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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



exposed solar irradiation. One of the examples of the PV module structure is as shown

in Figure 1.1.
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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).



Although the PV system has many advantages, there are still two major
disadvantages to the use of photovoltaic systems; the high installation cost and the
lower energy conversion efficiency. Efficiency is the main component in solar PV
technology as the solar energy that disappears without converting to electrical energy is
considered a loss. As PV installation averagely at a cost of around RM5000/kWp (Ali,
2013), thus every power that loss during the process are costly. The relatively high cost
of photovoltaic power systems has required system designers to maximize efficiency
wherever possible. Even modest gains in overall efficiency can result in significant
savings in the cost of operating the power system. Compared to the cost of electrical
energy available from conventional sources the cost of energy from photovoltaic is still
fairly high so it is important that the maximum available amount of energy be extracted
from the solar array. To maximize the power output of the PV system, a DC/DC
converter with an appropriate Maximum Power Point Tracking (MPPT) algorithm is
commonly employed within a controller device named Solar Charge Controller.
Together, the DC/DC converter and MPPT algorithm control the terminal voltage of the
PV system at optimal values in various solar radiation conditions, where at a certain
weather condition; the output power of a PV panel depends on the terminal voltage of
the system. Figure 1.2 shows the PV system block diagram that works to ensure the PV

module operation point always at the MPP.

Solar
irradiation

DC/DC
converter

PV maodule

Controller

Figure 1.2: PV system block diagram from charge controller’s perspective



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.



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.



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



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.
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Figure 2.1: Load and generation curves intersection
Source: (Coelho, Concer et al. 2009)

22 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 forrenewable energy sources, the manufacturing of solar cells

and photovoltaic arrays has advanced considerably in recent years.



2.2.1 Photovoltaic Cell

PV cells convert sunlight directly into electricity without creating any air or
water pollution. PV cells are made of at least two layers of semiconductor material. One
layer has a positive charge, the other negative. 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. This flow of electrons produces electric current (S.E.C.O, 1997). 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

).

Figure 2.2: Photovoltaic cells

Source: (MITSUBISHI 2007)

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 exposed solar irradiation. The
voltage of an individual silicon cell is in the order of 0.5 V. Therefore, the cells have to

be connected in series to constitute a module with reasonable voltage levels.

2.2.2 Photovoltaic Module

PV modules (the type of mono and poly-crystalline) consist of PV cells that
connected in series by two wires and normally attached in a series of 36 or 72. The

amount of available light falling on these solar cells affects the production of electric
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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.

Amps Power
IV Curve Parallel I
~ MPP

Series .
=5 MPP )
i £
X | E
£ o
<<

Series
0 ; =
Voltage (V) Volts

Figure 2.3: 1-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 |-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.

Maximum Power

. Amps Paint (MPP) Paower
Short Circuit A1 -V Curve .
Current (Isg) —»
Imp | e — —_ 4-“"_(P = VxI}
I
= PV Curve | =
= i =
@ =
E @
a | g
E | £
< Area = Vg X Img
VITIE}C
0 -
Voltage (V) Vimp T Volts
Open Circuit
Veltage (Voe)

Figure 2.4: 1-V and P-V curve of a typical PV module working
under Standard Test Condition (STC)

Source: (Articles 2013)
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23  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, Olias 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, I and voltage, Vi coming out of the PV panel and these values is used
to calculate the output power, Py 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, Py is
greater than or less than the previous power, Px.;. 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, Vink) and the voltage in the
previous, Vink-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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V(k-1) = V(k)
P(k-1) = P(k)

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:

dp

at MPP —=0 2.1
7 (2.1
dP

left of the MPP —>0 (2.2)
dav

right of the MPP P <0 (2.3)
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These equations can be written in terms of the current and voltage by:

dP  d(l.V) dl
i = - 2.4
= TtV 24)

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.

=I Begin IncCond I

| Measure: V(k), I(k) |

A 4

dV =V(k)-V(k-1)
dl = I(k) = I(k-1)

A 4

| D=D-inc | | D =D +inc |

v I I I

A 4

Update history
V(k-1) = V(k)
I(k-1) = I(k)

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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24  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:

= Your _p, 25)

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:

VLT (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:

M=o T @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, Cj,; an output
capacitor, Coy; 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, V\n. Knowing this, we can easily determine the voltages as shown in

Figure 2.10.

When Q1 is off, the voltage across L2is equal to Vour. Since Cj, is charged to
V\n, the voltage across Q1 when Q1 is off is Viy + Vour, so the voltage across L1 is
Vout. When Q1 is on, capacitor Cs, charged to V), is connected in parallel with L2, so
the voltage across L2 is —Vy. 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 Coyt and the load. Both Cy,t 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)
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Figure 2.11: SEPIC Converter Current Flow during Q1 On-Time

Source: (Zhang 2013)
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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:

v = Jout _ (L) 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

25 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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26 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, |, 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

PV-TE125MF5N

Parameter Variable Value
Maximum Power Pm 125W
Maximum Power Voltage Vimp 21.8V
Maximum Power Current Imp 7.9 A
Open-circuit Voltage Voc 173V
Short-circuit Current lsc 723 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 (ls), a diode (D), and a series resistance (Rs). As the effect of shunt resistance
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(Rsn) 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

(lsc) and the reverse saturation current of the diode (lp). 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.

I /
R 1
G Ry

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:

o (VLR
==l [of () 1]

where:

| is the cell / module current,

lois the reverse saturation of the diode,

k is the Boltzmann constant (1.3806503 x 107 J/K),

q is the electron charge (1.60217646 x 107" 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);

(3.1)
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The short-circuit current (ls) was first calculated at a given cell temperature (T):
Isclr = Isclr o [1 + a(T = Tre)] (3.2)
where, lsc at Treris given in the datasheet (measured under irradiance of 1000 W/mz), Tret
is the reference temperature of PV cell in Kelvin (K), usually 298 K (25 °C); a is the

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

datasheet.

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

given irradiance (G) is:

Go (3.3)

Gois the nominal value of irradiance, which are normally 1 KW/m>.

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

is given below with the diode ideality factor added:

I o ISC 34
' B (qugc/nkT = 1) ( ' )

The reverse saturation current (lp) is temperature dependent and the lpat a given

temperature (T) is calculated by the following equation:

1 1

T Tref) (35)

.E
g
nk ¢

T n
10|T:Io|TTef. T . p €
re

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 |-V curve
Source: (01 2005)
The series resistance (Rs) of the PV module has a large impact on the slope of

the |-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 V.. The equation for Rs was derived by:

dl nkT/q
B = — —— B e (3.6)
14 Io.eq( nkT )

and for open circuit voltage when, V= V. (1=0), then:

R = _ﬁ Voc — WVoc 3.7
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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:

f(Gxn)

Xn +1 =xn—f,(x )
n

(3.8)

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

next value.

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

fD=I—1-1, [eq(%) — 1] =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:

V+In.R
I e

V+inRs
—1-1, (—Z:;) o)

(3.10)

Inyr =1 —

The constants and equations, then presented in MATLAB where the module
operating current, l,, 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. [t 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:

(1)  use the information from the datasheet;

(i1)) make an initial guess of certain parameters such as diode ideality factor;

(iii)) obtain the |-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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g Solar Module (physical wl}ﬁ:

—Manufacturer Datasheet q
Mumber of Cells Ns: 36
Maximum Power Pmax: 125 | (W)
Voltage at Pmax: 17.8 | (V)
Current at Pmax: ﬁ (a)
Open-Circuit Voltage Voc: 21.8 B[V}
Short-Circuit Current Isc: 7.9 (W)
Temperature Coeff, of Voc: .38 (%/oC or oK)
Temperature Coeff. of Isc: 0.065 (%a/oC or oK)
Standard Test Conditions:
Light Intensity 50: 1000 W/(m*m)
Temperature Tref: 25 (oC)
dw/fdi (slope) at Voc: 0.6 (v/a)
(if available)
—Model Parameters (defined)
Band Energy Eg: 1.12 [SeN)
Ideality Factor A: 1.62
Shunt Resistance Rsh: —100 (Ohm}
Coeffident Ks: 0 - ' ' '
—Model Parameters (calculated) 1
Caaote parameters || g g g g
Series Resistance Rs: 1703_ (ohm) i I - e i A
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Temperature Coeffident Ct: | 0.005135  (A/K)

ST Powmlculated) Save... I Calculate I-V Curve |
Pmax: 125.12 (W)

Vmax: 17.729 (V) Load... I Copy PSIM Paramebersl
Imax: 7.24 () Close |

—Operating Conditions S
Light Intensity 5: 1000 W/ {m*m}
Ambient Temperature Ta: 25 (oC)

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

SEPIC DC/DC Converter

Components Parameter Variable Value/Model name
Input Voltage Vin 5V-25V
Input Current lin 0-8 A
Outptut Voltage Vout 8V-35V
Outptut Current lout 0-9 A
Switching Frequency Tow 50 kHz
Maximum Outptut Power Pmax 125 W
Duty cycle D 0.3-0.7

a) Duty cycle consideration

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

continuous conduction mode (CCM).

. _ Vour + Vp _ 13.5+ 0.4 5 (3.11)
" Vinniny + Vour +Vp 5+ 135+ 0.4 "
Vour + Vp
Vin(max) + Vout r VD
13.5 + 0.4
=25+ 1354 0.4 Jmin

= 0.74Dypin =

= 0.36

where Vp 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:

v,
Al = I * 40% = Iy ¥ —25— « 40%AI,, (3.12)
in(min)
13.
=45% «0.4 =4.86A

5



35

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:

Vin(min) (3.13)

L1=1L2=L= D
AIL*fsw* max

where fyy, is the switching frequency.

The inductors peak current then calculated by:

Voutr +V, 40% 3.14
ILl(peak) = Iaut * —ut P * <1 + T) ILl(peak) ( )
in(min)
13.54+ 0.4 0.4
=45 ——= <1+—) = 154
5 2
40% (3.15)

ILZ(peak) = loyt * <1 + T) ILZ(peak)

0.4
=45*<1+7?)=54A

C) Power MOSFET

There are a few important parameters to consider when choosing the MOSFET. Those
parameters are the minimum threshold voltage, Vinmin), the on-resistance, Rpson, gate-
drain charge, Qgp, and the maximum drain to source voltage, Vpsmax. 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:

IQl(peak) = ILl(peak) + ILZ(peak)lQl(peak) (3.16)
=15+4+54=204A
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and the RMS current through the switch is:

IQl(rms) (3.17)

_ \/(Vout + Vin + Vp) * (Voue + Vp)
= lout

Q1(rms)
Vingmin

(13.5 + 5 + 0.4) * (13.5 + 0.4)
.5 52 1Q1(rms)

=3.24 A
d) Diode

The diode peak current is as the same as the MOSFET’s, lgi(peak). The diode selection is
to ensure that it can withstand the minimum peak reverse voltage base on this

calculation:

Vep1 = Vin(max) + Vout(max)VRDl =25+35 (3.18)
=60V

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

dissipation of the diode is equal to:

Py = Igp(avg) * VoPp = 4.5% 0.4 = 1.8 W (.19)
e) Coupling capacitor
The selection of coupling capacitor, Csis depends on the RMS current given by:
e e Vout + Vo . (3.20)
s(rms) Vin—(min) srms)

13.5+0.4
= 4.5 % — g = 754
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where the peak-to-peak ripple voltage on Cs that assuming no ESR is:

(3.21)
Lyt * Dinax 45 %0.74

AV, = =———
T Coxfa, & 4776%503

=142V

f) Output capacitor

The output capacitor, Coyr must have the capability to handle the maximum RMS
current because the output current is supplied by the output capacitor when the switch,

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

22
Vour +Vp (3.22)

Icout(rms) = Iout Cout(rms)

Viniminy

13.5+ 0.4
=45 % 5 =754

ESR and bulk capacitance of the C,; directly control the output ripple. The first
assumption is Vyippe = 2 % of the output voltage,Vour. 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:

. < Vyippte * 0.5 )ESR (3.23)

ILl(peak) + ILZ(peak)
0.02 *13.5 0.5
.

15 + 5.4 ) = 6.6ma

and

Iout * Dmax (324)
Cout = C
out <Vrlpple * 0.5 *EW out

- ( 4.5 % 0.74
~\0.02 *13.5 0.5 * 503

) = 493.3 uF
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9) Input capacitor

The input capacitor, Cj, should be capable of handling the RMS current. A 10pF
or higher value with a good quality capacitor would prevent impedance interactions

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

(3.25)
Al 4.86

ICin(rms) = \/’ﬁlcin(rms) = \/’E

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

SEPIC DC/DC Converter

Components Parameter Variable Value/Model name
Input Capacitor Cin 47 uF
AC Coupling Capacitor Cs 47 uF
Output Capacitor (Criits 1000 pF
Coupled Inductor 1 Ly 47 uH
Coupled Inductor 2 L, 47 uH
Filtered Inductor Ls 1 mH
Power MOSFET Q1 IRF540N
Diode D; 30CPF12

Resistive load R. 9Q
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Figure 3.9: SEPIC open loop circuit
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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

PV-TE125MF5SN

Parameter Variable Value

Input Voltage Vin 10V
Switching frequency fow 7.8 kHz & 62.3 kHz
Duty cycle D 0.3-0.7
Load resistance R. 9Q

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, Coy. The input capacitor, Cj, 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:

Pc = Pe, + Pe,,, (3.26)
DZ
PCS = (Igut * Rogy * D) + Igut * (m) * Resr (3.27)
and
i - K
PCout = (—"”t z e") (3.28)
b) Inductor loss
The inductor power loss is defined as:
Prna = Peore + Pper (3.29)

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

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

Peoremwy = K * fE«BY « 1, (3.30)

where:

K;= 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 (cm’);

By entering the K; 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:

Ppcrw) = Ims * DCR (.31

where:

lims 18 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:

PD(cond) =Vp*lp (3:32)
where:
Vp is the forward voltage across the diode and Ip is the current flow through the diode.

The diode switching loss however, calculated by:

Powy = fow * (Ver + Vour) * Qrr (3.33)

where:
faw is the switching frequency, Vi is the voltage across the diode when it is turned off,

and Qyr 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:

PQl = Ign(rms) * Rason (3:34)
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where:
lon 1s the drain current when the MOSFET is on, and Rpsen, 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:

fsw * Vasorr * lonarms) * T
PQl(swan) al ( sw S0 > on(rms on (3.35)
fsw * Vdsoff & Ion(rms) s Toff 336
PQl(SWOff) - < 2 ( . )

Hence, the total switching loss can be described as:

Poisw) = Poi(swon) T PQl(SWOff) (337
where:

Vusofi is the drain-to-source voltage when the MOSFET is off, To, is the time to turn the
MOSFET on, and Tysis 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
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Figure 3.12:MOSFET losses measurement connection in the SEPIC circuit
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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 °C 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
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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/m? at 1340 hours, whereas on the cloudiest
day, it was 418 W/m? 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

s€ason.

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 °C 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 °C of temperature variation.
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Figure 4.3: 1-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/m® 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/m?, the PV

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

Mitsubishi PV-TE125MF5N Photovoltaic Module |-V Curve

Module Current (A)

Il 1 1 I}
0 5 10 15 20 25
Module Voltage (V)

Figure 4.4: 1-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 °C
of temperature variations. Interestingly, this shows that PV module works better in
cooler climates with higher solar intensity.

Mitsubishi PV-TE125MFSN Photovoltaic Module P-V Curve
150 -

——T=0C
T=25C
T=50C

100 - — T=75C

Module Power (M)

50 -

| |
0 5 10 15 20 25
Module Voltage (V)

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/m® of

intensity variation.
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Mitsubishi PV-TE125MF5N Photovoltaic Module P-V Curve
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Figure 4.6: P-V characteristics of PV module with variations of solar irradiation

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

and Solar Irradiation Data Collection

The MPP location in the |-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/m’ 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

Parameter

PV-TE125MF5N module

IDmalx(nominal)

Pmpp (P&O) Pe

rcentage

Cloudiest day, 28 December 201 1

125 W

45.4 W

36.3 %

Table 4.2: MITSUBISHI PV-TE125MF5N module output power during

sunniest day

Parameter

PV-TE125MF5N module

F’max(nominal)

Pmpp (P&O)

Percentage

Sunniest day, 19 March 2012

125 W

117.6 W

94 %
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43 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/m?, 600 W/m* and 1000 W/m’ respectively. By referring to Figure 4.9, at
the intensity equal to 200 W/m®, the output power is certainly weaker than the PV input
power. While the input power, Pi, is equal t019.6 W, the output power, Poy is equal
to18.8 W which is about 96 % of the maximum power that it could achieve as tabulated

in Table 4.3.

Pin(avg)= 19.6W

....................... 1 Measure

§)| Time

P

Power (W)

0 0.02 0.04 0.06 0.08 1
Time(s})

Figure 4.9: Power and voltage at 200 W/m® irradiation
As illustrated in Figure 4.10, the maximum power that the PV module can

achieve at intensity equal to 600 W/m® 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
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power it could achieve which also been tabulated in Table 4.3. Figure 4.11 shows that at
the maximum intensity of 1000 W/m?, 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, Poyt 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.

Pin(avg) =72.4W \ : ; / Pout=71.5W
i ssssssss '. ............................
i i
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13e-001
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]
]
L]
i
0.04 0.06 0.08 1
Time(s)

Pin(avg)= 125W : Pout= 123.4W
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i
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1

0 0.02 0.04 0.06 0.08 1

Time(s)

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

solar irradiation

PV-TE125MF5N

Solar Irradiance Pin Pout Discrepency
200 W/m? 19.6 W 18.8 W 4%

600 W/m> 72.4W 71.5W 6 %
1000 W/m? 125 W 123.4 W 1.3%

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 %.

150 r
P&0O MPP lagging of 4dms.

0 0.05 0.1 0.15 0.2 025 03
Time(s)

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

Pin=122W Pout=g94 aw

0 0.05 0.1 0.15 0.2 0.25 03
Time(s)

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/m?” to 1000 W/m?.
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/m® to 1000 W/m?, 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.

0 0.05 0.1 0.15 02 025 03
Time(s)

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

PV-TE125MF5SN

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 111W 88.8 %

44  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, fsy 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 fgy, =
7.8 kHz. However, on the observation at fg, = 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 fy, = 7.8 kHz is higher than at fy,= 62.3 kHz.
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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.

Diode Conduction Loss
12
{ ——PDcond(calc)@7 BkHz |
: —f@—PDcond(meas)@7 .8kHz

| —d—PDcond(calc)@62.3kHz
{ —¥=PDcond{meas)@62.3kHz

10

Conduction loss (W)

03 035 04 045 05 055 06 0.65 07

Duty cycle

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, Vo and the voltage across the diode
when it is turned off, V¢ 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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Diode Switching Loss
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Figure 4.17: Diode switching loss

442 MOSFET loss measurement and calculation

The MOSFET loss measurement parameter is to measure the voltage drain-to-
source, Vps, the drain current, lp; while the turn-on, To, and turn-off, Tox 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, Vps and the
drain current, Ip were used to measure the MOSFET conduction and switching losses.
The rated Rps(on) for MOSFET IRF540N is 44 mQ maximum which varies depending on
the value of Vgs. The MOSFET conduction loss data is calculated by assuming the
Rbs(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 fg,= 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 fgy= 7.8 kHz. It is inevitable due to the higher amount of the drain current, Ip at this
frequency and the value of the Rps(n) decreasing which contribute to higher loss value.

On top of that, it is apparent that the value of Rps(n) is varying in the measurement
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method compared to the calculation which the Rps(ny 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.

MOSFET Conduction Loss
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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 fow = 7.8 kHz and 0.35 W or 12.5 % at fs, = 62.3 kHz. Although the losses is
higher than at fg, = 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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MOSFET Switching Loss
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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 fy, = 7.8 kHz and 62.3 kHz are shown in

Figure 4.20 and Figure 4.21 respectively.

Pin vs Pout @ 7.8kHz
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Figure 4.20: Power to power comparison at 7.8 kHz

The input power and output power graph at fs, = 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.

Pin vs Pout @ 62.3kHz

Power (W)

| ——Pin@62.3kHz |
] .
—B—Pout@62 3kHz |

i
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Figure 4.21: Power to power comparison at 62.3 kHz

It is conclusive that the circuit has a greater output power at fy, = 7.8 kHz
compared to the one at fy, = 62.3 kHz as illustrated in Figure 4.22 and Figure 4.23. It is
however admitted that the loss at foy = 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 fs,, = 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 fgy = 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 fy, = 7.8 kHz are more

than the losses at fyy, = 62.3 kHz.
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Figure 4.22: Total losses at frequency = 7.8 kHz
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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 fyy= 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 fg,= 7.8 kHz. In contrary, it is clear that the diode loss is
just a small amount of losses at fs,= 62.3 kHz, which is dominated by the MOSFET

loss.
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Figure 4.25: SEPIC loss distribution chart with output power
at frequency = 7.8 kHz
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SEPIC Qutput @ 62.3kHz
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Figure 4.26: SEPIC losses distribution chart with output power
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45 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/m® 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.
52 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/m? to 1000 W/m” 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 la =PVTE125 MF5N(Va,G,TaC)

% function PVTE125 MF5N.m models the PV-TE125MF5N PV module

% calculates module current under given voltage, irradiance and
temperature

% la = PVTE125_MF5N(Va,G,TaC)

%

% Out: la = 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

%

6 Written by Akihiro Oi 01/07/2005

% Adapted by Wan Muhammad Firdaus 18/02/2012

B/ 111 7777771177777 111777777777777777707111////////////////////7/77/
% 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),

6t 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

VETrK = n * k * TrK /7 q;

% Define b = Eg * g/(n*Kk);

b=Eg™>q/(n*Kk);

% Calculate reverse saturation current for given temperature
Ir_TrK = Isc_TrK /7 (exp(Voc_TrK /7 Vt_TrK) -1);

Ir = Ir_TrK * (TaK /7 TrK)™(3/n) * exp(-b * (1 /7 TaK -1 / TrK));
% Calculate series resistance per cell (Rs = 5.1mOhm)

dvdl_Voc = -0.6/Ns/2; % Take dv/dl @ Voc from I-V curve of datasheet
Xv = Ir_TrK /7 Vt_TrK * exp(Voc_TrK 7/ Vt_TrK);

Rs = - dvdl_Voc - 1/Xv;

% Define thermal potential (Vt) at temp Ta

Vt. Ta =n * k * TaK / q;

% la = Iph - Ir * (exp((Vc + la * Rs) /7 Vt_Ta) -1)

XX

=SS
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% f(la) = Iph - la - Ir * ( exp((Vc + la * Rs) / Vt_Ta) -1) =0
% Solve for la by Newton®s method: la2 = lal - f(lal)/f"(lal)
la=zeros(size(Vc)); % Initialize la with zeros
% Perform 5 iterations
for j=1:5;

la=1a- (Iph - 1la - Ir .* (exp((Vc + la .* Rs) ./ Vt_Ta) -
1))-..

end

/ (-1 -1Ir * (Rs ./ Vt_Ta) .* exp((Vc + la .* Rs) ./ Vt_Ta));

2. Script for P&O Algorithm

% Script file to test the P& MPPT Algorithm

% Akihiro Oi 29/06/2005

% Adapted by Wan Muhammad Firdaus on 20/03/2012

%6%%%6%%%%% %% %% %% %% %% %% %% %% %% %% %% %% %% %% %% %% %% %% %% % %% %% % %% % %% % %%
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; % lrradiance (1G = 1000W/m"2)

Va = 21.8; % PV voltage
la = PVTE125 MF5N(Va,G,TaC); % PV current
Pa = Va * la; % PV output power

Vref_new = Va + C; % New reference voltage
% Set up arrays storing data for plots
Va_array = [1;

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(Cirradiance (KW/m=2)%);
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;
la_new = PVTE125 MF5N(Vref_new,G,TaC);
% Calculate new Pa
Pa_new = Va_new * la_new;
deltaPa = Pa_new - Pa;
% P& Algorithm starts here
if deltaPa > 0O
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



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-1 curves and MPP
Va = linspace (0, 25, 200);
hold on
for G=.2:.2:1
la = PVTE125 MF5N(Va, G, TaC);

Pa = la.*Va;

plot(Va, Pa)
[Pa_max, Imp, Vmp] = find_mpp(G, TaC);

plot(Vmp, Pa_max, "r*")
end
title("P&0 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

solar techinology izn't naw, Its history spans from the 7th
Cantury B.C totoday, We started out concentrating the
sun's heat with glass and mirrors tolight fires, Today, we
hawe evarything from solar-powered buildings to sdar-
powarad wehicas,

Herewaou can l2arn mora about thamilestonas in the
historical developmeant of solar technology, century by

Sutird ; ;
i century, andyear by wear, You can also glimpse the futura,

Thiz timeling lists the milestones in the historeal development
of solar technalogy from the Tth Century B.C to the 1200s AD,

- 7th Century BC

% fiagnifying glass used to coneentrate sun's /Iy sto make fire and tobum ants,
ard Century B.C
Gotp ot Greeks and Rormans use buming mirrers to light torches for religious purposes,
1]
Techralugies, (e
e ] 2and Century B.C

As early as 212 B, the Greek scientist, Archimedes, used the reflective
properties of bronze shields to focus sunlight and to ser fireto wooden ships
frem the Porman Empire which were bedeging Syracuse, (Although no proof
of such a feat exists the Greek nawy recreated the experiment in1gy3 and
suecesstully set fire to 3 wooden boat at a distance of so meters)

20 A, D,

Chinese decurment use of burning mirrors tolight torchesfor religious
PLIpOSES,

it togth Century AL
The famous foman bathhouses inthe first to fourth certuries A0 had large
south facirg wireowes to et in the sun's warmth, Foranesample, see information
onthe hetp ffeeaeae him hujiac.ilja rehaeologyyzippori/Romanseph.btm Jdppori in
the Roman Period from the Hebrew University of Jerusalem,

Coustes pof Susan Seaspare 5, MREL

oth Century A D
sunrooms on housesand public buildingswere so commen that the lustinian
Code initiated "sun rights” to ensure individual accesstothe aun,

120085 A.D,

Ancestors of Pueblo people called Anasazi in Morth America live in south-facdng
cliff dwellings that capture the winter sun,
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This timelinelists the milestones in the historical dewelopm ent
of solar tachnology fram 1767 to 1891,

1767

Swiss scientist Horaee de Saussure was credited with buildirg the world's first
solarcollector, later wsed by Sir John Herschel to cookfood during his South Africa
expedition inthe 18305, 52 the Solar Cookirg Archive for more information ok
httpefisolareooking.orgfsaussurehtm Sassure and His Hot Boses of the 7 oos,

1515

On September 27, 1314, Robert stiding applied fora patent for his economiser
at the Chancery in Edinburgh, Scotland, By trade, Robert Stiding was actual by
a ministerin the Church of Scotland and he continued to give services until
hewas eighty-six years old! But, in his qpare time, he built heat enginesin his
horne werkshop, Lord Kelvin used one of thewerking models during some of
his university dasses This enginewas later used in the dish/stiding system, a
solar thennal electric technolegy that concentrates the sun's therrmal enargy
in ordertoproduce poser,

- 1839

French scientist Edrmond Beoguerel discoversthe photoveltaic effect while
expetimenting with an electralytic cell made up of tan metal elecrodes placed
in an elecrcity-conducting selution— electricty-generation increased when
exposed tolight,

18608

French mathematician August Mouchet proposed anidea for solar-powered steam
engires, |hthe following two decades, he ard his assistant, & b=l Pifre, construc ted
the first solar powered engines and used them fora variety of 2 pplications, These
engires became the predecassors of modern parabolic dish collectors.

1873
Willeughby Smith discovered the photecenductivity ef seleni um,

1876

187 & Williar Gryll s Adamsand Richard Evans Day discover that selenium
produces electricity when exposed to light, Although selenium sdar cells failed
toconvert enough sunlight te power eleceical equipment, they proved thata
solid material could change light inte elecrcity without heat or moving parts,

1880

sarmuel P, Langley, imeents the bolometer, which is used to measure light from
the faintest stars and the sun’s heat rays 1t consists of a finewire conneced
toan electric drouit When radiation fall s en the wire, it becomesvery slightly
warmer, This increases the electrical resistance o the wire

1883

Charles Fritts, an Amerdcan inventor, described the first solar cells made from
selenium wafers,

1887
Heinrich Hertz discovered that ltravid e light altered the lowes voltage -
pable of causing a spark to jurmp between two metal elecrodes,

1891

Baltirmore inventor Clarence Kemp patented the first commerdal solar
wiater heater, For more information on thewater heater, see the

http/ favanarcalif amia solarcenter. orgf history _salarthermal. html Califernia
Solar Center,
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This timelinelists the milastones in the historical dewelopm ent
of solar technology in the 1poos,

1904
Yilhelr Hallwachs discosered that a combination of copper and cuprous axdde
is photosens tive,

1905
Albert Einstein published his paper on the photoslectric afect (alongwith a
paper an histheory of relativityd,

‘ 1908
198 Williarm 1, Bailley of the Carnegie Steel Cormpany inventsa solar collecdor
with copper cails and an insulated bac—roughly, it's present desgn,

1914

it The edstence of a barvier layer in photevoltaic deviceswas noted,

1916
Ruchert Millikan provided experimental prod of the photoslecrc effect,

1918

Folish scientist Jan Czodhralski developed a way to grow single-crysal
silicon, For more inforrmation on Czochralski, see the article

http: ffrekt.pol lublingl/usersiprwddarta. htim Pref essor Jan Caolchralski
(18851953 and His Contribution tothe Art and Science of Cystal Growth,

1921

Albert Einstein winsthe MNobel Prize for histheories (ioo4 research and techni-
cal paper) explaining the photoelectric affect.

1932

Audobert and Stora di scover the photovoltaic effect in cadmium sulfide (33,

Bl Cabe sebarticts, Durp) Chapbn, il
Fulas and Ganald Pasteon coustes pof
dabo Pedn

1947

1ge7 Passive solar buildings in the United Stateswere in such demand, asa
result of scarce energy during the prelonged Wil Il that Likbey- Crens-Ford
Glass Company published a book entitled Your Solar House, which profiled
ferty-nine of the nati on’s greatest solar architects

http: fharanas califomiaselarcenter.org/hi s ony_salarthermal.boml,

053

Dr. Dan Trivich, Way ne state U niversity, makes the firs theoretical
caleulaticns of the efficiencies of warous materials of different band gap
widthsbased on the spectrurm of the sun,

1954

1654 Phatovoltaic technology is born in the United states when Daryl chapin,
Calvin Fuller, and Gerald Pearson develop thesilicen photovoltaic (P cell at
Bell Labs—the first solar cell capable of converting enough of the sun’s energy
into power tarun everyday electdal equipment, Bell Telephone Labomtodes
produced a dlicen selar cell with 436 efficiency and later achieved 113
efficiency, Seethe http: (hananas califomiasolarcenter orgfhistony_pw.html for
mare inforrmaticn,

i L
Westem Eledric began to sell cormmerdal licenses for silicon photoseltaic (PU
techndogies Early successful products incuded P posered dellar bill
changers and dewvicesthat decoded computer punch cards and tape,
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- Mid-1950s

Architect Frank Bridgers designed the world'sfirs commerdal office building
using sclarwater heating and passive design, This solar systerm has been
cantinuousy cpetating since that tirmeand the Bridgers-Paxton Building is
noww in the Mational Histode Register as the wodd's first solar heated office
building.

-— 1958
William Chery, U5 Signal dorps Laboratories, approaches ROA Labs” Paul
Rappaport and loseph Loferski about developing photovoltaic cells for
proposed orhiting Earth satellites

T 1957
Hoffiman Electronics achieved 8% efficient photovaltaic cell s

1958

T, Mandelkarn, U.5, Signal Corps Laboratories, fabricates n-on-p silicon
7 phetovdrtaic cells (ertically impottant for space cells; more redstant to
radiatiorn),

1958
Haffrnan Electrenics achieves o9 effident photovdtaic cells,

1958

Thevanguard | space satellite used a small (lessthan onewatt) array to
poweritsradics. Later that year, Explorer 11, Wanguard 11, and sputnik-3were
launched with PAtpowered systerms on board, Despite faltering attemptsto
commercialize thesilicon solar cell in the1ogos and dos, it was used
sueeessfully in poaering satellites, 1t became the aceapted energy source for
space applications and remains so teday, For mare informati on, seethe
srithsonian Mational Airand Space Museurn s inforrmation on

http fhanana nasin. sl eduy/na smfdshyartifacesiss-vanguard bt m “wanguard 1%,

1959

Heffiman Electronics achisves 1% efficient, commerdally available
phetovdtaic cells Hoffrman alseleamste use a grid contact, reducing the
seri esred sance significanthy

1959

On August 7, the Explorer W1 satellite is launched with a phocovdltaic array of
edoo cells (1 omx 2 om each), Then, on October13, the Explorer vl satellite
is launched,

= 19060
Heffrnan Electronics achieves 1496 efficient photovoltaic cells,

1960
silicen Sensors Ine, of Dodgeville, Wisconsin, isfounded, It starts producing
seleniur and silicon photovoltaic cells,

1952

Bell Td ephone Laboratorieslaunches the first telecammunications satellite,
the Telstar (initial power 14 watts),

1083

Sharp Corporation succeeds in producd ng practical silicon photowveltaic
el es,

I 1983
Japaninstalls a a4a-watt, photovoltaic array on alighthouss, thewordd's larg-
est artay at that tirme.
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1964

MASA launches the first Mimbus spacecraft—a satellite powered by a 47 o-watt
photovdtaic array, See MASAS http: finssde. gsfo nasa.govfearth nirmbus.hitml
“Mirnbus Pregram” for more information.

1985

Peter Glaser conceives the idea of the stellite solar power station, Formore
inforimation, see DOE's reference brief,

http: fharanas eere. energy govfconsumerinfafrefbriefsihag html "sdar Power
Satellites”,

1966

MASA launches the first Orbiting Asronomical Observatory, powered by a
1-kilewatt phetoroltaic armay, toprovide agronomical data in the ultraviolet
and ¥-ray wavelengehs filtered out by the earth’satmeosphere,

1969
The Odeillo solar fumace, logted in Odeillo, France was constructed.,
Thisfeatured an & stary parabalic mirrar,

19705

Lt Ellict Berrnan, with help from Ex<on Corporation, designs a significantly
less costly solar e, bringing price down from $oo 8 watt to o a watt, Sdar
cellshegin to power navigation waming lights and hems cn many offshore
gasand dil rigs, lighthouses, rilread erossings and domesti ¢ solar applications
began to be viewsd as sensible applicatiens in remete | eationswhere grid
connected wtilities could not exist affordably,

1972
The French install a cadmiurm sulfide (Cd5) phatovdtaic syster to operate an
educational tel evision at a village schodl in Miger,

1972

The Institute of Energy Converdon is escablished at the Universty of Delaware
toperform research and developrment on thinfilm photoweltaic (P and solar
thermal systems, becorming the word's first laboratony dedicated to Py
research and developrment,

1973

The University of Delaware builds™Selar Chne,” one of theworld's first pho-
tovdtaic (P posered residences, The systerm isa PVthermal by brid The
roof-int egrated arraysfed surplus poserthreugh a special meter tothe wtility
during the day and purchased power from the utility at night, In addition 1o
electricity, the arrays acted as flat-plate thennal collectors, with fans bl owing
thewwanm air from over the array to phase-change heat-zotage bins

— 1874

The nAsA Lewis Resaarch Cemmer startsinstalling 83 photoveltaic poser sys-
LErs BN every continent except Australia, These s sterms provide such diverse
applications asvaccine refrigerati on, room lighting, medical clinic lighting tele
cammunications water pUmMping grain milling, and classroom television, The
Center cormpleted the project in 19gs, working on it from 1epé-1985and then
again from 1 gee-1pes,

0T

5

Dawvid tarlsen and christepher wionski, RECA Laborateodes, fabrcate first
amarphous silicon photoveltaic cells
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1977

The U.5. Bepartment of Energy launches the solar Energy Research Institute
http:fharanannrel gowy "Mational Renewable Energy Laboratory”, a federal
facility dedicated toharnessing power from the qun,

1977
Total photovdtaic manufacturng production exceeds goo kilowatts,

1978

1978 MASA's Lewds Research Center dedicatesa 3 5-kilowatt phatova taic (PYD
systern it instal led on the Papago Indian Reservation logated in scuthern
Arizona—theword's first willage PV sy stem, The system isused toprovide
for water purnping and red dential el ectricity in 15 homes until 1983, when grid
power reached the village The PV sy sterm was then dedicated to pumping
wagter fram a community well,

1980
ARCO Solar becomes the first compary to preduce mere than 1 megawatt of
phetovdtaic modules in one year,

1980
Ar the University of Delaware, the first thin-film solar cell ewceeds
1e% effidency udng copper aulfidefaadmiurm sulfide,

1981

Faul Mactready buildsthe first solarpoaered airaaft—the solar
Challenger—and fliesit from France to England acressthe English channd, The
aireraft had over 16,000 solar cells mounted en its wings, which produced 3000
weatts of pover, The Smithsonian Insitute Mational Airand space Museum has
a photo of the http:/faesrainasmedufnasiaergiaireraftima coread hitm " Solar
Challenger”in flight.

1982

The first, phatovdtaic megawatt-scal e power station goes on-line in Hispera,
Califarnia. It has a 1-rmegawatt capadity systerm, developed by ARCD solar, with
medul es on1ed dual-axis trackers.

1982

Australian Hans Tholstrup drives the first solar powered car—the Quiet
Achiever —almest 2,800 miles between Sydney and Perth in 2o days—1o days
fasterthan the first gasoline-posered cartodo so. Thelstrup isthe founder of
the http: fhararn wscorgalfaoe yhome. sslar “wedd sdar challenge”in
Australia, conddered the wordd champienship of soar car radng,

1982

The U.5, Bepartment of Enerqy, aleng with an industry consortium, begins
operating Sclar One, & 1o-megawatt central-receiver demonstration project,
The project established the feasibilivy of powertower systems, a solar-thenval
electric or concentrating solar power techno ogy, 101988, the final year of
operation, the systerm could be dispatched 0896 of the time, For more
information, seewnaaeere.energy. govferes fac sheet g'csp. heml

"Concentrati ng Solar Power: Energy From Mirrors”and

http:fharanas energylan.sandia.g o sunlaby/snapsh et /STEUTURE hitm “5dar Two
Demonstrates Clean Power for the Future”,

— Fhata caption: Soiar Ohe, a {0-magawat cantal racalar pawer twaris focate d ih Dagge, GA.
{Sandta National Lataratonias £ RGOS
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1082
volkssaagen of Gennary begins testing photowveltaic arrays mounted on the
roafs of Dasher station wageons, generating 1o wattsfor the ignition system,

1982

The Flerida saar Energy Center’s

http: ftanananf see el edufabout/qual inde htmerecentcon "Southea s
Reddential Expedment Station” begins suppotting the U.5, Departiment of
Energy’s photovotaics program in the application of systerms engineering,

1982
Wiorldwide photoveltaic producion exceeds o.3 megawatts,

1983

ARCO Solar dedicatesa & megawatt phatovealtaic substation in central
California, The1zoracre, unmanned facility supplies the Pacific Gas 2 Electric
Cormpany’s utility gridwith encugh power for s, 0003, 500 homes,

1983
solar Design Associates completes a stand-alene, 4-kilowatt powered home in
the Hudson River Yalley,

1983
Wiorldwide photoveltaic production exceedsst.3 megawatts, with ales of
more than sso millicn,

1084
The sacramento Municpal Utility District comrmissions itsfirs: +-megawatt
phetovdtaic electricity genemting facility.

1985
The University of South Wales breaks the 20% efficiency barrier for silicon
solar cdlsunder +-sun conditions

19848

198 The world's largest solar thermal facility, located in Kramer Junction,
California, was commisd oned, The solarfid d contained roves of minrors that
concentrated the sun's energy onto a systern of pipes droulating a heat
transfer fluid The heat transfer fluid was used to produce stearm, which
powered a conventional turbine to genatate el ectricity,

— Fhata Caption: This soiar prowsar ilant iacated in Kamer Juncion, Caifomia, is the fanest of nine
such piants Gulilt in the 1550, Duang oparaton, aif in the ra caiver tutas collacts the concantrate d

=0lar enanyy as haat and iz pomgrad' (0 3 gawer Slfock focatad at e powar piant for gene ratn g
afactricity. {WWarren Gratz, WREL A PUXG{224)

1985

ARCO Solar releases the G-qooo—theweord’s first commercial thin-film
power maodule,

1988

D, Alwin Marks receives patents for two solar power technologies he
developed: Lepeon and Lumeleid, Lepeon consists of glass panels covered with
awast array of millions of aluminum or copper strips, each less than a micren or
thousandth of a millimeter wide, As sunlight hitsthe metal strips the energy in
the light istransferred toelectrons in the metal, which escape at ene end in the
form of elecrdty, Lumeloid uses a similar approach but substitutes cheaper,
film-like sheets of plastic for the glass panels and coversthe plasticaith
conductive polyrmers, long chains of maecular plastic units,
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1991
Fresidemt George Bush redesignates the U5, Department of Energy’s solar
Energy Ressarch Institute as the Mational Renewabl e Energy Laboratony,

——— 1002

1o University of South Flodda developsa 15,92 effident thin-film
phetovdtaic cell made of admium telluride, breaking the 159 barrier for the
first titne for thistechnology.

— Fhat caption: Thik-fim moduies, such as tis one madae Wit amaoef ous sifcon, can be dapos-
ited on 3 variaty of faw-cost substates, meluoing wiass and fexibla piastic sheeats (Warrean Gratz,
WREL / PLGIE 1)

— 1982

Az kilomatt pracaype dish sy sem using an advanced streteched membrane
concentrator becomes operational,

1993

1003 Pacific Gas & Eledic completes installation of the first grid-supported
phetovdtaic systerm in Kerman, Califernia. The soo-kilowatt systerm was the
first *distribut ed power” effort,

— Fhata caption: Pacitic Gas and Electac Comgany (PEEE) inaaled a S00-wiowat phatova iaic
systam at its Kenman sub=taton o reinforee 3 weal faeder. PGS E foun o' that distnbuted systams
iiia thi= have meazurabia tenalts such as increasa d system reiabiity and peai-shawving capatili-
tigs. {Terre 3 Bourie AP KGOS

1994

The Matiohal Renewatble Energy Laboratary (f ormedy the sdar Energy
Ressarch Institute) completes construction of its

http: fharanas el gow'buildingsthighperformancefserf bl *sdar Energy
Reszarch Facility®, which was recognized as the most energy-=fficent of all
U5, government buildings wotdwide, It features not only solar elecric
systern, but al so a passive sdar design,

1994

First solardishgenerator using a free-piston Stirling engine is tied toa utility grid,

ey

The Matiohal Renewable Energy Laboratory develops & solar cell— rmadefrom
galliurm indium phesphide and galliurm arseni de—that becormes the first one to
exeesd 30% cotversion effidenay,

[ 1006

Thewed’s mos advanced salar-poswered airplane, the lcare, flew over
Gerrmary. The wings and tail surfaces of the lcare are covered by 3000
super-efficient solar cells, with a toral ares of 21 ne. See

http:fharanaif bouni- stuttgart. deficarefpicturesfica-flw. jpg "Sdar Alrcraft of
the University of stuttgart” for more information about leare

——— 1996

The U.5, Repartment of Energy, al ongwith an industry consortium, begins
operating sdar Two—an upgrade of its Solar One concentrating solar power
tower projed, Operated until 1pea Solar Tweo demonstrated how solar energy
can be sared effici ently and economically so that power can be produced even
when the sun i1t shining. It alsefostered commerdal imerast in power
toraers, See heop: fhasses energylan sndia.go/sunlab/snapshet/STRUTURE. htm
"Solar Tweo Demonstrates Clean Power for the Future” for more informati on,

— Fhota Caption: The Sofar Tivo projact wil improve e 10-megawat Sofar Ona cantral recelar
Biant in Caggrete, 4. 4 fald af mirrarad heliostats fooses sonilght on 3 300 faat '91 matar) tawar,
which will a2 fifea with maiten nitrate sait. Tha it fows e water and can te heatad 0 105G
dagraas £ The s3it is pumge o thrawgh @ staam grenarator 00 prodee M S8 3m (0 Fawar 3 con-
wantianal, high-aficiancy ste am turbsing to praduce elactnaly (S66 dagrees Gl [Sandia National
Latoratonas A PG A0T)
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— 1008
The remote ontrolled, solar-powered aircraft, "Pathfirder” sets analtitde
rexord, Bo, 000 feet, on its 3 eth consecutive flight on August &, in Monrovia,
California, Thisaltitude is higher thanamy propdriven aireraft thus far,
— 1998

Ubited Schr Spetarns
Caprationd PRI

Waman i i AREL S FTTINED

subhendu Guha, a noted scientist for his ploreering work inamorphows silicon,
leed the irnention of flexible solar shingles, a roofirg materialand state-of-the-art
technology for converting sunlight to electricity,

— Fhota captian: The Fl shingfes neount directiv on i e roof ana fake the place of 3 sphalt shingles

The swsrem is connected i fhe utiite gnid firowg’ an inverter and' produces efectricly on cusmer's
=ida of fhe merer United Soiar Swetenes Corporaiion o PLKNGSE 56

s 197¢9
1ggg Construetion was completed on 4 Times Square, the tallest skyscraper built
inthe1ggos in Mew York City, It incorporates more erergy-efficient building
technigues thanary other commercial skyscraperand also includes building-inte-
| grated photowoltaic (BIPYY parels on the 3zth through 43 1d floors on the south-
and west-facing facades that produce a portion of the buildirgs powveer,
— Phofo Capficn: J Times Syuanes mest advancen fealire is the photwelaic skhits, 3 sysiem thar
wsE s fhiv-tlm 21 pareeils i replace g3 difictal giass cladding materal The 21 cotaiy wall extend's
from fiie 2500 o the L5800 lizor o the seath and eastwails of the Boidivg, ma kg €3 highly Wside
part of the: midfouts flew Yok sigeive. The developer, the Durst Goga mization, has implemenied
3 wiin'e wa el of hiea iy boriolg and erengy efficiency stialtegies. Hizs + Catioa mAmchiiecis
aesigred the Boiiig's OL7system i colfaboratict: with Cor and' Sowile, the base bty

archient. Svenyy Shofovoitaics of Sriveeton, hl, developed the cusim © 1 modules.
iz + Cathoor - Architects / CLGELSE]

1777

spedrolab, (ne and the Mational Renewable Energy Laboratory develop a
phetovataic selar cell that converts 2.3 percent of the sunlight that hitsit into
electricity, The high converson efficiengy was achieved by combining thres
layers of phorovoltaic materials inte a sngle solar cell. The cell parfarmead most
efficiently when it received sunlight concentrated to so tirnes normal, Touse
sucheells in practical applications, thecellis mounted in 4 device that uses lenses
of mirrarsto concentrate sunlight oo the eell, such “concentatar” systems
are mounted on tracking systetns that keep thern pointed toward the sun,

1777

The Matioral Rerewable Erergy Laboratoryachievesa rew efficiency record for
thin-film photovaoltaic solar eells, The measurement of 18,8 percent efficiency for
the prototype solarcell topped the previous recond by more than 1 pereent,

7
Cumulative worldwide installed photowoltaic capacity reaches 1000 megawatts,
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This timelinelists the milestones in the historical deweloprm ent of
solar technology in the 20008,

— 2000

First 5olar begins production in Perrysburg, Ohio,at the world's largest
photovoltaic manufacturing plant with anestimated ca pacity of producing
enough solar panels each year to generats 100 megawatts of power,

2000

Arthe International Space Station, astronauts begin installing solar panels on
what will be the largest solar power array deployed in space Each ™wing™ of
the array consists of 32,800 solar cells,

2000

Sarelia Mational Laboratories develops a new inverter for solar electric systems
that willincrease the safety of the systemsduring a powvesr outage, [nverers
corert the direct current (DC) electrical output from solar systemss into
alterrating current (80, which is the stardard current for household wiring
and for the poveer lines that supply electricity to homes,

2000

Twwo new thin-film solar modules, developed by BP Solarex, brea k previous
performance records, The comparmy’s o.g-squa re-meter module achieves10.8 %
corversion efficiency—the highest inthe world for thircfilm modules of its Kad,
Ared its ovg-square-meter module achieved 10.6% comversion efficiercy and a
power oLtput of 61,5 watts — the highest power output for any thin-film
madule in the warld,

2000

A familyin Maorrison, Colorada, installs a 12-kiloweatt solar eles tric system on its
home—the largest residertialinstallation inthe United States to be registered
withthe U5, Department of Erergy’s http: fveveemillionsola rroofs.com/ “Million
Solar Roofs” program, The system provides most of the electricity for the &.oo0o-
squa re-foot home and family of eight,

2001
Home Depot beging sellirg residential solar poeer systems inthres of its stores in

san Diego, California, & year later itexpands sales toinclude 51 stores nationwide,

2001

MASAS solar-povered aircraft—Helios sets a new world record for norerocket-
powered aircraft o8,363 fest, more than 18 miles high,

— Fhoto caption: The Hefios Frofofkpe fheing wing (= shown near ihe Hawaiian fsianos aunng is tirst
tes flight on soiar power. (Fhofo Caurtesy of 454, Dneden Siighr Sesearch Cenfer Photo Calieciion)

2001

The Matioral Space Development Ageney of Japan, of MASDA, anhounces plans
todevelopa satellite-ba sed solar poweer system that would beam energy back to
Earth, & satellite carrying large solar parels veould use a laser to transmit

the powest toan airship atanaltitude of 3 bout 12 miles, which would then
transmit the power to Earth,

— 2001

Terrasun LLCdevelopsa unique method of wsing hologra phic films to
corcentrate sunlight ontoa solarcell, Corcentrating solar cells typically use
Fresnel lenses or mirrors tocorcentrate sunlight, Terrasun claims that the wse
of holographic optics allows more seles tive use of the sunlight, allowding light nat
heeded for power production to pass through the transparent modules, This

10 capahility allows the modules to be integrated into buildings as skylights,
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POWERLIGHT — 2001

= Fowerlight Corporation places onlire in Hawali the world's la rgest hyhrid
system that combines the poweer from both wird and solar erergy, The grid-
conhected system s unusual in that its solar erergy capacity— 175 kilowatts—
is actually larger than its wind energy ca pac ity of so klowates, Such bybrid
power systems combine the strengths of both erergy systems to maximize the
awailable power,

2001

British Petroleum (BP) and BF solaranneuncethe opening of a service station
in Indianapolis that featuresa solar-electric canopy, The Indianapdis station is
thefirst U.5, "BF Connect” store, 3 model that BP intends tousefor all new or
sighifi cantly revamped BF servi ce statiens. The canopy is built using transluc et
phetovdtaic modules rmade of thin films of silicon depodted onto glass,

— Fhata Captian: The Powerliew Sermi-Trangrarent Phatowo itaic Madus, devaeigpad by MEEL and
EF .Sofarn (s a novel system hat sane s 35 a roaf or winaow while creating power for 3 boliahg. 5P
has o date mconed rated e systam in mae that 150 of its sarvce #ations and e panals are

ansionen (o te come a functonal repacement far conventional wiass in walls, canories, aiums,
antrances and facades in commearcial and residential architectrre. (WWarren Gratz, WREL /P 11478)

2002

MASA suceess ully conduc s e tests of 3 solar-powered, remeate-controlled
aireraft called Pathfinder Plus, 1nthe first test in July, researchers
demenstrated the aireraft’s use as a high-altitude platf orm fortele
cammunicationstechna ogies Then, in September, & test demenstrated

Courkespo fARSA 3 e 7
¢ Dndenflgh its use as an aerial imaging systerm for coffee growers,
m‘ﬁz — Fhato Caption: The Pathinoer Pius iz 3 ghtweight, sofar-powarad, ramotaly pioted fang wing
alroratt that is demanstrating fa tachnalfoge of agiting salar gawear far iohg-ateation, high-atitooda
fght. This soiare powerad aircralt comd s@y aitarna fr waakes ar manths on saentitc ampihg
and' imaging missions. S0iar arrays covaring ma st of e oprer wing suriaca provida powar far
the aircraft’s afeciic malirs, 3wWonics, commumications and' ofieraledranic systams. It alzo has a
a3 ctey attenys systan that can Browde pouer far Batke ah 00 and (e haces 00 afow fitnited
airratiam (Nght artar danc (Fhoto Courtasy of ALASA, Dneden Sight Sesearch Centar Phow Caliection)
UNION
PACIFIC 2002

Union Pacific Railroad installs 350 blue-signal rail ward lanterns, which ircorporate
energy saving light-emitting dicde (LEDY technology with solar cells, at its Morth
Platt, Mebraska, rail vard—the largest rail yard in the United States,

2002

ATs Automation Tooling Sy stems Ing, in Canada starts to commercialize an
innovative method of producing solar eells, called spheral solar technology.
The technology— based ontimy silicon beads bonded berween two sheets of
aluminum foil— promises lower costs due to its greatly reduced use of silicon
relative tocomentional multicrystalline silicon salar cells, The technology is
nat e It was championed by Texas Instrumerts (T in the eatly 19 9os, But
despite U.5 Department of Energy (0 OE) funding, Tl dropped the initiative,
see the DOE httpfdew. nrel g ovypematytl hitm | "Fhotowvaltaic Manufacturing
Technology™weeb site,

Cowraapof
IFIF IR B B B e

e T =Y CE
The largest solar poveer facility in the Morthwest—the 38.7-kilowatt
white Bluffs Solar Station—goes onlire in Richla nd, Wa shington,
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2001

Fowerlight Corporation installsthe largest rooftop solar power system in the
United States—a 118 megawett sy sterm—at the Santa Rita Jail in Dublin,
California,

— Fhoto Capiion: i Spring 2005, Alarreda County, G4 successully convpiatad the fourth fargest soiEr
eleciic systent in the wond arop te San@ &3 Jail in Dubiin, Caiifomia. This soi@ring@ fanon, mhe

Coustespof o Unifed States’ fampes rooffop systany, was commizsionad fo help Aiarreda Sounty reduce and siabifize
p""‘"-‘ﬁf, o3 future energy costs This sear enevgy praject reaices me Jai's usa of uniiv-generated elecivicie by
ynéég‘ggg POWERLIGHT S0 thro ot Salar power generanon and ensryy consanarion. Clean energy is genarated by a

1. 18 Megawan sysien consising of rhree acras of sofar elecric or photovolraic (Fi) panels
[Courtesy of Fowenjght Corporation # FITE505)

Hara's a look at the expected future direction of solar tachnol ogy.

— All buildings will be built to combine energy-efficent design and construction
practices and renswable energy technologies for a net-zero energy building, In
effect, the building will conserve encugh and produce its oam energy supply to

i createa new generation of cost-effective buildings that have zeronetannual

need for non-renswable energy,

— Fhato Capfion: This bome wes fuilt By siudents fom the Uhiversity of Cofarzoh [(CUY far the first

Solar Decsttion,  comperion sponsored Ay the U 5. Depamment of Snengy ([DOE). Srudent fezms e

| eteifienged foinfegrae sesfeis #nd modem conveniences wih masnum enemy proodsion zpd opimz’

efficiensy. Crehsolfagire feam wil build 2 uniguely designed S00-82 -- 8004 bouse. Dacathietes Wil

trensparted el bouses fo the W aions Wel in Wasingron GG, far fe somperiion in e G0 of 3002

Tha U feam tock st prize in Me compefiion oversil, (Chnis Gunn Fhotography £ FLX 165

Cheic Gurn Prakoraphp [FTAIES

-~ Photovoltaics research a nd development will continue intense interest in new ma-
terials, cell designs, ard novel approaches to solar material and product develop
ment, Itisa future where the clothes you wear ard your mode of transportation
can produce power that is clean ard safe,

+—— Texhnology roadmaps for the future outline the research ard development path
to full com petitiveress of corgentrating solar power (C5PY with cormertional
— — power geretation techhologies withina decade, The potential of solar power in
the Southwest United States iscomparable in scale to the hydropower resource of
the Morthwest, A desertanes 10 miles by 15 miles could provide 2 0,000 megawatts
of power, while the electric ity needs of the entive U nited States could the oretically
ke met by 3 photovolta i array within an area 10o miles ona side, Corcentrating
solar power, or solar thermal electricity, could harress the sun's heaterergy to
provide large-scale, d omestically secure, and ervironmentally friendly electricity,

— Fhoto Caprion: This (= the worlo®s (angest sofar power faciling focared near Stamer uncion, Gd.

The faciliry consiss of five Soiar Elecmic Generaing Sfanons (SEGE), with 3 combined capaciy of 1507

mregaWaEits. Af capacity thal is enough power for F50,000 fomes. The fcility covers more than 7000
acres, with over 1 mwilion square mefers of cofector sunGce. (Kianer Juncion Congpany & ELTT0ST)

The price of photowoltaic pover will be com petitive with traditional sources of
electricity within 10 years,

solar electricity will be used toelectraolyze water, prodwcing hydrogen for fuel
cells for transportation ard buildings,

— Fhoto Capion: Sunting, a Calfomia franat agency, i= being evaluated as ey aod Sate-ofihe-an
fwcrogen fiel call buses fo feir fleets and el up infastuciure @oifities for Giefing and wainfenanca.
The hydrogen s proaicad ar the sife uang soi@ epowearad el rols’s and nAMKEl Has refbrmring.

_ Eecause fual cell buses aren’t var conermarzialy avaiabie, Mese derponsirarion proects are used ro
Adetfinahy FRALES hatter understana the fechinolagy and plan for te fiture, (Richard Panzh /BT G752)




2. Solar Irradiation Data on the Sunniest Day

Solar Irradiation Data on 19 March 2012

Time

Irradiation (W/m2)
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7:26

7:27

7:28

7:29

7:30

7:31

7:32

7:33

7:34

7:35

7:36

7:37

7:38

7:39

7:40

7:41

7:42

7:43

Time |Irradiation (W/m2)
7:44 21
7:45 21
7:46 16
7:47 14
7:48 19
7:49 18
7:50 18
51 19
7252 19
7:53 21
7:54 20
7:55 21
7:56 21
7:57 11
7:58 23
7:59 25
8:00 27
8:01 30
8:02 33
8:03 39
8:04 42
8:05 44
8:06 45
8:07 46
8:08 47
8:09 49
8:10 53
g:11 53
8:12 51
8:13 53
8:14 54
8:15 58
8:16 54
8:17 54
8:18 56
8:19 60
8:20 62
8:21 65
8:22 69
8:23 74
8:24 77
8:25 81
8:26 81
8:27 69

Time |lrradiation (W/m2)
8:28 79
8:29 79
&:30 a8
8:31 113
&:32 127
8:33 135
8:34 144
Bi35 183
8:36 197
8:37 197
8:38 213
8:39 234
8:40 311
8:41 341
8:42 278
8:43 258
8:44 350
8:45 403
8:46 401
8:47 274
8:48 281
8:49 180
8:50 146
8:51 114
8:52 101
8:53 100
8:54 102
&:55 105
8:56 109
8:57 111
8:58 111
8:59 109
9:00 128
9:01 139
9:02 144
9:03 156
9:04 158
9:05 139
9:06 121
9:07 111
9:08 104
9:09 a5
9:10 101
9:11 97




Time |Irradiation (W/m2)
9:12 97
9:13 97
9:14 98
9:15 104
9:16 117
9:17 121
9:18 120
9:19 132
9:20 193
9:21 162
9:22 193
9:23 185
9:24 227
9:25 227
9:26 454
9:27 454
9:28 95
9:29 392
9:30 457
9:31 457
9:32 239
9:33 466
9:34 422
9:35 446
9:36 485
9:37 483
9:38 461
9:39 456
9:40 446
9:41 439
9:42 452
9:43 485
9:44 517
9:45 463
9:46 466
9:47 469
9:48 469
9:49 468
9:50 469
9:51 456
9:52 438
9:53 415
9:54 415
9:55 552
9:56 571
9:57 553

Time |[Irradiation (W/m2)

9:58 552
9:59 561
10:00 559
10:01 564
10:02 547
10:03 547
10:04 554
10:05 531

10:06 443
10:07 422

10:08 457
10:09 503
10:10 476
10:11 445
10:12 380
10:13 380
10:14 547
10:15 207
10:16 213
10:17 292
10:18 292
10:19 292
10:20 241
10:21 250
10:22 250
10:23 341
10:24 367
10:25 367
10:26 761
10:27 738
10:28 738|
10:29 169
10:30 158
10:31 156
10:32 191
10:33 172

10:34 171
10:35 174
10:36 186
10:37 193
10:38 181

10:39 165
10:40 193
10:41 193
10:42 784
10:43 713

94

Time |lrradiation (W/m2)
10:44 752
10:45 754
10:46 761
10:47 754
10:48 765
10:49 773
10:50 752
10:51 738
10:52 731
10:53 731
10:54 728
10:55 730
10:56 737
10:57 735
10:58 735
10:59 733
11:00 728
11:01 740
11:02 731
11:03 737
11:04 752
11:05 749
11:06 765
11:07 783
11:08 780
11:09 770
11:10 175
11:11 775
11:12 775
11:13 ¥
11:14 786
11:15 780
11:16 779
11:17 780
11:18 780
11:19 791
11:20 780
11:21 772
11:22 800
11:23 782
11:24 779
11:25 777
11:26 782
11:27 777
11:28 777
11:29 173




Time |Irradiation (W/m2)
11:30 779
11:31 778
11:32 791
11:33 796
11:34 g10
11:35 805
11:36 805
11:37 809
11:38 810
11:35 835
11:40 817
11:41 828
11:42 820
11:43 830
11:44 831
11:45 831
11:46 830
11:47 821
11:48 825
11:49 816
11:50 &35
11:51 838
11:58 840
11:53 838
11:54 847
11:58 858
11:56 867
11:57 789
11:58 881
11:59 872
12:00 880
12:01 874
12:02 874
12:03 882
12:04 898
12:05 909
12:06 896
12:07 884
12:08 881
12:09 881
12:10 858
12:11 863
12:12 872
12:13 833
12:14 861
12:15 &893

Time |[Irradiation (W/m2)

12:16 886
12417 880
12:18 896
12:19 888
12:20 896
12:21 209
12:22 [07
12:23 897
12:24 8395
12:25 896
12:26 896
12:27 00|
12:28 904
12:29 905
12:30 202
12:31 904
12:32 912
12:33 911
12:34 909
12:35 913
12:36 919
12:37 918|
12:38 921
12:39 904
12:40 904
12:41 909
12:42 912
12:43 891
12:44 858|
12:45 865
12:46 842
12:47 816
12:48 775
12:49 823
12:50 823
12:51 784
12:52 788
12:53 728
12:54 657
12:55 657
12:56 552
12:57 552

12:58 747
12:59 817
13:00 817
13:01 881
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Time |lrradiation (W/m2)
13:02 238
13:03 833
13:04 829
13:05 888
13:06 853
13:07 812
13:08 g46
13:09 870
13:10 907
13:11 921
13:12 914
13:13 942
13:14 918
13:15 875
13:16 866
13:17 884
13:18 895
13:19 877
13:20 840
13:21 840
13:22 818
13:23 816
13:24 830
13:25 798
13:26 819
13:27 824
13:28 806
13:29 805
13:30 765
13:31 742
13:32 749
13:33 701
13:34 696
13:35 682
13:36 708
13:37 700
13:38 715
13:39 719
13:40 777
13:41 763
13:42 724
13:43 802
13:44 765
13:45 687
13:46 650
13:47 592




Time |Irradiation (W/m2)
13:48 578
13:49 649
13:50 596
13:51 531
13:52 570
13:53 578
13:54 594
13:55 628
13:56 587
13:57 569
13:58 545
13:59 636
14:00 680
14:01 664
14:02 670
14:03 660
14:04 650
14:05 679
14:06 617
14:07 578
14:08 580
14:09 570
14:10 563
14:11 598
14:12 592
14:13 503
14:14 438
14:15 504
14:16 642
14:17 673
14:18 684
14:19 668
14:20 663
14:21 722
14:22 722
14:23 791
14:24 809
14:25 837
14:26 822
14:27 754
14:28 689
14:29 621
14:30 652
14:31 671
14:32 738
14:33 752

Time |[Irradiation (W/m2)

14:34 714
14:35 712
14:36 710
14:37 708
14:38 654
14:39 654
14:40 635
14:41 610
14:42 682
14:43 670
14:44 686
14:45 708|
14:46 617
14:47 687
14:48 684
14:49 691
14:50 698|
14:51 656
14:52 661
14:53 654
14:54 656
14:55 656
14:56 631
14:57 575
14:58 550
14:59 510
15:00 506
15:01 525
15:02 512
15:03 540
15:04 541
15:05 527
15:06 524
15:07 521
15:08 510
15:09 510
15:10 744
15:11 773
15:12 779
15:13 800
15:14 812
15:15 812

15:16 802
15:17 786
15:18 772

15:19 769
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Time |lrradiation (W/m2)
15:20 751
15:21 738
15:22 694
15:23 693
15:24 729
15:25 754
15:26 724
1527 626
15:28 610
15:29 540
15:30 503
15:31 592
15:32 571
15:33 536
15:34 610
15:35 657
15:36 687
15:37 680
15:38 554
15:39 554
15:40 742
15:41 717
15:42 715
15:43 705
15:44 666
15:45 661
15:46 647
15:47 629
15:48 655
15:49 643
15:50 649
15:51 661
15:52 654
15:53 654
15:54 674
15:55 680
15:56 691
15:57 691
15:58 680
15:59 680
16:00 686
16:01 664
16:02 659
16:03 631
16:04 580
16:05 527
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Time |Irradiation (W/m2)
16:06 496
16:07 508
16:08 517
16:09 454
16:10 471
16:11 476
16:12 405
16:13 371
16:14 396
16:15 429
16:16 380
16:17 322
16:18 243
16:19 269
16:20 267
16:21 283
16:22 258
16:23 255
16:24 239
16:25 232
16:26 236
16:27 251
16:28 244
16:29 244
16:30 255
16:31 262
16:32 283
16:33 258
16:34 243
16:35 236
16:36 225
16:37 223
16:38 220
16:39 216
16:40 218
16:41 219
16:42 221
16:43 225
16:44 229
16:45 230
16:46 230
16:47 224
16:48 220
16:49 214
16:50 207
16:51 200

Time |[Irradiation (W/m2)
16:52 197
16:53 193
16:54 186
16:55 185
16:56 181
16:57 179
16:58 178
16:59 175
17:00 172
17:01 171
17:02 127
17:03 127
17:04 167
17:05 167
17:06 167
17:07 167
17:08 167
17:09 169
17:10 173
17:11 176
17:12 178
17:13 185
17:14 190
17:15 190/
17:16 190
1717 197
17:18 197
17:18 197
17:20 202
17:21 206
17:22 204
17:23 197
17:24 181
17:25 169
17:26 160
17:27 155
17:28 147
17:29 139
17:30 134
17:31 130
17:32 127
17:33 125
17:34 120
17:35 114
17:36 113
17:37 109

Time |lrradiation (W/m2)
17:38 107
17:39 105
17:40 103
17:41 98
17:42 97
17:43 95
17:44 93
17:45 [0
17:46 86
17:47 84
17:48 83
17:49 81
17:50 79
17:51 77
17:52 76
17:53 76
17:54 74
17:55 72
17:56 72
1757 70
17:58 67
17:59 65
18:00 65
18:01 63
18:02 62
18:03 60
18:04 58
18:05 56
18:06 54
18:07 54
18:08 54
18:09 54
18:10 54
18:11 54
18:12 54
18:13 54
18:14 53
18:15 53
18:16 51
18:17 51
18:18 51
18:19 49
18:20 49
18:21 49
18:22 47
18:23 26




Time |Irradiation (W/m2)
18:24 47
18:25 47
18:26 47
18:27 47
18:28 46
18:29 46
18:30 46
18:31 46
18:32 46
18:33 46
18:34 46
18:35 46
18:36 47
18:37 47
18:38 47
18:39 49
18:40 51
18:41 56
18:42 58
18:43 54
18:44 50
18:45 49
18:46 49
18:47 53
18:48 53
18:49 el
18:50 50
18:51 46
18:52 44
18:53 42
18:54 42
18:55 40
18:56 40
18:57 39
18:58 19
18:59 37
19:00 35

98
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3. Solar Irradiation Data on the Cloudiest Day

Solar Irradiation Data on 28 December 2011

Time |Irradiation (W/m2) Time [lrradiation (W/m2) Time |lrradiation (W/m2)
7:00 o] 7:44 19 8:28 25
7:01 0 7:45 24 8:29 25
7:02 0] 7:46 28 &8:30 25
7:03 0 7:47 30 8:31 25
7:04 ] 7:48 32 8:32 25
7:05 ] 7:49 32 8:33 28
7:06 0 7:50 32 8:34 32
7:07 ] :51 35 8:35 35
7:08 ] 752 33 8:36 40
7:09 0 7:53 33 8:37 41
7:10 0 7:54 35 8:38 37
7:11 0 7:55 35 8:39 35
7:12 0 7:56 27 8:40 39
7:13 0 7:57 19 8:41 37
7:14 0 7:58 18| 8:42 26
7:15 0] 7:59 18 8:43 24
7:16 0 8:00 16 8:44 19
7:17 o] 8:01 12 8:45 16
7:18 0] 8:02 13 &:46 21
7:19 0 8:.03 19 8:47 30
7:20 2] 8:04 21 8:48 42
7:21 ] 8:05 23 8:49 55
12X 0] 8:06 21 8:50 72
7:23 5 8:07 19 8:51 g1
7:24 5 8:08 17 8:52 70
7:25 5 g:09 14 8:53 56
7:26 5 8:10 16 8:54 51
7:27 5 g:11 19 8:55 62
7:28 5 8:12 21 8:56 76
7:29 7 8:13 18 8:57 74
7:30 7 2:14 28 8:58 81
7:31 9 8:15 30 8:59 90
7:32 9 8:16 32 9:00 98
7:33 8 8:17 35 9:01 104
7:34 7 8:18 37 9:02 a0
7:35 7 8:19 39 9:03 84
7:36 5 8:20 33 9:04 88
7:37 7 8:21 30 9:05 23
7:38 9 8:22 30 9:06 74
7:39 10 8:23 28 9:07 57
7:40 12 8:24 28 9:08 35
7:41 12 8:25 28 9:09 16
7:42 14 8:26 26 9:10 12
7:43 18 8:27 25 9:11 16




Time |Irradiation (W/m2)
9:12 19
9:13 23
9:14 25
9:15 25
9:16 26
8:17 26
9:18 24
9:19 25
9:20 25
9:21 26
9:22 11
9:23 11
9:24 10
9:25 12
9:26 11
9:27 9
9:28 9
9:29 9
9:30 7
9:31 7
9:32 7
9:33 11
9:34 14
9:35 16
9:36 17
9:37 14
9:38 14
9:39 12
9:40 12
9:41 12
9:42 14
9:43 16
9:44 16
9:45 16
9:46 18
9:47 18
9:48 23
9:49 28
9:50 32
9:51 37
9:52 42
9:53 57
9:54 70
9:55 77
9:56 79
9:57 79

Time [lrradiation (W/m2)
9:58 79
9:59 76
10:00 70
10:01 70
10:02 &1
10:03 93
10:04 81
10:05 96
10:06 113
10:07 120
10:08 118
10:09 120
10:10 121
10:11 131
10:12 148|
10:13 155
10:14 151
10:15 144
10:16 144
10:17 139
10:18 149
10:19 163
10:20 178|
10:21 188
10:22 192
10:23 185
10:24 178
10:25 176
10:26 179
10:27 186
10:28 195
10:29 216
10:30 236
10:31 241
10:32 243
10:33 250
10:34 257
10:35 248
10:36 237
10:37 225
10:38 211
10:39 199
10:40 197
10:41 218
10:42 236
10:43 248

100

Time |lrradiation (W/m2)
10:44 258
10:45 265
10:46 277
10:47 287
10:48 294
10:49 304
10:50 320
10:51 332
10:52 352
10:53 380
10:54 401
10:55 401
10:56 396
10:57 380
10:58 318
10:59 306
11:00 306
11:01 306
11:02 325
11:03 258
11:04 185
11:05 158
11:06 160
11:07 169
11:08 171
11:09 148
11:10 121
1 125
11:12 137
11:13 156
11:14 179
1315 222
11:16 234
11:17 255
11:18 253
11:19 269
11:20 274
11:21 264
11:22 272
11:23 278
11:24 292
11:25 295
11:26 308
11237 310
11:28 306
11:29 311




Time |Irradiation (W/m2)
11:30 320
11:31 316
11:32 274
11:33 250
11:34 258
11:35 234
11:36 190
11:37 155
11:38 165
11:39 195
11:40 234
11:41 257
11:42 271
11:43 250
11:44 227
11:45 146
11:46 86
11:47 a5
11:48 91
11:49 102
11:50 100
11:51 106
11:58 741§
11:53 146
11:54 151
11:55 156
11:56 165
11:5% 199
11:58 209
11:59 229
12:00 255
12:01 283
12:02 311
12:03 313
12:04 2495
12:05 290
12:06 234
12:07 287
12:08 265
12:09 274
12:10 301
12:11 318
12:12 322
12:13 320
12:14 322
12:15 287

Time [lrradiation (W/m2)
12:16 271
12:17 260
12:18 262
12:19 267
12:20 276
12:21 229
12:22 186
12:23 160
12:24 146
12:25 139
12:26 130
12:27 125
12:28 118}
12:29 120
12:30 123
12:31 130
12:32 143
12:33 158
12:34 176
12:35 190
12:36 207
12:37 210
12:38 206
12:39 229
12:40 246
12:41 255
12:42 251
12:43 258
12:44 265
12:45 269
12:46 269
12:47 269
12:48 265
12:49 261
12:50 248
12:51 241
12:52 234
12:53 223
12:54 216
12:55 213
12:56 216
12:57 225
12:58 239
12:59 258
13:00 274
13:01 291
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Time |lrradiation (W/m2)
13:02 308
13:03 315
13:04 304
13:05 287
13:06 262
13:07 248
13:08 239
13:09 218
13:10 132
13:11 97
13:12 111
13:13 126
13:14 132
13:15 169
13:16 195
13:17 232
13:18 263
13:19 232
13:20 232
131 234
13:22 216
13:23 165
13:24 118
13:25 141
13:26 148
13:27 139
13:28 111
13:29 100
13:30 106
13:31 125
13:32 141
13:33 137
13:34 135
13:35 135
13:36 125
13:37 118
13:38 118
13:39 116
13:40 120
13:41 146
13:42 180
13:43 209
13:44 220
13:45 220
13:46 227
13:47 223




Time |Irradiation (W/m2)
13:48 191
13:49 169
13:50 160
13:51 153
13:52 153
13:53 153
13:54 123
13:55 107
13:56 111
13:57 120
13:58 137
13:59 189
14:00 172
14:01 130
14:02 100
14:03 70
14:04 67
14:05 88
14:06 111
14:07 127
14:08 141
14:09 156
14:10 167
14:11 176
14:12 162
14:13 127
14:14 98
14:15 88
14:16 77
14:17 58
14:18 72
14:19 86
14:20 98
14:21 97
14:22 88
14:23 76
14:24 70
14:25 69
14:26 62
14:27 53
14:28 46
14:29 47
14:30 56
14:31 69
14:32 63
14:33 65

Time [lrradiation (W/m2)
14:34 79
14:35 79
14:36 67
14:37 67
14:38 &6
14:39 128
14:40 169
14:41 167
14:42 144
14:43 125
14:44 139
14:45 146
14:46 141
14:47 130
14:48 137
14:49 163
14:50 176
14:51 171
14:52 164
14:53 162
14:54 165
14:55 169
14:56 178|
14:57 181
14:58 182
14:59 185
15:00 178
15:01 169
15:02 148|
15:03 127
15:04 99
15:05 81
15:06 93
15:07 107
15:08 127
15:09 144
15:10 147
15:11 134
15:12 114
15:13 125
15:14 123
15:15 100
15:16 99
15:17 116
15:18 116
15:19 100
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Time |lrradiation (W/m2)
15:20 130
15:21 160
15:22 151
15:23 93
15:24 &3
15:25 134
15:26 151
15:27 191
15:28 169
15:29 153
15:30 135
15:31 120
15142 111
15:33 111
15:34 116
15:35 125
15:36 135
15:37 135
15:38 105
15:39 75
15:40 62
15:41 40
15:42 39
15:43 51
15:44 65
15:45 62
15:46 67
15:47 79
15:48 93
15:49 102
15:50 109
15:51 119
15:52 109
15:53 91
15:54 a3
15:55 79
15:56 77
15:57 73
15:58 69
15:59 72
16:00 77
16:01 83
16:02 92
16:03 98
16:04 100
16:05 100
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Time |Irradiation (W/m2)
16:06 91
16:07 91
16:08 a0
16:09 72
16:10 91
16:11 93
16:12 130
16:13 132
16:14 152
16:15 153
16:16 139
16:17 111
16:18 77
16:19 83
16:20 133
16:21 167
16:22 178
16:23 186
16:24 211
16:25 207
16:26 170
16:27 158
16:28 <[ 4
16:29 130
16:30 120
16:31 105
16:32 130
16:33 160
16:34 200
16:35 211
16:36 213
16:37 207
16:38 185
16:39 171
16:40 144
16:41 142
16:42 132
16:43 116
16:44 100
16:45 88
16:46 72
16:47 51
16:48 44
16:49 59
16:50 54
16:51 51

Time [lrradiation (W/m2)
16:52 51
16:53 65
16:54 79
16:55 98
16:56 &1
16:57 62
16:58 56
16:59 65
17:00 63
17:01 70
17:02 102
17:03 102
17:04 97
17:05 79
17:06 65
17:07 47
17:08 37
17:09 44
17:10 53
17:11 65
17:12 70
17:13 70|
17:14 86
17:15 a5
17:16 111
17:17 114
17:18 102
17:19 87
17:20 51
17:21 56
17:22 86
17:23 97
17:24 116
17:25 130
17:26 142
17:27 141
17:28 97
17:29 58
17:30 67
17:31 51
17:32 53
17:33 63
17:34 72
17:35 79
17:36 93
17:37 105

Time |lrradiation (W/m2)
17:38 114
17:39 113
17:40 &4
17:41 65
17:42 79
17:43 88
17:44 79
17:45 69
17:46 74
17:47 77
17:48 75
17:49 79
17:50 81
17:51 77
a2 72
17:53 69
17:54 74
17:55 76
17:56 77
17:57 77
17:58 76
17:59 74
18:00 66
18:01 51
18:02 44
18:03 42
18:04 40
18:05 43
18:06 51
18:07 54
18:08 54
18:09 44
18:10 47
18:11 49
18:12 54
18:13 54
18:14 54
18:15 54
18:16 51
18:17 43
18:18 30
18:19 25
18:20 28
1821 35
18:22 39
18:23 43




Time

Irradiation (W/m2)

18:24

40

18:25

37

18:26

32

18:27

25

18:28

19

18:29

15

18:30

12

18:31

12

18:32

12

18:33

11

18:34

11

18:35

12

18:36

12

18:37

-
[y

18:38

18:39

18:40

18:41

18:42

18:43

18:44

18:45

18:46

18:47

18:48

18:49

18:50

18:51

18:52

18:53

18:54

18:55

18:56

18:57

18:58

18:59

19:00
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MITSUBISHI
AV N ELECTRIC

PHOTOVOLTAIC MODULE

TE series

D\/_'
D
D
D

-

Mrmirmrmi

130MF5
125MF5
120MFE5

| 5MF5

130Wp
125Wp
120Wp
115Wp

105

Changes for the Better

P
ality

Iligh Efficiency
- Soider-coatngless cells

urface Field) Structure
- Anti-Reflective Coating
+ Back Film Reflected Light
High Reflectance Back Film

m-Free/High-Transmittance Glass

co-Friendly

- Lead-free solder PV mo

- Manufactured in the piant certified ISO
11001

- Recyclable steel pallets
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MITSUBISHI ELECTRIC PHOTOVOLTAIC MODULE

106
SPECIFICATION SHEET
Mamufacturer ) ~ MITSUBISHIELECTRIC -
Model name o PV-TE130MF5N | PV-TEI25MF5N \ PV-TET120MF5N | PV-TET15MF5N
Cell type Polycrystalline Siticon, 156mm x 156mm
Number of cells 36 cells in a series
Maximum power rating{Pmax) 130W 125W/ e 120/ | 115w
W arranted minimum Pmax 123.5W 118.8W | 114.0W | 109.3W
Tolerance of maximum power rating +10/-5%
Open circuit voltage {Voc) 219V 21.8V | 21.6V 215V
Short circuit current (isc) 8.05A 7.90A | 7.75A 7.60A
Maximum power voltage (Vmp) 17.4V 17.3V 17.2V 17.1V
Maximum power current {Imp) 747A 7.23A 6.99A 6.75A
Normal operating cell temperature(NOCT) 47.5 degree C
Maximum system voltage - DC 1000V
Fuse rating - - _15A -
Dimensions S - 1495x674x46mm (58.9x26.5x 1 81inch)
Weight - B r 135Kg (29.81bs.)
Qutput terminal (+) 800mmy/(-) 1250mm with MC connector (PV-KBT4/611-UR, PV-KST4/61-UR)
Module efficiency 12.9% . 124% | 11.9% [ 114%
Packing condition 2 pcs - | carton
Certificate IEC 61215 edition 2{static load test 2400Pa passed),
— EN 61730, TUV Safety Classll
DRAWINGS AND DIMENSIONS Unt o {7eh |
it 46 (181) Mudr(‘)%ﬂ;;:ﬁ Rating latel
A—> A-A T
7—# n 5 . 3
Bl = gy
‘ (-1§
| T m I
g [.=J| m
g +33(90.13) (4 places)
& B = s
g c = 300018
:: s @7 [0 28) (6 praces) § 4‘{:1
i | ¢ 49 L d
A— ® 436 [250) - ——
Dranacg: holes (8 places|

¢719028) |6 piaces)

i bz S8 el aci

ELECTRICAL CHARACTERISTICS

ture dependence of Isc, Voo and Pmax

Isc. Voo and Pmax |

2% MITSUBISHI ELECTRIC CORPORATION

HEAD OFFICE: TOKYQ BLDG. 2-7-3, MARUNQUCHI, CHIYODA-KU,TOKYO 100-8310, JAPAN
http:#Global MitsubishiElectric.com/solar

Revised Publication, effective Jun. 2007.
Superseding Publication, L-175-6-B7539-B of Sep. 2006.
L-175-6-B7539-B NK0706 Printed in Japan{MDOC) Specifications subject 1o change without notice.





