therefore, the value of Rs is calculated 

by evaluating the slope of the I-V curve at the Voc. The equation for Rs was derived by: 

 

 ܴ௦ ൌ െ
ܫ݀

ܸ݀
െ

݊݇ܶ
ൗݍ

.଴ܫ ݁
௤ሺ

ೇశ಺.ೃೞ
೙ೖ೅

ሻ
 (3.6) 

 

and for open circuit voltage when, V= Voc (I=0), then: 

 

 ܴ௦ ൌ െ
ܸ݀

ܫ݀
| ௢ܸ௖ െ

݊݇ܶ ⁄ݍ

.଴ܫ ݁
೜ೇ೚೎
೙ೖ೅

 (3.7) 

 



     30 
 

 

 

 

Figure 3.5: Effect of series resistance on I-V curve 

 

Source: (Oi 2005) 

 

Hence, the Eq.(3.1) could be solved with the known Rs value. This model 

however is complex because the solution of current is recursive by inclusion of a series 

resistance in the model (Walker, 2000). Therefore, the Newton-Raphson method was 

used for rapid convergence of the answer as described below: 

 

௡ݔ  ାଵ ൌ ௡ݔ െ
݂ሺݔ௡ሻ

݂ᇱሺݔ௡ሻ
 (3.8) 

 

where, f’(x) is the derivative of the function, f(x) = 0, xn is a present value and xn+1 is a 

next value. 

 

The function then rewrites in Eq.(3.1 ) that gives: 

 

 ݂ሺܫሻ ൌ ௦௖ܫ െ ܫ െ ଴ܫ ൤݁
௤ቀ

ೇశ಺.ೃೞ
೙ೖ೅

ቁ
െ 1൨ ൌ 0 (3.9) 
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Eq. (3.9) then put into Eq.(3.8) that gives output current that is computed iteratively as: 

 

௡ାଵܫ  ൌ ௡ܫ െ
௦௖ܫ െ ௡ܫ െ ଴ሾ݁ܫ

௤ቀ
ೇశ಺೙.ೃೞ
೙ೖ೅

ቁ െ 1

െ1 െ ଴ܫ ቀ
௤.ோೞ

௡௞்
ቁ ݁

௤ቀ
ೇశ಺೙.ೃೞ
೙ೖ೅

ቁ
 (3.10) 

 

 The constants and equations, then presented in MATLAB where the module 

operating current, Ia, is evaluated using three variable parameters, voltage, irradiation, 

and temperature. Finally, the modeled PV module function is integrated with the P&O 

tracking algorithm file editor showed in APPENDIX A and used the solar irradiation 

data that logged earlier to simulate the outcome of the system during the sunniest and 

cloudiest day on the selected days. 

 

3.3 SEPIC PSIM SIMULATION 

 

PSIM is one of simulation tools that designed specifically for power electronics 

and motor drives usage. This simulation tool provides a schematic capture interface 

while the simulation results viewed using waveform viewer called Simview. Due to its 

simplicity and capability, it was chosen as a simulation tool for the SEPIC circuit. The 

circuit is designed based on the block diagram as in Figure 3.6. The components sizing 

and selection for SEPIC is predetermines using the calculation shown in sub-section 

3.3.2. The converter parameters are shown as in Table 3.2.The circuit will be simulated 

in two conditions. The first is an open loop simulation and the other one is a close loop 

simulation which using a DLL block in the setup. The close loop simulation is intended 

to test P&O algorithm along with SEPIC at varying solar irradiation where the DLL 

block works as the controller for the circuit. 
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Figure 3.6: Block diagram of the designed system 

 

3.3.1 PSIM Solar Module (Physical Model) Setup 

 

There are two types of solar module in PSIM simulation tools; physical model 

and functional model.  The functional model is the one that needs only few basic 

parameters which are the open-circuit voltage, open-circuit current, maximum power 

voltage and maximum power current. It cannot provide inputs that have a variation of 

solar irradiance and temperature. Hence, users could opt for the physical model type. 

The physical model solar module needs three steps in order to obtain the model 

parameters which are: 

(i) use the information from the datasheet; 

(ii) make an initial guess of certain parameters such as diode ideality factor; 

(iii) obtain the I-V and P-V curves, and also MPP. Then compare with 

datasheet for different operating conditions, and fine tune the parameters.  

 

As most of the parameters have already defined during modeling the solar 

module in MATLAB, the setup becomes easier. All the parameters needed are filling in 

the box as shown in Figure 3.8. The software will then generate the I-V and P-V curve 

of this particular module, and calculate the maximum power, maximum voltage and 

maximum current. The block for solar module (physical model) is as shown in Figure 

3.7. 
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Figure 3.7: Solar module (physical model) block with 1000 W/m2 irradiance 

                                  and  25 oC temperature input 

 

 

 

Figure 3.8: PSIM solar module parameters setup 

 

3.3.2 SEPIC Components Sizing and Selection 

 

The component sizing and selection was determined based on these following 

equations by considering the parameters in Table 3.2. 
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Table 3.2:Design specifications and parameters for SEPIC 

 

 

a) Duty cycle consideration 

 

Duty cycle is given by Eq. (3.11) for a SEPIC converter operating in a 

continuous conduction mode (CCM). 

 

 

௠௔௫ܦ ൌ
௢ܸ௨௧ ൅ ஽ܸ

௜ܸ௡ሺ௠௜௡ሻ ൅ ௢ܸ௨௧ ൅ ஽ܸ
ൌ

13.5 ൅ 0.4

5 ൅ 13.5 ൅ 0.4
௠௔௫ܦ

ൌ ௠௜௡ܦ0.74 ൌ
௢ܸ௨௧ ൅ ஽ܸ

௜ܸ௡ሺ௠௔௫ሻ ൅ ௢ܸ௨௧ ൅ ஽ܸ

ൌ
13.5 ൅ 0.4

25 ൅ 13.5 ൅ 0.4
௠௜௡ܦ ൌ 0.36 

(3.11) 

 

where VD is the forward voltage drop of the diode D1. 

 

b) Inductor 

 

The ripple current flowing in equal value inductors L1 and L2 is given by: 

 

 

௅ܫ∆ ൌ ௜௡ܫ ∗ 40% ൌ ௢௨௧ܫ ∗
௢ܸ௨௧

௜ܸ௡ሺ௠௜௡ሻ
∗ ௅ܫ∆40%

ൌ 4.5 ∗
13.5

5
∗ 0.4 ൌ 4.86  ܣ

(3.12) 

 

 
Components Parameter 

SEPIC DC/DC Converter 
Variable Value/Model name 

Input Voltage Vin 5 V- 25 V 
Input Current Iin 0-8 A 
Outptut Voltage Vout 8 V-35 V 
Outptut Current Iout 0-9 A 
Switching Frequency fsw 50 kHz 
Maximum Outptut Power Pmax 125 W 
Duty cycle D 0.3 – 0.7 
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where the 40% is the value to allow the peak-to-peak ripple current of the maximum 

input current at the minimum input voltage. Hence, the inductor value calculated by: 

 

 

1ܮ ൌ 2ܮ ൌ ܮ ൌ
௜ܸ௡ሺ௠௜௡ሻ

௅ܫ∆ ∗ ௦݂௪
∗  ௠௔௫ܦ

             ൌ
5

4.86 ∗ 50ଷ
∗ 0.74 ൌ 15.2  ܪߤ

(3.13) 

 

where fsw is the switching frequency.  

 

The inductors peak current then calculated by: 

 

 

௅ଵሺ௣௘௔௞ሻܫ ൌ ௢௨௧ܫ ∗
௢ܸ௨௧ ൅ ஽ܸ

௜ܸ௡ሺ௠௜௡ሻ
∗ ൬1 ൅

40%

2
൰  ௅ଵሺ௣௘௔௞ሻܫ

          ൌ 4.5 ∗
13.5 ൅ 0.4

5
∗ ൬1 ൅

0.4

2
൰ ൌ  ܣ15

(3.14) 

 

 
௅ଶሺ௣௘௔௞ሻܫ ൌ ௢௨௧ܫ ∗ ൬1 ൅

40%

2
൰  ௅ଶሺ௣௘௔௞ሻܫ

ൌ 4.5 ∗ ൬1 ൅
0.4

2
൰ ൌ  ܣ5.4

(3.15) 

 

c) Power MOSFET 

 

There are a few important parameters to consider when choosing the MOSFET. Those 

parameters are the minimum threshold voltage, Vth(min), the on-resistance, RDSon, gate-

drain charge, QGD, and the maximum drain to source voltage, VDS(max). The MOSFET’s 

gate to source voltage, VGS value should be used based on the gate drive voltage. 

The peak current of the MOSFET is calculated by: 

 

 
ொଵሺ௣௘௔௞ሻܫ ൌ ௅ଵሺ௣௘௔௞ሻܫ ൅  ொଵሺ௣௘௔௞ሻܫ௅ଶሺ௣௘௔௞ሻܫ

ൌ 15 ൅ 5.4 ൌ 20.4  ܣ

(3.16) 
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and the RMS current through the switch is: 

 

 

ொଵሺ௥௠௦ሻܫ

ൌ     ௢௨௧ඨܫ
ሺ ௢ܸ௨௧ ൅ ௜ܸ௡ ൅ ஽ܸሻ ∗ ሺ ௢ܸ௨௧ ൅ ஽ܸሻ

௜ܸ௡ሺ௠௜௡ሻ
ଶ ொଵሺ௥௠௦ሻܫ

ൌ 4.5ඨ
ሺ13.5 ൅ 5 ൅ 0.4ሻ ∗ ሺ13.5 ൅ 0.4ሻ

5ଶ
ொଵሺ௥௠௦ሻܫ

ൌ  ܣ 3.24

(3.17) 

 

d) Diode 

 

The diode peak current is as the same as the MOSFET’s, IQ1(peak). The diode selection is 

to ensure that it can withstand the minimum peak reverse voltage base on this 

calculation: 

 

 
ோܸ஽ଵ ൌ ௜ܸ௡ሺ௠௔௫ሻ ൅ ௢ܸ௨௧ሺ௠௔௫ሻ ோܸ஽ଵ ൌ 25 ൅ 35

ൌ 60 ܸ  

(3.18) 

 

The diode average current is equal to output current, so we can say that the power 

dissipation of the diode is equal to: 

 

 ஽ܲ ൌ ோ஽ሺ௔௩௚ሻܫ ∗ ஽ܸ ஽ܲ ൌ 4.5 ∗ 0.4 ൌ 1.8 ܹ (3.19) 

 

e) Coupling capacitor 

 

The selection of coupling capacitor, Cs is depends on the RMS current given by: 

 

 

஼ೞሺೝ೘ೞሻܫ
ൌ ௢௨௧ܫ ∗ ඨ

௢ܸ௨௧ ൅ ஽ܸ

௜ܸ௡ሺ௠௜௡ሻ
஼ೞሺೝ೘ೞሻܫ

 

  ൌ 4.5 ∗ ඨ
13.5 ൅ 0.4

5
ൌ 7.5  ܣ

(3.20) 
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where the peak-to-peak ripple voltage on Cs that assuming no ESR is: 

 

 ∆ ஼ܸೞ ൌ
௢௨௧ܫ ∗ ௠௔௫ܦ
௦ܥ ∗ ௦݂௪

∆ ஼ܸೞ ൌ
4.5 ∗ 0.74

47ି଺ ∗ 50ଷ
ൌ 1.42 ܸ 

(3.21) 

 

f) Output capacitor 

 

The output capacitor, Cout must have the capability to handle the maximum RMS 

current because the output current is supplied by the output capacitor when the switch, 

Q1 is turned on.  The RMS current in the output capacitor described as: 

 

 

஼೚ೠ೟ሺೝ೘ೞሻܫ
ൌ ௢௨௧ܫ ∗ ඨ

௢ܸ௨௧ ൅ ஽ܸ

௜ܸ௡ሺ௠௜௡ሻ
஼೚ೠ೟ሺೝ೘ೞሻܫ

 

    ൌ 4.5 ∗ ඨ
13.5 ൅ 0.4

5
ൌ 7.5  ܣ

(3.22) 

 

ESR and bulk capacitance of the Cout directly control the output ripple. The first 

assumption is Vripple = 2 % of the output voltage,Vout. Then, by assuming half of the 

ripple is caused by the ESR and the other half by the capacitance amount, it will be 

described as: 

 

 

ܴܵܧ ൑ ቆ
௥ܸ௜௣௣௟௘ ∗ 0.5

௅ଵሺ௣௘௔௞ሻܫ ൅ ௅ଶሺ௣௘௔௞ሻܫ
ቇ  ܴܵܧ

      ൑ ൬
0.02 ∗ 13.5 ∗ 0.5

15 ൅ 5.4
൰ ൌ 6.6  ߗ݉

(3.23) 

 

and 

 

 

௢௨௧ܥ ൒ ቆ
௢௨௧ܫ ∗ ௠௔௫ܦ

௥ܸ௜௣௣௟௘ ∗ 0.5 ∗ ௦݂௪
ቇܥ௢௨௧ 

                 ൒ ൬
4.5 ∗ 0.74

0.02 ∗ 13.5 ∗ 0.5 ∗ 50ଷ
൰ ൌ 493.3  ܨߤ

(3.24) 
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g) Input capacitor 

 

The input capacitor, Cin should be capable of handling the RMS current. A 10μF 

or higher value with a good quality capacitor would prevent impedance interactions 

with the input supply. The RMS current in the Cin is given by: 

 

஼೔೙ሺೝ೘ೞሻܫ 
ൌ
௅ܫ∆

√12
஼೔೙ሺೝ೘ೞሻܫ

ൌ
4.86

√12
ൌ 1.4  ܣ

(3.25) 

 

An open loop SEPIC is designed in PSIM as in Figure 3.9 and the close loop 

circuit is as in Figure 3.10. It is based on the Table 3.3 after the consideration on the  

component sizing calculation. In addition, the circuit also includes an inductor, L3, 

which act as a filter. 

 

Table 3.3: SEPIC components 

 

 

 
Components Parameter 

SEPIC DC/DC Converter 
Variable Value/Model name 

Input Capacitor  Cin 47 µF 
AC Coupling Capacitor Cs 47 µF 
Output Capacitor Cout 1000 µF 
Coupled Inductor 1 L1 47 µH 
Coupled Inductor 2 L2 47 µH 
Filtered Inductor L3 1 mH 
Power MOSFET Q1 IRF540N 
Diode D1 30CPF12 
Resistive load RL 9 Ω 
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Figure 3.9: SEPIC open loop circuit 

 

 

 

Figure 3.10: SEPIC close loop circuit 

 

3.4 SEPIC LOSS ANALYSIS 

 

The hardware implementation is focused on the analysis of the SEPIC efficiency 

and losses. The efficiency is affected by various types of losses involved in 

SEPIC.There will be two major losses from two switching components to be focused 

during the experiment; the switching loss and conduction loss of power MOSFET and 

diode. These losses contribute to the biggest percentage of the circuit efficiency. Since 

the hardware implementation is focused on the efficiency issue of SEPIC, only the open 
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loop system is developed. On top of the parameters in Table 3.3, additional parameters 

needed for practical experiment are shown in Table 3.4. 

 

Table 3.4: Hardware testing parameters 

 

 
Parameter 

PV-TE125MF5N 
Variable Value 

Input Voltage Vin 10 V 
Switching frequency fsw 7.8 kHz & 62.3 kHz 
Duty cycle D 0.3 – 0.7 
Load resistance RL 9 Ω 

 

The circuit will be tested at different frequencies and duty cycles in order to 

measure losses that occur at different parameters. The frequency selected is based on 

the capability of the Arduino UNO board that delivered the PWM to the MOSFET. The 

62.3 kHz frequency is the maximum  frequency that can be set by the Arduino UNO 

board while the 7.8 kHz frequency is selected randomly from the Arduino UNO timer 

setting. The duty cycle range selected from 0.3 to 0.7 as the circuit operated  at its best 

around it (Oi, 2005; Geir Opdahl, 2010). The duty cycle value will be adjusted by 0.2 

per step along the experiment. 

 

3.4.1 SEPIC losses 

 

In general, power loss is the sum of the two types of losses in the converter, 

which are switching and conduction. Conduction losses usually dominate at higher 

output loads; whereas switching losses remain relatively fixed and dominate atlower 

output loads. However, in SEPIC, there are certain losses apart from the two which 

came from those passive components. The list of losses in SEPIC can be described as: 

 

a) Capacitor loss 

 

The capacitor losses are comprised of the losses from the coupling capacitor, Cs 

and output capacitor, Cout. The input capacitor, Cin didn’t give too much impact in 

overall capacitor losses, hence it is neglected.  
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The capacitor losses then can be described as: 

 

 ஼ܲ ൌ ஼ܲೞ ൅ ஼ܲ೚ೠ೟ (3.26)

 

                    ஼ܲೞ ൌ ሺܫ௢௨௧
ଶ ∗ ܴ௘௦௥ ∗ ሻܦ ൅ ௢௨௧ܫ

ଶ ∗ ቆ
ଶܦ

1 െ ܦ
ቇ ∗ ܴ௘௦௥ (3.27) 

 

and 

 

௢௨௧ܥܲ  ൌ ቆ
௢௨௧ܫ
ଶ ∗ ܴ௘௦௥

2
ቇ (3.28) 

 

b) Inductor loss 

 

The inductor power loss is defined as: 

 

 ூܲ௡ௗ ൌ ௖ܲ௢௥௘ ൅ ஽ܲ஼ோ (3.29)

 

Core loss, Pcore is often provided directly from manufacturers. But there exists the 

formula that can be used to calculate the core loss for a ferrite core: 

 

 ௖ܲ௢௥௘ሺ௠ௐሻ ൌ 1ܭ ∗ ݂
௫ ∗ ௬ܤ ∗ ௘ܸ (3.30)

 

where: 

K1= Constant for core material, 

f   = Frequency in kHz, 

B =Peak flux density in kGauss, 

x = Frequency exponent, 

y = Flux density exponent, 

Ve=Effective core volume (cm3); 

By entering the K1 coefficient, the frequency and flux density exponents, which are 

unique to each core material, the core loss can be calculated. 
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Meanwhile, the wire loss caused by DC resistance is defined by: 

 

 ܲ஽஼ோሺௐሻ ൌ ௥௠௦ܫ
ଶ ∗ ܴܥܦ  (3.31) 

 

where: 

Irms is the rms value of the peak current applied to the inductor and DCR is the dc 

resistance of the inductor. The inductor loss is assumed to be 0.5 % of the output power 

(Sekiya, 2011). 

 

c) Diode loss 

 

There are two losses can be calculated at the diode, there are diode conduction 

loss and switching loss. The diode conduction loss can be described as:  

 

 ஽ܲሺ௖௢௡ௗሻ ൌ ஽ܸ ∗  ஽ (3.32)ܫ

 

where: 

VD is the forward voltage across the diode and ID is the current flow through the diode.  

The diode switching loss however, calculated by: 

 

 ஽ܲሺ௦௪ሻ ൌ ௦݂௪ ∗ ൫ ௖ܸ௙ ൅ ௢ܸ௨௧൯ ∗ ܳ௥௥ (3.33) 

 

where: 

fsw  is the switching frequency, Vcf  is the voltage across the diode when it is turned off, 

and Qrr is the diode reverse recovery charge. 

 

d) MOSFET loss 

 

The MOSFET, which in particular also a semiconductor device as similar to the 

diode, also has two types of losses which are the conduction loss and switching loss. 

The MOSFET conduction loss is given by: 

 

 ொܲଵ ൌ ௢௡ሺ௥௠௦ሻܫ
ଶ ∗ ܴௗ௦௢௡ (3.34) 
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where: 

Ion is the drain current when the MOSFET is on, and RDSon is the drain-source resistance 

of the MOSFET.  

 

The MOSFET switching loss then can be separated to two losses, switch on loss 

and switch off loss. The two switching losses then calculated as: 

 

 ܲொଵሺ௦௪೚೙ሻ ൌ ቆ
௦݂௪ ∗ ௗܸ௦௢௙௙ ∗ ௢௡ሺ௥௠௦ሻܫ ∗ ௢ܶ௡

2
ቇ (3.35) 

 

 ܲொଵ൫௦௪೚೑೑൯
ൌ ቆ

௦݂௪ ∗ ௗܸ௦௢௙௙ ∗ ௢௡ሺ௥௠௦ሻܫ ∗ ௢ܶ௙௙

2
ቇ (3.36) 

 

Hence, the total switching loss can be described as: 

 

 ܲொଵሺ௦௪ሻ ൌ ܲொଵሺ௦௪೚೙ሻ ൅ ܲொଵ൫௦௪೚೑೑൯
 (3.37) 

 

where: 

Vdsoff is the drain-to-source voltage when the MOSFET is off, Ton is the time to turn the 

MOSFET on, and Toff is the time to turn the MOSFET off. 

 

Figure 3.11 shows the connection between SEPIC and the Tektronix TPS 2024B 

oscilloscope for loss measurements. The clearer figure on the probe connection is 

illustrated in Figure 3.12 for MOSFET loss measurement and Figure 3.13 for diode loss 

measurement. 
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Figure 3.11: The experimental setup 

 

 

 

Figure 3.12:MOSFET losses measurement connection in the SEPIC circuit 

 

 

 

Figure 3.13: Diode losses measurement connection in the SEPIC circuit 
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3.5 SUMMARY 

 

This chapter has briefly explained about the methodology used in the project 

started with the solar irradiance data collection in Universiti Malaysia Pahang, Pekan 

Campus and its implementation in MATLAB. Then, the modeling of PV module in 

MATLAB based on the manufacturer’s datasheet and the equation from solar cell 

equivalent electrical circuit. This simulation is purposely to acquire data from the 

selected module that using P&O algorithms as a controller. The temperature is set  fixed 

at nominal 25 oC where only the irradiation changing. The next sub-chapter explained 

on the circuit setup in PSIM simulation tools which started from the solar module 

(physical model) setup, to SEPIC design based on the SEPIC components sizing 

calculation. In this simulation, the charge controller  is tested using two types of input, 

which are constant and varied. This purpose is to test the performance of the charge 

controller under rapid changing of solar irradiation. Lastly, the type of losses that 

occurred in SEPIC for the efficiency analysis experiment has been presented.



 
 

 

 

 

CHAPTER 4  

 

 

RESULTS AND DISCUSSIONS 

 

 

4.1 INTRODUCTION 

 

Simulations and experiments results are presented and discussed in this chapter. 

The outcome of each simulation (MATLAB & PSIM) along with the experiment is 

observed and analyzed. The result will discuss on the solar irradiation at the selected 

area (Universiti Malaysia Pahang, Pekan campus), the I-V and P-V curve of the modeled 

module to the effect of varying densities of solar irradiation and temperature.  

 

In the power section, the PSIM simulation shows various results from open loop 

and close loop circuit to discuss about. The experimental results will be discussed 

around the losses occurred (which in particular focused on the two switching devices, 

MOSFET and Diode) and also the overall efficiency. 

 

4.2 MATLAB PV MODELING SIMULATION 

 

4.2.1 Real Solar Irradiation Data Collection 

 

The first result obtains are the data collection on the solar irradiance on the 

particular day selected as in sub-section 3.2. The data showed the two most contrary 

weather conditions along the selection period. The cloudiest day selected fall on 28 

December  2011 and the sunniest day fall on 19 March 2012. The data plotted using the 

script as in APPENDIX A came out with the result as in Figure 4.1 on the sunniest day 

and Figure 4.2 on the cloudiest day. 
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Figure 4.1: Solar irradiance during sunniest day on 19 March 2012 at 

                           Universiti Malaysia Pahang, Pekan Campus 

 

 

 

Figure 4.2: Solar irradiance during cloudiest day on 28 December 2011 at 

                                    Universiti Malaysia Pahang, Pekan Campus 
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The findings of the simulations is obvious that there were differing on the 

maximum irradiance between the two conditions. Figure 4.1 shows that the maximum 

irradiance on the sunniest day was 937 W/m² at 1340 hours, whereas on the cloudiest 

day, it was 418 W/m² at 1030 hours as shown in Figure 4.2. The result shows that the 

discrepancy of maximum output power between the two weather conditions is about 

44.6 %. It is apparent from these figures that the PV output power should drop around 

the discrepancy percentage during cloudy days or more precisely, during the monsoon 

season. 

 

4.2.2 Modeling of PV Module in MATLAB 

 

The following simulation results show the PV-TE125MF5N module I-V and P-V 

curves with the variations of temperature and solar irradiation that modeled in 

MATLAB. There are four different characteristics that represent each variation of 

temperature and five different characteristics that represent the variation of solar 

irradiation. 

 

Figure 4.3 shows the variations of temperature clearly affected the I-V 

characteristics of the module. The simulation indicates that the hotter the temperature, 

the lesser the voltage produced by the module. As shown in Figure 4.3, the percentage 

of voltage that varied every 25 oC of temperature is about 8.3 %. On the other hand, the 

module current slightly increase as the temperature rising. It can be seen that the current 

varied about 1.3% on each 25 oC of temperature variation.  
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Figure 4.3: I-V characteristics of PV module with variations of temperature 

 

Contrary to the result in Figure 4.3, the variations of solar irradiation have a big 

impact on the PV current as illustrated in Figure 4.4. It is further observed that the 

current increase with the increasing of solar intensity, thereby increasing the power 

output of the solar cell. Another observation shows that at every 200 W/m2 variation of 

the intensity, the module current varies about 20.2 %, but at the same time the module 

voltage varies in non constant rate. Figure 4.4 illustrates that at 200 W/m2, the PV 

module voltage ideally produced of 19 V compares to the highest intensity at 21.8 V. 

 

 

 

Figure 4.4: I-V characteristics of PV module with variations of solar irradiation 
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The PV module P-V curve shows that the module performs better at lower 

temperature. Furthermore, it can achieve maximum power that is above its nominal 

power rating as seen in Figure 4.5. The voltage varies constantly at 8.3 % every 25 oC 

of temperature variations. Interestingly, this shows that PV module works better in 

cooler climates with higher solar intensity. 

 

 

 

Figure 4.5: P-V characteristics of PV module with variations of temperature 

 

Meanwhile, the variations of solar irradiation play a vital role in the module 

overall performance as seen in Figure 4.6. The result shows that as the intensity 

decreased, the module output power decreased at a rate of 20 % every 200 W/m2 of 

intensity variation. 
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Figure 4.6: P-V characteristics of PV module with variations of solar irradiation 

 

4.2.3 P&O MPPT Simulation in MATLAB Based on PV Module Characteristics 

and Solar Irradiation Data Collection 

 

The MPP location in the I–V plane is not known precisely and always changes 

depending on the solar irradiance and temperature. Therefore, it needs to be located. 

The MPP can be located by a tracking algorithm. The following simulation results show 

the module performance on the two days selected by using the P&O tracking algorithm. 

During the cloudy day, the irradiance level changes rapidly because of passing clouds 

and it will affect the performance of MPP tracking. Figure 4.7 shows the trace of PV 

operating points in green point while the red star point represents an MPP at each P-V 

curve. It is apparent in Figure 4.7 that the tracking points are farther the MPP at some 

point due to the rapidly changing of irradiance level. Further observed on the cloudy 

day simulation shows that the module can produce a power of 45.4 W at maximum. 

This value represents only 36.3 % of the module maximum power rating as tabulated in 

Table 4.1. 
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Figure 4.7: P&O MPP tracking on 28 December 2011 at Universiti 

                    Malaysia Pahang, Pekan Campus using PV- TE125MF5N 

                                module 

 

Meanwhile, on the sunniest day, the result seems more impressive because of 

more constant irradiation without irradiance level that change too gradually since there 

is less cloud influence. It is obvious that the MPP tracking performance is better than on 

the cloudiest day as shown in Figure 4.8 where, the trace of a PV operating point is 

more concentrated around the MPP without too much deviation. Without doubt, the 

tracking algorithm works better above 400 W/m2 intensity of solar irradiance. It is 

relatively clear that during this condition, the module produced the output power of 

117.6 W using P&O MPPT algorithm which is 94 % of its maximum power rating of 

125 W as tabulated in Table 4.3. 
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Figure 4.8: P&O MPP tracking on 19 March 2012 at Universiti Malaysia 

                    Pahang, Pekan Campus using PV- TE125MF5N module. 

 

Table 4.1: MITSUBISHI PV-TE125MF5N module output  power during  

                  cloudiest  day 

 

 

 

Table 4.2: MITSUBISHI PV-TE125MF5N module output  power during  

                  sunniest day 

 

 

 

 
Parameter 

PV-TE125MF5N module 
Pmax(nominal) Pmpp  (P&O) Percentage 

Cloudiest day, 28 December 2011 125 W 45.4 W 36.3 % 

 
Parameter 

PV-TE125MF5N module 
Pmax(nominal) Pmpp  (P&O) Percentage 

Sunniest day, 19 March 2012  125 W 117.6 W 94 % 
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4.3 PSIM CONVERTER CIRCUIT SIMULATION 

 

The PSIM simulation result provides the PV output power at close-loop circuit 

condition under constant and rapidly changing solar irradiation. Since the goal of open 

loop simulation is only for proper component sizing guidance, the open loop result is 

not discussed here. Due to its ideal component characteristic, the open loop SEPIC 

simulation is a lossless converter with 100 % efficiency.  

 

4.3.1 SEPIC Close-loop Simulation under Constant Solar Irradiation 

 

The first three data, simulate the circuit where the intensity of solar irradiation is 

set at 200 W/m2, 600 W/m2 and 1000 W/m2 respectively. By referring to Figure 4.9, at 

the intensity equal to 200 W/m2, the output power is certainly weaker than the PV input 

power. While the input power, Pin is equal to19.6 W, the output power, Pout is equal 

to18.8 W which is about 96 % of the maximum power that it could achieve as tabulated 

in Table 4.3. 

 

 

 

Figure 4.9: Power and voltage at 200 W/m2 irradiation 

 

As illustrated in Figure 4.10, the maximum power that the PV module can 

achieve at intensity equal to 600 W/m2 is 72.4 W. By then, the maximum power that 

draws from the circuit is as high as 71.5W which gives about 98.8 % of maximum 



55 
 

 

power it could achieve which also been tabulated in Table 4.3. Figure 4.11 shows that at 

the maximum intensity of 1000 W/m2, the simulated module achieved as high power as 

it can produce according to its manufacturer’s datasheet which is 125 W. The simulated 

output power, Pout however, produced an output power of around 123.4 W which have a 

discrepancy of 1.3 % of the maximum power as tabulated in Table 4.3. At this point, it 

is obvious that the close loop circuit gives an average efficiency of 98 % where it 

undeniably shows a good tracking capability under constant solar irradiation. 

 

 

 

Figure 4.10: Power and voltage at 600 W/m2 irradiation 

 

 

 

Figure 4.11: Power and voltage at 1000 W/m2 irradiation 
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Table 4.3: PV-TE125MF5N module output power on three different constant 

                   solar irradiation 

 

 

4.3.2 SEPIC Close-loop Simulation under Varying Solar Irradiation 

 

Under varying solar irradiation, this simulation used the square and triangle 

signal as an input. This is to show the tracking capability of the P&O algorithm under 

rapidly changing irradiation condition by using two different sampling frequencies; 10 

Hz and 50 Hz. 

 

At 10 Hz sampling rate, it is obvious that the P&O MPP is lagging about 4ms 

from the input and unable to track to the maximum power. Figure 4.12 illustrates that 

the tracker could only achieve a maximum power of only 117 W which gives the 

efficiency of 93.6 %. 

 

 

 

Figure 4.12: Output power at 10 Hz sampling rate using a triangle input signal 

 
Solar Irradiance 

PV-TE125MF5N  
Pin Pout  Discrepency 

200 W/m2 19.6 W 18.8 W 4 % 
600 W/m2 72.4 W 71.5 W 6 % 
1000 W/m2 125 W 123.4 W 1.3 % 



57 
 

 

While at 50 Hz sampling rate as in Figure 4.13, the tracker is certainly unable to 

track at rapidly changing solar irradiation where further observation confirmed that the 

tracker is only able to track until 94.8 W before changing its tracking path. Another 

interesting finding is that the tracker definitely needed a time to stabilize before the 

changing of solar irradiation as shown in Figure 4.14. 

 

 

 

Figure 4.13:Output power at 50 Hz sampling rate using a triangle input signal 

 

As Figure 4.14 illustrates, the tracker undoubtedly needs at least 32 ms in order 

to track to the MPP with the solar irradiation changing from 200 W/m2 to 1000 W/m2. 

The simulation proves that any fast changing in solar irradiation under 32 ms will affect 

the capability of the tracker. 
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Figure 4.14: Output power at 10 Hz sampling rate using a square input signal 

 

 Prior to the previous findings, Figure 4.15 clearly shows that the tracker is not 

able to track the MPP over 30 Hz of irradiation changing frequency. It is apparent that 

at 50 Hz sampling rate frequency using a square wave input signal, at every 20 ms of 

the solar irradiation changing from 200 W/m2 to 1000 W/m2, it can track up to 111 W at 

maximum before decreasing. The results of this simulation clearly show that the P&O 

algorithm works fine under constant solar irradiation, but unable to track an MPP under 

rapidly changing solar irradiation below than 32 ms. All the simulation results then 

summarized in Table 4.4. 

 

 

Figure 4.15:Output power at 50 Hz sampling rate using a square input signal 
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Table 4.4: PV-TE125MF5N module output power on two different input  

                  irradiation and different frequency 

 

 

4.4 SEPIC HARDWARE ANALYSIS 

 

The hardware analysis consists of the measurement and calculation of losses and 

efficiency. The loss analysis focused on the two switching components in the circuit 

which are MOSFET and diode. These two components contribute to the major losses in 

the circuit. The experiment is carried out using the parameters mentioned in sub-section 

3.4 and divided into four groups of measurements and calculations. 

 

4.4.1 Diode loss measurement and calculation 

 

The diode loss measurement is taken in two different frequencies for analysis. 

The switching frequency, fsw is set at 7.8 kHz and 62.3 kHz.  The total diode loss 

consists of diode conduction loss and diode switching loss. The measurement losses 

then compared to the calculation losses for both conduction and switching loss. The 

diode conduction loss and the diode switching loss calculation were as in Equation 

(3.32) and Equation (3.33) respectively.  

 

As Figure 4.16 illustrates, the circuit has a huge diode conduction loss at fsw = 

7.8 kHz. However, on the observation at fsw = 62.3 kHz shows that the diode conduction 

loss was not even exceed 1W. Further analysis shows the discrepancy between the two 

frequencies is from as low as 1.7W at the lowest duty cycle to as high as 9.7 W at the 

highest duty cycle while the discrepancy between the two methods are very marginal 

with 0.08 W at lower frequency and 0.03 W at higher frequency. These results are 

undeniable as the diode current at fsw = 7.8 kHz is higher than at fsw= 62.3 kHz. 

PV-TE125MF5N  
Input signal Frequency Pin Pout  Efficiency 

Triangle 10 Hz 125 W 117 W 93.6 % 
Triangle 50 Hz 125 W 94.8 W 75.8 % 
Square 10 Hz 125 W 123 W 98.4 % 
Square 50 Hz 125 W 111 W 88.8 % 
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Obviously, in accordance with the Equation (3.32), it is expected that the value of the 

frequency doesn’t have much influence in diode conduction loss calculation and 

measurement.  

 

 

 

 

 

Figure 4.16: Diode conduction loss 

 

What is to be an unlikely figure in Figure 4.17 is that there are more losses at 

fsw= 7.8 kHz. Presumably, the switching loss is having frequency as one of its 

calculation parameters, but the output voltage, Vout and the voltage across the diode 

when it is turned off, Vcf play a huge part in the diode switching loss determination. It is 

however clear that there are no significant differences of the average loss between the 

two frequencies which is only 0.55 W. Further analysis shows the discrepancy between 

the two measurements at both frequencies is 0.02 W and 0.04 W respectively. It is 

proven that the diode loss is inversely proportional to the switching frequency. 
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Figure 4.17: Diode switching loss 

 

4.4.2 MOSFET loss measurement and calculation 

 

The MOSFET loss measurement parameter is to measure the voltage drain-to-

source, VDS, the drain current, ID; while the turn-on, Ton and turn-off, Toff time of the 

MOSFET measurement data will be used as the calculation parameters as in Equation 

(3.34), Equation (3.35) and Equation (3.36). The voltage drain-to-source, VDS and the 

drain current, ID were used to measure the MOSFET conduction and switching losses. 

The rated RDS(on) for MOSFET IRF540N is 44 mΩ maximum which varies depending on 

the value of VGS. The MOSFET conduction loss data is calculated by assuming the 

RDS(on) value are the same at all duty cycle. As written in (PowerSemiconductorDevice, 

2011), MOSFET has a relatively higher conduction loss and lower switching loss 

compare to Bipolar Junction Transistor, BJT. At lower frequency, the MOSFET tend to 

have more losses on conduction compare at the higher frequency.  

 

Figure 4.18 illustrates the MOSFET conduction loss on two different frequency 

setting and two different type of measurement. From the observation, at fsw= 62.3 kHz, 

the conduction loss between the two measurements are obviously looking similar. It is 

somewhat not necessarily having a big margin between the two methods that happened 

at fsw = 7.8 kHz. It is inevitable due to the higher amount of the drain current, ID at this 

frequency and the value of the RDS(on) decreasing which contribute to higher loss value. 

On top of that, it is apparent that the value of RDS(on) is varying in the measurement 
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method compared to the calculation which the RDS(on) value is constant at all duty cycle 

calculation. It is concluded that the average discrepancy between the two methods is 

0.86 W at lower frequency and 0.35 W at higher frequency. The results bring altogether 

that the average loss margin between the two frequencies is 1.56 W. 

 

 

 

 

Figure 4.18: MOSFET conduction loss 

 

In contrary to its conduction loss, the MOSFET switching loss shows that there 

are more losses at higher frequency, but only happens after 0.52 duty cycle as in Figure 

4.19. Starting from this point, the loss increase significantly from 2.16 W to 10.5 W 

with an average of 0.82 W increment per 0.02 duty cycle step. The experiment 

definitely shows that the MOSFET gate are allowing the possibly high amount of 

current to flow through its channel at the stated duty cycle. With the addition of the 

frequency value that relatively higher than the other one, it is expected to have a result 

as illustrated in Figure 4.19: MOSFET switching loss. The findings from the 

experiment gives that the average discrepancy between the two methods are 0.86 W or 

31 % at fsw = 7.8 kHz and 0.35 W or 12.5 % at fsw = 62.3 kHz. Although the losses is 

higher than at fsw = 62.3 kHz, the discrepancy between the two methods is lower. This 

finding somehow is probably to be contrary to the article published in 

(PowerSemiconductorDevice, 2011) on the MOSFET loss characteristics compared to 

BJT. The least from this experiment somehow clearly proves that the MOSFET 

conduction loss is inversely proportional to swiching frequency. 
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Figure 4.19: MOSFET switching loss 

 

4.4.3 Circuit efficiency calculation 

 

The circuit efficiency calculation is based on the circuit input and output power. 

The measured input and output power for fsw = 7.8 kHz and 62.3 kHz are shown in 

Figure 4.20 and Figure 4.21 respectively.  

 

 

 

Figure 4.20: Power to power comparison at 7.8 kHz 

 

The input power and output power graph at fsw = 7.8 kHz is obviously 

proportional to the duty cycle. As the duty cycle value increasing, the gap between the 

two lines also increases. It is in fact that current value increasing as the duty cycle 

increase. The smallest loss was 5.51 W at the lowest duty cycle and the biggest loss was 
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20 W at the highest duty cycle, which is definitely contributed by the diode conduction 

losses. The observation in Figure 4.21 shows that the output power looks as similar to 

the input power. Referring to a lower frequency result, there is no doubt that the gap 

increase as the duty cycle increases, but not as linear as in the previous result. Further 

analysis on the result shows the variation looks more exponential with the lowest loss 

was 0.5 W at the lowest duty cycle and the highest loss was 15 W at the highest duty 

cycle which is undoubtedly contributing by the MOSFET switching losses. 

 

 

 

 Figure 4.21: Power to power comparison at 62.3 kHz 

 

It is conclusive that the circuit has a greater output power at fsw = 7.8 kHz 

compared to the one at fsw = 62.3 kHz as illustrated in Figure 4.22 and Figure 4.23. It is 

however admitted that the loss at fsw = 7.8 kHz is greater which contribute to the low 

efficiency of the circuit as shown in the efficiency graph in Figure 4.24. The average 

losses caused by the diode and the MOSFET at fsw = 7.8 kHz of this circuit is 8.82 W or 

77.3 % of the average total circuit loss which is 11.41 W. Meanwhile, Figure 4.23 

illustrates the average losses caused by the diode and the MOSFET at fsw = 62.3 kHz for 

this circuit is 3.23 W compared to the average total circuit loss which is 4.04 W which 

is nearly 80 % of the total circuit loss. The experiment, without question, produced an 

expected result where the two switching elements contribute to a major loss of overall 

circuit losses. It is somehow  unlikely that the amount of losses at fsw = 7.8 kHz are more 

than the losses at fsw = 62.3 kHz. 
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Figure 4.22: Total losses at frequency = 7.8 kHz 

 

 

 

Figure 4.23: Total losses at frequency = 62.3 kHz 

 

It is however definitely that the reason why there are more losses at lower 

frequency and vice-versa had previously proved and discussed in sub-section 4.4.1 and 

4.4.2. Prior to the amount of losses, the circuit have an average efficiency of 66.9 % at 

fsw = 7.8 kHz and 73.3 % at fsw = 62.3 kHz as illustrated in Figure 4.24. 
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Figure 4.24: Circuit efficiency 

 

 The overall results of the experiment are presented in Figure 4.25 and Figure 

4.26 respectively for both frequencies tested. As discussed earlier, the diode loss 

dominated the total losses at fsw= 7.8 kHz. In contrary, it is clear that the diode loss is 

just a small amount of losses at fsw= 62.3 kHz, which is dominated by the MOSFET 

loss. 

 

 

 

Figure 4.25: SEPIC loss distribution chart with output power 

                                                at frequency = 7.8 kHz 
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Figure 4.26: SEPIC losses distribution chart with output power 

                                               at frequency = 62.3 kHz 

 

4.5 SUMMARY 

 

This chapter has shown and interpreted results of various types of experiment. 

There are three main discussions involved from the results obtained which are from the 

MATLAB PV modeling simulation, PSIM converter circuit simulation and SEPIC 

hardware analysis. Under the MATLAB simulation, it is certain that the MPPT P&O 

algorithm works fine during sunny days. The algorithm creates an oscillation around the 

MPP during cloudy days. This is proved during the PSIM converter simulation that by 

using this algorithm, the tracker unable to cope with the rapidly changing irradiation as 

it needs at least 32ms in order for the algorithm to track the MPP. The PSIM simulation 

is intended to show the different outcome of the converter by applying a constant solar 

irradiation and varied solar irradiation as a source of input. The third main discussion is 

all about the efficiency and performance of the converter. This is to determine the 

typical major loss factor for a converter which are switching losses and conduction 

losses. The losses measuring point are without question around the switching 

components in the circuit which are diode and MOSFET. The overall diode loss and 

MOSFET conduction loss are proven to be inversely proportional to the switching 

frequency.  From the point of circuit efficiency calculation, it is without doubt that the 

two switching elements contribute to a major loss of overall circuit losses. 



 
 

 

CHAPTER 5  

 

 

CONCLUSIONS AND RECOMMENDATIONS 

 

 

5.1 CONCLUSIONS 

 

This study presents a simple Solar Charge Controller. The charge controller 

consists of two parts; controller and power. To conclude this study up, it is good to 

know whether the objectives of the study are successfully fulfilled or otherwise. The 

first objective is to develop a model of PV module in computer simulation based on 

varying solar irradiation at a specific geographical location. This objective is achieved 

as the PV module is developed using MATLAB and has been simulated by using a real 

time data that logged from Universiti Malaysia Pahang, Pekan weather station. From the 

simulation, it is obvious that the MPP tracking performance is better during sunny days 

and without doubt, the tracking algorithm works better above 400 W/m2 intensity of 

solar irradiance.  

 

The second objective is to realize a charge controller in computer simulation; 

consists of  PV modules, DC/DC converter and control system. This objective also 

successfully achieved by realizing the charge controller and simulate it by using PSIM 

software. The set up of this part is described in sub-chapter 3.3.1 and 3.3.2. The 

simulation result concludes and proven that the P&O algorithm works fine under 

constant solar irradiation, but unable to track an MPP under rapidly changing solar 

irradiation below than 32 ms. 

 

The last objective is to analyze the efficiency and the losses of a DC/DC 

converter via practical experiment where the circuit is analyzed through two different 

methods. One is using the calculation method as can be found in sub-chapter 3.4.1
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while the other one is by measurement. This objective has been achieved  by providing 

the circuit loss measurement and calculation results and also the circuit efficiency 

calculation. Under the loss measurement and calculation, it is proven that overall diode 

loss and MOSFET conduction loss is inversely proportional to the switching frequency 

based on the output illustrated in the Figure 4.16, Figure 4.17, Figure 4.18 and Figure 

4.19. For the circuit efficiency calculation, it is without doubt that the two switching 

elements contribute to a major loss of overall circuit losses as illustrates in Figure 4.24. 

The experimental circuit works below par as its average efficiency is only 66.9 % and 

77.3 % of the two frequencies tested. The two switching devices; MOSFET and diode, 

in total contribute to 77 % and 80 % of losses at both frequencies respectively. The 

experiment definitely shows that the conduction loss contributes much of the losses to 

the circuit compared to the switching loss even at higher frequency.  

 

5.2 STATEMENT OF CONTRIBUTION 

 

 The main contribution of the study is the working model of a new solar charge 

controller, developed using P&O MPPT algorithm on SEPIC DC/DC converter. The 

system has been tested on real world data in computer simulation, and it is proven to 

give an adequate performance. The solar charge controller, a combination of P&O 

MPPT algorithm and SEPIC topology using in this research give an outstanding 

performance. The charge controller can well adapt with the changement of solar 

irradiation. It is however, the algorithm can track the rapid changing of solar irradiation  

which are not less than 32 ms. This charge controller can provide an efficiency of up to 

98 % on constant solar irradiaton during the simulation. Meanwhile, under varying solar 

irradiation, the charge controller can give an efficiency of  93.6 % provided that the 

solar irradiation change from 200 W/m2 to 1000 W/m2 not less than 100 ms. If the time 

of changement of irradiation is not less than 20 ms, the efficiency is 77.7 %. 

 

 The contribution of the study is not only on the simulation part of the system, 

but also in real hardware. Since SEPIC can be considered as a new topology for DC/DC 

converter, a detail analysis of its efficiency and losses has also been conducted and 

presented. The hardware experiment is separated on two frequency setting of 7.8 kHz 

and 62.3 kHz. The experiment is focused on two main losses that contributes to less 
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effectiveness of the DC/DC converter which are diode and MOSFET losses. The 

outcome of the experiment gives an efficiency of 66.9 % at lower frequency and 77.3 % 

at higher frequency. And as to strengthen the claim that the diode and the MOSFET are 

the two main losses contributer, both devices contributed about 77 % of losses at lower 

frequency and 80 % losses at higher frequency. 

 

5.3 RECOMMENDATIONS FOR THE FUTURE RESEARCH 

 

Correct modeling of the DC/DC converter is an important area of study and 

plays an integral part of overall Solar Charge Controller performance. There will be a 

need for a more realistic model of DC/DC converter where it consists of a loss 

calculation. This is where it exists SimPowerSystem, one of a tool in SIMULINK that 

provide components to create an electrical circuit. This will provide useful information 

such as the circuit losses and efficiency before going to hardware implementation. 

 

The used of proper components in the hardware such as diode, MOSFET and 

capacitors will give better efficiency. The switching frequency selection also makes the 

MOSFET works at its optimum capability as the efficiency increased when the 

frequency increased. 

 

The Arduino, use as a controller, where it can provide analog/digital (A/D) 

converters for the sensors, and also a driving circuit for power MOSFET. But as tested 

at the circuit, the Arduino UNO board can provide as maximum as 62.3 kHz frequency. 

There will be a need for an Arduino board with a higher frequency output to give a 

decent signal to power MOSFET. 
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APPENDIX A 

 

MATLAB FUNCTIONS AND SCRIPTS 

 

1. Function for Modeling Mitsubishi PVTE125_MF5N PV Module 

 

function Ia =PVTE125_MF5N(Va,G,TaC) 
% function PVTE125_MF5N.m models the PV-TE125MF5N PV module 
% calculates module current under given voltage, irradiance and 
temperature 
% Ia = PVTE125_MF5N(Va,G,TaC) 
% 
% Out: Ia = Module operating current (A), vector or scalar 
% In: Va = Module operating voltage (V), vector or scalar 
% G = Irradiance (1G = 1000 W/m^2), scalar 
% TaC = Module temperature in deg C, scalar 
% 
% Written by Akihiro Oi 01/07/2005 
% Adapted by Wan Muhammad Firdaus 18/02/2012 
%///////////////////////////////////////////////////////////////////// 
% Define constants 
k = 1.381e-23; % Boltzmann’s constant 
q = 1.602e-19; % Electron charge 
% Following constants are taken from the datasheet of PV module and 
% curve fitting of I-V character (Use data for 1000W/m^2) 
n = 1.62; % Diode ideality factor (n), 
% 1 (ideal diode) < n < 2 
Eg = 1.12; % Band gap energy; 1.12eV (Si), 1.42 (GaAs), 
% 1.5 (CdTe), 1.75 (amorphous Si) 
Ns = 36; % # of series connected cells (PVTE125_MF5N, 36 cells) 
TrK = 298; % Reference temperature (25C) in Kelvin 
Voc_TrK = 21.8 /Ns; % Voc (open circuit voltage per cell) @ temp TrK 
Isc_TrK = 7.9; % Isc (short circuit current per cell) @ temp TrK 
a = 0.54e-3; % Temperature coefficient of Isc (0.054%/C) 
% Define variables 
TaK = 273 + TaC; % Module temperature in Kelvin 
Vc = Va / Ns; % Cell voltage 
% Calculate short-circuit current for TaK 
Isc = Isc_TrK * (1 + (a * (TaK - TrK))); 
% Calculate photon generated current @ given irradiance 
Iph = G * Isc; 
% Define thermal potential (Vt) at temp TrK 
Vt_TrK = n * k * TrK / q; 
% Define b = Eg * q/(n*k); 
b = Eg * q /(n * k); 
% Calculate reverse saturation current for given temperature 
Ir_TrK = Isc_TrK / (exp(Voc_TrK / Vt_TrK) -1); 
Ir = Ir_TrK * (TaK / TrK)^(3/n) * exp(-b * (1 / TaK -1 / TrK)); 
% Calculate series resistance per cell (Rs = 5.1mOhm) 
dVdI_Voc = -0.6/Ns/2; % Take dV/dI @ Voc from I-V curve of datasheet 
Xv = Ir_TrK / Vt_TrK * exp(Voc_TrK / Vt_TrK); 
Rs = - dVdI_Voc - 1/Xv; 
% Define thermal potential (Vt) at temp Ta 
Vt_Ta = n * k * TaK / q; 
% Ia = Iph - Ir * (exp((Vc + Ia * Rs) / Vt_Ta) -1) 
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% f(Ia) = Iph - Ia - Ir * ( exp((Vc + Ia * Rs) / Vt_Ta) -1) = 0 
% Solve for Ia by Newton's method: Ia2 = Ia1 - f(Ia1)/f'(Ia1) 
Ia=zeros(size(Vc)); % Initialize Ia with zeros 
% Perform 5 iterations 
for j=1:5; 
    Ia = Ia - (Iph - Ia - Ir .* ( exp((Vc + Ia .* Rs) ./ Vt_Ta) -
1))... 
        ./ (-1 - Ir * (Rs ./ Vt_Ta) .* exp((Vc + Ia .* Rs) ./ Vt_Ta)); 
end 
 

2. Script for P&O Algorithm 

 

% Script file to test the P&O MPPT Algorithm 
% Akihiro Oi 29/06/2005 
% Adapted by Wan Muhammad Firdaus on 20/03/2012 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
clear; 
% Define constants 
TaC = 25; % Cell temperature (deg C) 
C = 0.05; % Step size for ref voltage change (V) 
% Define variables with initial conditions 
G = 0.028; % Irradiance (1G = 1000W/m^2) 
Va = 21.8; % PV voltage 
Ia = PVTE125_MF5N(Va,G,TaC); % PV current 
Pa = Va * Ia; % PV output power 
Vref_new = Va + C; % New reference voltage 
% Set up arrays storing data for plots 
Va_array = []; 
Pa_array = []; 
% Load irradiance data 
load data3.prn;    %  read data into PDXprecip matrix  
x = data3(:,1);     %  copy first column of PDXprecip into time 
y = data3(:,3);    %  and third column into irrad 
plot(x,y,'');     %  plot precip vs. time with circles 
xlabel('time');           % add axis labels and plot title 
ylabel('irradiance (kW/m²)'); 
title('28/12/2011 irradiance @ Universiti Malaysia Pahang, Malaysia'); 
% Take 43200 samples (12 hours) 
for Sample = 1:0.72e+3 
% Read irradiance value 
    G = y(Sample); 
% Take new measurements 
    Va_new = Vref_new; 
    Ia_new = PVTE125_MF5N(Vref_new,G,TaC); 
% Calculate new Pa 
    Pa_new = Va_new * Ia_new; 
    deltaPa = Pa_new - Pa; 
% P&O Algorithm starts here 
if deltaPa > 0 
if Va_new > Va 
            Vref_new = Va_new + C; % Increase Vref 
else 
            Vref_new = Va_new - C; % Decrease Vref 
end 
elseif deltaPa < 0 
if Va_new > Va 
            Vref_new = Va_new - C; % Decrease Vref 
else 
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            Vref_new = Va_new + C; %Increase Vref 
end 
else 
        Vref_new = Va_new; % No change 
end 
% Update history 
    Va = Va_new; 
    Pa = Pa_new; 
% Store data in arrays for plot 
Va_array = [Va_array Va; 
Pa_array = [Pa_array Pa]; 
end 
% Plot result 
figure 
plot (Va_array, Pa_array, 'g*') 
% Overlay with P-I curves and MPP 
Va = linspace (0, 25, 200); 
hold on 
for G=.2:.2:1 
Ia = PVTE125_MF5N(Va, G, TaC); 
    Pa = Ia.*Va; 
    plot(Va, Pa) 
[Pa_max, Imp, Vmp] = find_mpp(G, TaC); 
    plot(Vmp, Pa_max, 'r*') 
end 
title('P&O Algorithm') 
xlabel('Module Voltage (V)') 
ylabel('Module Output Power (W)') 
axis([0 25 0 130]) 
hold off 
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APPENDIX B 

 

1. Photovoltaic History Timeline 
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2. Solar Irradiation Data on the Sunniest Day 
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3. Solar Irradiation Data on the Cloudiest Day 
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