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Abstract

Einstein said, ‘‘the release of energy has not created a new problem, but has
made more urgent the necessity of solving an existing one’’. This dissertation
presents a method of optimising the available output power from a photovoltaic (PV)
panel through empirical testing as this will enable a higher yield of solar energy
thereby reducing dependence on traditional energy sources such as fossil fuels. The
proposed study intends using existing equations of latitude, mathematical models and
simulation packages in combination with the experimental data to analyse the
optimum tilt and orientation angles for PV panels. This will assist in identifying
ways to improve the installation of PV panels for optimum output power in the Vaal

Triangle.

Photovoltaic panels are semiconductor devices that convert incident direct beam
radiation to electrical energy and the panel is composed of several unitary cells
connected in series and/or in parallel. The optimisation process involves the
empirical testing of the entire system with the use of existing equations of latitude as
suggested by literature for PV installation in the southern hemisphere, power
conditioning devices (such as an DC-DC converter, solar charger with MPPT) in
order to validate results as well as the correlation of empirical results with a

simulation package.

The first objective was to have an overview of the types of PV panels that exist; this
was done in order to be able to make a right choice of PV panel to be used in this
research. A concise literature review was carried to enable this research to have a
background of existing information in the areas of optimisation of power from PV
panels. The next objective was to carry out a pilot study, this was done to form the
foundation for the main study. A data-logging interface circuit (DLIC) was
incorporated in the system for some reasons presented in subsequent chapters of this
dissertation. At the end of this study data were taken over a two year period, the data
were analysed and conclusions were drawn and some recommendation in optimising

available output power from a PV panel are suggested.
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Chapter 1 Introduction

1.1 Background

Electrical power usage can be traced back to 1878, when Thomas Edison began work
on an electric light and formulated the concept of a centrally-located power station
(Sarma & Glover, 2002:5). In the United States, for example, electric energy sales
have grown well over 400 times between the turn of the century and the early 1970s
through the construction of power stations. Since the deregulation of the
telecommunication, gas and other industries, electric power industries have
undergone fundamental changes which have contributed to the welfare, progress and

technological advances of mankind (El-Hawary, 2008:1-3).

Albert Einstein once stated “The release of energy has not created a new problem, it
has merely made more urgent the necessity of solving an existing one’’ (Einstein, A.
1879 - 1955). These new problems include limited resources and greenhouse gases.
The most acknowledged greenhouse gases in the production of energy from fossil
fuels is carbon dioxide (CO;) and carbon monoxide (CO) from fossil fuel
combustion, leakage of methane (CH4), and an increase in carbonaceous (soot)
particles which can produce ‘Greenhouse warming’ (Bartels, Pate & Olson,

2010:8371-8384).

According to the data from the United States Department of Energy (USDOE, 2008),
world population has increased over the past decades, which has led to an increase in
fossil fuel consumption and CO; emission. Given the magnitude of US energy
consumption and CO, emissions, federal and state policymakers have worked and
are still working on climate change mitigation and renewable energy investment
policies which need to be incorporated into energy and environmental legislation.
Their efforts complement existing energy conservation and efficiency measures
which have been the cornerstones of US energy policies since the oil embargo and

price spikes of the 1970s (Dixon, McGowan, Onysko & Scheer, 2010:6398-6408).



Another policy for the reduction of carbon emission is the Energy Policy and
Conservation Act of 1975 (EPCA) which marked the first significant federal policy
initiative aimed at addressing rising energy prices and imports through energy
conservation and efficiency measures. The Energy Independence and Security Act of
2007 (EISA) is the latest in a series of energy legislation that builds on previous
laws, updates EPCA and its proponents, and puts forth new federal policies for

expanding US energy conservation and efficiency technologies, tools and techniques.

The signing of a climate change memorandum of understanding between key
stakeholders representing hundreds of electric utilities was the first step for electric
utilities to make specific commitments to reduce greenhouse gas emissions (Sturges
& Hewitt, 1995:60-70). Most of the energy used in South Africa is produced by
fossil fuel power plants. It has been estimated that South Africa is responsible for
45.17% of total CO, emission in Africa and about 0.85% of the world CO, emission

owing to burning of petroleum, natural gas and coal (USDOE, 2008).

The majority of stakeholders powerfully choose the improvement of a renewable
energy developed cluster, in which government improves corresponding plan
mechanisms that attract renewable energy companies (Krupa & Burch, 2011: 6254-
6261). In recent years, the world economic growth and population increase has
necessitated the need for more energy (Furkan, 2010:713-720). Energy is essentially
important for the socio -economic development of developing countries, solving
current energy generation problems calls for more than legislative changes, it really

requires the usage of alternative energy sources.

Renewable energy sources are inexhaustible, intrinsically clean, replenishing
themselves and allowing energy harvesting at a rate decided by nature (Grimmes,
Ooman & Sudhir, 2008:10). Among the many types of renewable energy sources,
solar energy obtained from sun is considered promising since it is comparatively
more evenly distributed geographically (Chang, 2010:1954-1963). Energy from the
sun, known as solar energy, drives the entire natural ecosystem on the earth and is

transmitted by means of radiation through the electromagnetic spectrum (Incropera



& Dewitt, 2002:771-773). The sun has a temperature close to 5500°C at its surface
and emits radiation at a rate of 3.8x10” kW per second (Lovegrove & Dennis,
2006:791-802). In the quest to harness clean and cheap energy supply from the sun, a
phenomenon was discovered in the early 19t century where electrical energy was

generated using the photovoltaic (PV) effect (Boxwell, 2010:3).

Solar energy is converted directly into electrical energy with modules consisting of
many PV cells, usually manufactured from fine films or wafers. They are
semiconductor devices adept of converting incident solar energy into DC current,
with efficiencies changing from 3 to 31%, depending on the light spectrum,
temperature, design and the material used in the PV cell, (Farret & Simoes,
2006:129). According to Krauter (2006:2), solar cells derive their origin from one of
the most important scientific developments of the 20" century which includes the
winning of the Nobel Prize for the work of several of the most important scientists of
that century. Max Planck, the German scientist, began the century engrossed in the
problem of trying to explain the nature of light-emitting hot bodies, such as the sun.
This was followed by the works of Albert Einstein, who in 1905 postulated that light
was made of small ‘particles’, later called photons, each with a tiny amount of
energy that depends on the photon's colour. Blue photons have about twice the
energy of red photons. (Grimes et al., 2008:10). PV history started in 1839, when
Alexandre-Edmund Becquerel (physicist) observed that “electrical currents arose
from certain light-induced chemical reactions” and similar effects were observed by
other scientists several decades later (El chaar, Lamont & El Zein, 2011:2165-2175).
The fall of the late 1940s saw the development of the first solid state devices in the
industry this surface way for the first silicon solar cell to be developed with an

efficiency of 6%.
1.2 Problem statement
There are numerous isotropic and anisotropic mathematical models, equations of

latitude and simulation packages that can estimate the optimum tilt and orientation

angle of a PV panel for a given latitude on earth. However, little real experimental



data or no real consistency exists with which to verify the suggested values from the
mathematical models, equations of latitude and simulation packages. This at times
proves problematic in the successful installation of PV panels for optimum output
power. The problem therefore exists that there is no real consistency between the
mathematical models, the simulation packages and experimental data for specified

locations of latitude.

1.3 Objective of the research

The purpose of this study is to optimize the available output power from a stationary
PV panel. This will assist in identifying ways to improve the installation of PV
panels for optimum output power as well as enable a higher yield of solar energy
particularly in South Africa, thereby reducing dependence on traditional energy
sources, such as fossil fuels. Certain essential parameters in a PV panel must be set
for optimal operating conditions. This research will address the problem of

optimising the output power from a PV panel system by:

e Determining the tilt and orientation angle for optimal output power from a
PV panel.

e Providing the correct power regulation of the PV system, using either a solar
charger, DC-DC converter or a maximum power point tracker (MPPT).

e Analysing and evaluating the results of the experimental data with that from
existing equations of latitude, mathematical models and simulation packages,

to establish validity.

14 Methodology

In this research, the optimum power available from a PV panel would be achieved
through empirical testing using software simulation packages in PV system designs,
mathematical models and equations of latitude in combination with the experimental

data obtained to evaluate the optimum orientation and tilt angles. Firstly, an in-depth



literature study of different types of PV panels along with their mode of operation
and application is presented. Power regulation devices which include maximum
power point trackers (MPPT), solar chargers and DC-DC converters are addressed.
Energy storage devices which include lead acid deep discharge batteries (LADDB),

Nickel-Cadmium (NiCad) batteries and Nickel-Zinc batteries are also discussed.

This will help in the selection of an appropriate PV panel, power regulation circuit,
and energy storage system for the experimental setup where the empirical data will
be collected. Secondly, simulation packages, mathematical models and equations of
latitude used in determining optimum tilt and orientation angles for PV panels are
addressed. This will be followed by the research methodology employed in the pilot

study and main study.

The data logger is used for collecting voltage and current measurements which will
serve as the empirical data. Quantitative data analysis will be used to measure a set
of variables using a large population of randomly sampled objects as it deals with
time-tested statistical tools (Hahn, 2008:1). To be quantitative, a text analysis must
address the scientific question of a well-defined text population. It should also
provide an answer to the question having a known probability of inaccurate aspects

of the text population (Benchmarks, 2007:368).

The optimum tilt and orientation angles will be achieved by taking a number of
samples for each of the tilt angles of the PV panel when placed at 16°, 26° and 36° in
relation to three different orientation angles (0°, +15° and -15°). Rationale for these
angles is presented in Chapter 3. Empirical data will be taken over a minimum period
of two years and a regression analysis will be used to determine the best tilt and

orientation angles for optimal output power from a stationary PV panel.

Regression analysis can be used to build models for process optimisation
(Montgomery & Runger, 2011:402). Finally the results gathered from the
experiments would be compared to existing simulation packages, mathematical

models in combination with existing equations of latitude to establish validity.



1.5 Delimitation

This research does not involve the construction of a PV panel as well as the

application of its output power to specific environments.

1.6 Significance of this research

This research will address the current need of the use of renewable energy, as this
will enable a higher yield of solar energy, thereby reducing dependency on
traditional energy such as fossil fuels. The future of the environment is dependent on
the availability of low cost and environmentally-friendly sources of energy.
Presently, non-renewable energy sources release greenhouse gases during the

production of energy and have a limited supply.

Therefore, for both environmental and economic reasons, alternative energy sources
must be pursued for the purposes of producing energy (Bartels, et al., 2010:8371-
8384). The proposed study intends using the mathematical models and simulation
packages in combination with experimental data to determine the optimum tilt and
orientation angles for PV panels. This will assist in identifying ways to improve the

installation of PV panels for optimum output power for specific areas of latitude.

1.7 Overview of the report

This research can be divided into the literature review and the empirical test. The
design of a DLIC falls under the practical set-up. Figure 1 illustrates the two stages
and their relevant sections by means of a flow diagram. Chapter 2 contains an in-
depth literature review of PV panels, solar chargers, DC-DC converters, MPPT and
energy storage devices. The manufacturing process, mode of operation, applications,
advantages and disadvantages of the aformentioned devices in terms of their

application in electrical engineering and solar systems is discussed.



OPTIMUM TILT AND ORIENTATION ANGLES FOR PV PANEL IN SOUTH AFRICA
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LOAD RESISTANCE

Figure 1: Flow diagram of the research

Chapter 3 contains the research methodology. Methods of optimising the output
power from a stationary PV panel are addressed in this chapter. Existing equations of
latitude, mathematical models and simulation packages for optimum tilt are
introduced. An experimental analysis of the equation of latitude that affects the
southern hemisphere as suggested by Heywood and Chinnery is done to verify the
suggested values. A simulation package METEONORM is used to correlate the
experimental results for specific areas of latitude. A brief overview of a DLIC is also
done in Chapter 3. The experimental set-up is also validated. Analysis of data
collected from the experimental setup is presented in Chapter 4. The data collected is

represented in graphs and normal probability plots and is interpreted according to:

e Average on-time per week for the DC-DC converter (clear sky and no clear
sky condition).
e Average on-time per day for the DC-DC converter.

e Average voltage, current, power and efficiency per week.



e A regression trend line value (linear) for the normal probability plot.

e A regression trend line value (polynomial 6) for the residual plot.

A regression analysis is done to sample a dependent variable (voltage) and an
independent variable (time) between two models. The reliability of the different data
with regards to the equations of latitude, the mathematical models and the simulation
packages will be analysed. The final results of this analysis will be presented in
Chapter 5, which will further present succinct recommendations with regard to the
best tilt and orientation angles for a stationary PV panel for a specified area of

latitude.

1.8  Summary

The background to this research project has been given. This research will attempt to
optimise the available output power from a PV panel, thereby reducing dependence
on traditional energy sources such as fossil fuels. Presently, non-renewable energy
sources have a limited supply, and in addition, release greenhouse gases during the
production of energy. Therefore, for both environmental and economic reasons,
alternative energy sources must be pursued for the purposes of producing energy.
The problem statement, objective, methodology, significance was reviewed as well
as the delimitations of the research. The overview of the report completed this
chapter. The next chapter will introduce the main types of PV panels, power

regulation circuits and energy storage devices.



Chapter 2 PV panels, power regulation circuits and energy storage

devices

2.1 Introduction

This chapter will focus on PV systems, power regulation and energy storage devices
that can be employed to generate maximum power. The components that form a
basic PV system according to literature will firstly be presented. This would be
followed closely with the principle of operation of PV cells. The three main types of
PV panel will be discussed and a particular specification for each of the types of PV
panel will be presented. Also the types of PV panels with respect to their
manufacturing process will be addressed and a summary of their advantages,
disadvantages and application will be presented. A discussion of power regulations
devices (Maximum power point trackers, solar chargers and DC-DC converters) as
employed in PV systems will then follow along with an explanation of energy
storage devices. This will be done in order to understand their manufacturing
process, advantages, disadvantages and respective applications better so that the right

equipment may be selected and used for this research.

2.2 PV systems

According to Yafaoui and Cheung (2007:1-5), a typical PV system (see Figure 2)

usually consists of the following:

e A PV panel that converts solar energy to electrical energy, from a
phenomenon called photovoltaic effect.

e A power regulation device/charge controller (DC-DC converter, maximum
power point tracker (MPPT), solar charger) that converts the PV panel
voltage to a constant DC voltage while optimizing the power transfer from
the PV panel to the storage device.

e Energy storage device that stores the power from the PV panel owing to the



fluctuating nature of the PV voltage caused by climatic conditions.

® A load that uses the stored energy from the energy storage device (Chen,
Shen, Shu, Qin, & Deng, 2007:1611-1622). An example of the load can be a
DC light bulb (fluorescent or light emitting diodes popularly called L.E.D).

o
+ @ —

DC Load

Charge controller

PV Panel

Figure 2: A typical PV system

2.3 PV systems (principle of operation of photovoltaic cells)

Solar energy can be converted to electrical energy by means of two methods: the first
one is a direct method with PV systems and the second is an indirect one by solar
thermal power generation (Nassar & Salem, 2007:86-90). PV modules provide direct
conversion of solar radiation into electrical energy and play an important role in the
field of renewable energies (Krauter, 2006:19) at standard connections of 12, 24 or
48 V (Farret & Simoes, 2006:146). The manufacturing process involves
sophisticated technology that is used to build efficient solar cells, which are the key
components of a PV system (Luis & Santiago, 2002:1). A solar cell is essentially a
low-voltage, high-current device with a typical open-circuit voltage of about 0.5 V,

far lower than the operating voltage of most electrical loads and systems. So it is

10



normal for a PV module to contain many series-connected cells raising the voltage to
a more useful level (Lynn, 2010:76). PV systems are found in the MW range, and in
the mW range, producing electrical energy for very different uses and applications
(Saloux, Teyssedou & Sorin, 2010:713-722). PV cells are manufactured from
semiconductor materials; that is, materials that act as insulators at low temperatures,
but as conductors when energy or heat is available. Conduction in PV cells occurs

through two main processes and this is shown in Figure 3:

¢ Electrons from broken bonds are free to move

e Electrons from neighboring bonds can move into the ‘hole’ created in the
broken bond, allowing the broken bond or hole to propagate as if it had a
positive charge (Stuart, Martin, Muriel & Richard, 2007:33).

p-semiconductor n-gemiconductor

s;}jjjjj 3 D33_
hole f

)};

&

,-}jn
.

J boron atom J silicon atom ' phosphorus atom

Figure 3: Schematic of a silicon crystal lattice doped with impurities to produce

5

,_J'L

*M@Um

n-type and p-type semiconductor material (The German Solar Energy Society,
2005:19)

A PV cell is a large area semiconductor diode. It consists of a p-n junction created by
an impurity addition (doping) into the semiconductor crystal (Lynn, 2010:32). The
semiconductor crystal, in the most commonly used silicon solar cells, consists of four

covalent bonds to the neighboring atoms (The German Solar Energy Society,

11



2005:19). Photovoltaic energy conversion in solar cells consists of two essential
steps. Firstly, the absorption of light generates an electron-hole pair. The electrons
flow to the negative terminal and holes to the positive terminal, in effect generating
electrical energy (Abdelkader, Al-salaymeh, Al-hamamre & Sharaf, 2010:543-552).
There are different semiconductor materials that can be used in the manufacture of
solar cells such as silicon, gallium arsenide, cadmium telluride or copper indium
diselenide (The German Solar Energy Society, 2005:18). Currently 95% of all solar
cells worldwide are made of silicon which does not exist as a chemical element, but
exists primarily in the form of silicate sand (SiO;). Its principal advantage is its
availability in the earth crust (Abdelkader et al., 2010:543-552). Silicon has a stable
crystalline structure, so the cells have a very high lifetime (>25 years). The band gap
of silicon is relatively well-suited to convert solar energy to electrical energy
(Krauter, 2006:95). In order to enable silicon material to work as an energy
generator, an element that possesses one or more electrons (phosphorus), or one less
electron (boron) than silicon in its outer electron shell, is paired with the silicon
crystal atoms and is called ‘doping’. It is possible to shift the balance of electrons
and holes in a silicon crystal lattice by doping it with other atoms (Stuart et al.,
2007:33). Basically atoms with one less valence electron results in a ‘p-type’ while

atoms with one more valence electron produces an ‘n-type’ material.

These atoms possess either one or more electrons (phosphorus), or one fewer
electron (boron) than silicon, in its outer electron shell. Due to this, the doped atoms
cause defects within the crystal lattice. If the lattice is doped with phosphorus it is
called n-doping, when it’s doped with boron it’s called (p-doping) (The German
Solar Energy Society, 2005:19). If a p-n semiconductor (solar cell) is exposed to
light, photons are absorbed by the electrons. The electrons that are set free are pulled
through the electric field and into the n-area. The holes created move in the other
direction, into the p-area. This whole process is called the photovoltaic effect. The
electrical characteristics of a PV module can be analyzed by a photovoltaic cell
model. The primary solar cell equivalent circuit is modeled as a current source with a

parallel diode. The Shockley equation provides the diode current (Elchaar et al,
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2011: 2165-2175). The current—voltage (/-V) characteristic of the photovoltaic

modules can be described as:

ey

V o+ Ist_l}_V + IR,

I =1, - I{exp( % R
4 sh

Where: I, is the light generated current (A), I, is the reverse saturation current of
the p—n diodes (A), Ry is the series resistance of the cells (Ohms), R, is the shunt
resistance of the cells (Ohms) and V, is the thermal voltage depending on the cell

temperature, defined as:

V,= ko7 2

In Equation 2, Tc is the cell temperature (K) and k and g are constants. The short
circuit current can be found when V =0, ie. I ,=1,. R, is usually ignored, as it is

very large for mono-crystalline cells as compared to R, Equation 1 is then reduced to

I =1-1, {exp(VJrVIRSJ—I} (€))

t
The simple relationship of power for a photovoltaic module is:

P=1IV “4)

Introducing Equation 3 into Equation 4 results in:

P:IV={IL- 1, [exp(V;IRSJ-l}}V o)

t

Finally the maximum power of a corresponding cell is given as:

Vi

P =1 _
- (Ve+ Vinp)

Vip =+ 1,)| I - Vinp (6)

mp
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The basic model for a PV module is presented in Figure 4 where all the parameters

are well represented.

T)IL N/ Io Rsh RI v

| I

Figure 4: The basic model for a photovoltaic module (Ali, 2006:370-387)

Figure 5 represents an organogram of the different PV panels arranged according to

Crystalline silicon cells Thin layer cells
o Poly-crystalline cells Amorphous silicon cells
Poly-crystalline Coppe}‘—indium
] POWER cells diselenide (CIS)
- Cadmium-telluride cells
Poly-crystalline band (CdTe)

cells (EFG, string

ribbon, dendritic web)
Dye cells

Poly-crystalline thin

cells types

Microcrystallme and
micromorphous cells

layer cells (Apex)

»> Hybrid HIT cells

Figure 5: Types of solar cell (The German Solar Energy Society, 2005:21)



Three main PV panel modules exist, namely the mono-crystalline, the poly-
crystalline and the thin film panels. The manufacturing process of the three main
types of PV panels is discussed closely after the diagram. The cell structure is the

main characteristic of each PV panel.

2.3.1 Mono-crystalline (manufacturing process)

A mono-crystalline PV panel has an ordered crystal structure with each atom ideally
lying in a pre-ordained position (Stuart et al., 2007:34). Most experts consider mono-
crystalline PV panels to be the most efficient type of solar panel, as they employ
crystalline-based silicon that can be incorporated into the panel as one sheet (Solar-
always, 2011). This type of cell is the most commonly used, constituting about 80%
of the market (El Chaar et al., 2011:2165-2175). It has a smooth surface which
makes the width of the slice visible. In order to protect them they must be mounted
on a secure frame owing to their inflexibility. To conduct the electrons, metal strips
are laid across the entire expanse of the panel. Mono-crystalline PV panels are the
most expensive when compared to other technologies owing to the complicated

process required to produce them (Abdelkader et al., 2010:543-552).

One of the problems of modern silicon photovoltaics is a decrease in optical losses in
mono-crystalline silicon cells. In order to attain uniformity a mixture of sodium
hydroxide (NaOH) or potassium hydroxide (KOH) and isopropyl alcohol (IPA) is
generally used during texturization on the silicon surface. (Gangopadhyay, Kim,
Dhungel, Basu & Yi, 2006:1906-1915). The production of mono-crystalline
silicon wafers starts with the manufacturing of cylindrical crystal ingots by using the
melt growth processes known as Float-zone (FZ) and Czochralski (CZ) process
(Jinsu, 2010:1612-1615). Basically the production of highly efficient solar cells is
influenced by FZ process (Krauter, 2006:97). The production of FZ-silicon-based
cells requires a lot of time and energy which makes them extremely expensive (The
German Solar Energy Society, 2005:21). In the CZ process, a seed crystal of silicon
is dipped into melted poly-crystalline silicon (Solar cell, 2012). The process involves

immersing a central nucleus with a defined orientation in a silicon-melting bath
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(melting point 1420°C) and it is slowly turned while taking it out of the bath.
Cylindrical single crystals with a diameter of 0.3m and several meters in length are
produced. The cylindrical single crystals are made into octagonal bars and then cut
into thick slices of 0.33 mm (wafers) (The German Solar Energy Society, 2005:21).
These thick slices of 0.33 mm are used to form a solar cell of approximately 35 mA
of current for every cm” with a voltage of 0.55 V at full illumination (El Chaar et al.,

2011:2165-2175).

The FZ process is another process to produce mono-crystalline silicon, which is
further used to produce solar cells that are of higher purity and 1-2% more efficient
(The German Solar Energy Society, 2005:22). In this process a highly pure
crystalline silicon bar is required to achieve this purity. It is melted from the bottom
to the top with the help of a high-frequency field. Mono-crystalline silicon is
produced while cooling and the impure materials remain in the melting bath (The
German Solar Energy Society, 2005:22). Figure 6 presents a diagram of the CZ and

FZ process of producing a mono-crystalline cell.

5i O finer

FLOATIMNG FOME CTOCHRALSKE
PROCESS GROWTH APPARATUS

Figure 6: The Czochralski and the Float-zone (FZ) process (Madehow, 2012)
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The CZ process is the most commonly used process for ingot pulling as compared to
the FZ process. About 90% ingots are pulled using this process (Solanki, 2009:141).
The main disadvantage in the CZ process arises from the fact that the high
temperature silicon (Si) melt gets in contact with the crucible. The FZ process is

more expensive than the CZ process resulting in the FZ process being less commonly
used (Solanki, 2009:142).

Figure 7 presents a photograph of a mono-crystalline cell while Table 1 indicates
selected parameters for this type of PV panel.

Figure 7: A cell of a mono-crystalline PV panel (MOukd, 2011)

Table 1: ZKX-160D-2 module/160Wp-180Wp mono-crystalline PV panel

Specification Abbreviation

Maximum output Puax 160 W
Open circuit voltage Voc 428V
Rated voltage Vmpp 349V
Short circuit current Isc 515 A
Rated current Tniep 503 A
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2.3.2 Poly-crystalline (manufacturing process)

Poly-crystalline PV panels are also referred to as multi-crystalline PV panels or
simply as poly-Si (Lynn, 2010:54). Poly-crystalline silicon is an attractive choice for
a low-cost substrate developed for PV cell. Recently, poly-crystalline silicon solar
cells have surpassed mono-crystalline silicon solar cells. Efforts of the PV industry to
reduce costs and increase production throughout have led to the development of new
crystallization techniques (El Chaar et al., 2011:2165-2175). Poly-crystalline PV
panels are basically made from an ingot casting or ribbon technique (Moéller, Funke,
Rinio & Scholz, 2005:179-187). Under the ingot -casting is the Ingot
Casting/Bridgman method, the heat extraction method and the electromagnetic
casting method. The ribbon technique includes the-ribbon-growth-on-substrate
method and the edge-defined-film-fed-growth method. In the ingot casting/Bridgman
method, the crystallization crucibles are either filled with high purity silicon, which
is molten inside, or the silicon is molten in a separate crucible and then poured into

the crystallization crucible (casting technique).

The ingots are crystallized either by the Bridgman or gradient-freeze technique and
have cross-sections of more than 60 x 60 cm” with a weight of over 300 kg. The
crystallization and cooling processes takes about 30 to 40 H. The heat extraction
must occur in a very controlled manner to retain a high quality of the crystal. In order
to achieve a low dislocation density, the melt interface must be kept planar to ensure
low thermal stresses (Moller et al., 2005:179—-187). Silicon blocks of 400 mm x 400
mm with a height of 300 mm are created after been heated under vacuum at up to
1500°C and then cooled down towards the base of the crucible which has a
temperature of about 800°C (The German Solar Energy Society, 2005:23). A
schematic diagram of the different ingot-casting technique methods and ribbon

technique are represented in the diagrams below.

e 8(a): Ingot Casting/Bridgman method

¢ 8(b): Heat Extraction method
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e 8(c): Electromagnetic casting method

e 8(d): Ribbon technique/edge-defined-film-fed-growth method
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Figure 8: Ingot casting methods and Ribbon technique methods (Mdller et al,
2005:179-187)

In the ingot casting/heat extraction method (HEM), as shown in Figure 8(b), heat is
extracted locally at the bottom of the crucible, this leads to a coarser homogenous
grain structure (Moller et al., 2005:179—187). The electromagnetic casting (EMC)
method is another ingot casting method of manufacturing poly-crystalline cells. In
this method the contact with the crucible wall is avoided but at the cost of higher
stresses and dislocation densities. The melt is kept in place by electromagnetic
forces. Considering the final quality of the crystals or solar cells, none of the

techniques appears to have a clear advantage. After crystal growth, the ingots are
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sliced into columns mainly by band saws and finally into wafers by multi-wire saws
using oil or ethylenglycol slurries and SiC abrasive powders. The slicing is an
expensive processing step because of the high cost of the abrasives and the loss of

about 50% of the silicon (Mdller et al., 2005:179-187).

The ribbon technique was introduced to reduce the high loss of silicon and to
increase its utilization. (The German Solar Energy Society, 2005:25). The ribbon, or
sheet growth techniques, requires a shaping system to determine the final shape
(Moller et al., 2005:179-187). The sheet growth techniques differ mainly by the
shaping system that is used and can be divided into two categories depending on
whether the crystallization direction is parallel or perpendicular to the pulling
direction. The RGS method has the potential of very high production speeds but is
still in the development stage. The most advanced method is the edge-film-growth
(EFG) method. EFG silicon ribbon is a promising alternative for cutting down wafer
costs by reducing the poly-silicon consumption and eliminating kerf loss (Jinsu,
2010:1612-1615). Methods to grow shaped silicon ribbon crystals by the EFG
method for use as substrate material for solar cells have been under development for
over three decades (Mackintosh, Seidl, Ouellette, Bathey, Yates & Kalejs, 2006:428-
432). In this process an octagonal tube made of graphite is immersed into a silicon

bath (The German Solar Energy Society, 2005:25).

The side faces have a width between 10 cm and 12.5 cm and a wall thickness of
about 300 um, the length of the tube is about 7 m and mainly determined by the
height of the production building. The tubes are cut into the final wafer size by high-
powered lasers (Moller et al., 2005:179—-187). The ready to use wafers are cut out of
the eight sides of the octagon. After doping with phosphorus and attaching the rear
contact layer the wafers are equipped with electrical leads on the front side and with
anti-reflection (AR) layer. Although EFG silicon is poly-crystalline, it has a few
nucleus boundaries and crystal defects. Growth of crystalline silicon octagon tubes
by the EFG method for production of wafers for solar cells has been brought to a
level of large-scale manufacturing and become a significant contributor of material

for the PV industry (Mackintosh et al., 2006:428-432).
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Figure 9 presents a photograph of a poly-crystalline cell while Table 2 indicates

selected parameters for this type of PV panel.

Figure 9: A cell of a poly-crystalline PV panel (MOukd, 2011)

Table 2: SOLARWORLD SW220 poly-crystalline PV panel

Maximum output Pyax 220 W
Open circuit voltage Voc 36.6 V
Rated voltage Ve 292V
Short circuit current Isc 8.08A
Rated current Ivpp 7.54 A

2.3.3 Amorphous (manufacturing process)

The word amorphous, derived from ancient Greek, means ‘without form or shape’
(Lynn, 2010:57). Amorphous silicon panels are also known as a-Si PV panels
(Markvart & Castaner, 2005:284-289). Amorphous silicon was first deposited from a
silane discharge (Carabe & Gandia, 2004:1-6).
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They are cells made from thin films of amorphous silicon incorporated with a small
percentage of hydrogen (Krauter, 2006:102). This technology diverges from
crystalline silicon in the fact that silicon atoms are randomly located from each other.
This randomness in the atomic structure has a major effect on the electronic
properties of the material causing a higher band-gap (1.7 eV) than crystalline silicon
(1.1 eV). The development of a-Si PV technology materials is driven by cost
reduction. (AbdelKader et al., 2010:543-552). The addition of small percentages of
hydrogen greatly reduces the electrical resistance of the material and allows it to be
doped n-type or p-type (Krauter, 2006:102). There are four advanced thin film
technologies, their names are derived from the active cell materials: cadmium
telluride (CdTe), copper indium diselenide (CIS), amorphous silicon (a-Si) and
thin film silicon (thin film-Si ). Amorphous silicon is in commercial production
while the other three technologies are slowly reaching the market. Thin film
modules are made directly on the substrate, without the need for the

intermediate solar cell fabrication step ( AbdelKader et al., 2010:543-552).

Amorphous silicon PV panels are fabricated in a laboratory with a wide variety of
different structures, but most commercial products utilize p-i-n or n-i-p junctions.
Multi-junction devices are also being designed to take advantage of a broader
spectrum of the sun's rays and to maximize efficiency (Solar-always, 2011). It is
mainly because of the large open-circuit voltage available from amorphous silicon p—
i—n solar cell that the device has found useful commercial applications (Dhariwal &
Smirty, 2006:1254-1272). It is well known that continuous exposure to light
degrades amorphous silicon by introducing mid-gap states called the dangling bonds.
The larger band-gap allows a-Si cells to absorb the visible part of the solar spectrum
more strongly than the infrared portion of the spectrum. However, to promote the
widespread use of thin film PV technology; two obstacles have to be overcome. First,
a low cost deposition technique must be developed to fabricate high-efficiency thin
film PV devices. Secondly, prolonged light exposure induced degradation has to be
minimized to further improve long-term reliability of thin film PV devices (Huang,
Lin, Shen, Shieh & Dai, 2012:277-282). Amorphous silicon has been studied

extensively and is applied both in large-scale electronics and solar cells. The main
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drawback of amorphous silicon is the Staebler Wronski Effect (SWE). This effect
describes the reversible increase in defect density in amorphous silicon (Muthmann
& Gordijn, 2011:573-578). Figure 10 presents a photograph of a mono-crystalline

cell while Table 3 indicates selected parameters for this type of PV panel.

Figure 10: A cell of an amorphous silicon PV panel (MOukd, 2011)

Table 3: Amorphous silicon thin film PV Panel (a-Si PV module)

Specification Abbreviation

Maximum output Pyiax 41 W
Open circuit voltage Voc 58V
Rated voltage Ve 44V
Short circuit current Isc 1.20A
Rated current Tvpep 0.94 A

2.3.4 Summary of PV cells (advantages, disadvantages and applications)

Table 4 is a comparison of the different PV panels that exist with regard to texture,

manufacturing process, advantages, disadvantages, efficiency and power ratings.
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Table 4: The advantages, disadvantages of the different types of PV panels

Mono-crystalline Poly-crystalline Thin film
Known names Single-crystalline Multi-crystalline Amorphous
They have a smooth They have a speckled Due to the

texture which makes the

reflective appearance,

amorphous nature of

Texture thickness of the slice making the thickness of | the thin layer, it is
visible the slice visible flexible
Molten silicon is cast Amorphous silicon
into ingots of poly- PV cells are
Mono-crystalline PV cells f:rystalhne silicon; these | fabricated ina
. . ingots are then saw-cut | laboratory with a
Manufacturing | are made using the CZ . . . ;
into very thin wafers wide variety of
process and the FZ process from a . . .
single crystal ingot and assembled into different structpres,
complete cells. A most commercial
ribbon technique may products utilize p-i-n
also be used Or n-i-p junctions
L t and
The principle advantage They are less expensive ower costan
. . flexibility when
Advantages of mono-crystalline cells | and have a high
) L S o . compared to the other
is their high efficiencies durability and longevity
PV panels
Due to flexibility and
. chemical structure,
The manufacturing .
. . their power output
process required to The major .
. . . . reduces over time,
produce mono-crystalline | disadvantage is their .
. - . . S due to Wronski effect
Disadvantages | silicon is complicated, lower efficiency when .
- . (SWE), particularly
resulting in slightly higher | compared to mono- . .
. during the first few
costs than other crystalline cells .
technologies months, after which
they are basically
stable
They can be used as GaAs-based cells are
building-integrated mature and space-
They can be used for photovoltaic systems qualified. High-eta
Solar Home Systems (BIPV), such as for thin Si cells reach
Application (SHS), pumps, research roofing. They can also impressive
practicals, residential and | be used for performances. They
public illumination telecommunication can be applied in
application as well asa | calculators and wrist
desalination plant watches
Efficiency £15% £12% +6%
Maximum out | ¢, vy £220W L4l W
power (Pyiax)
Open circuit L4028V 1366V +428V
voltage (Voc)
Rated voltage | 5, 4y, 292V 44V
(Vmpp)
Short circuit ) 515 5 8.08 A 120 A
current (Isc)
Rated current | 5 3 5 7.54 A 0.94 A

(Ivpp)
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These different types of PV panels were discussed in order to make the correct
choice of PV panel to be used in this research with regard to cost, durability and its
application to solar power management systems. A SW220 poly-crystalline PV panel
was subsequently chosen for this research owing to its lower cost and better
performance in areas of direct solar radiation. The increasing efficiency, lowering
cost and minimal pollution are the principal advantages of the photovoltaic systems
that have led to a wide range of their application (Parida, Iniyan & Goic, 2011:1625-
1636). In summary, PV panels, such as mono-crystalline, poly-crystalline and
amorphous silicon thin film offer a wide range of characteristics in respect to their
texture and mode of manufacture and they are used for alternative energy sources in
building-integrated photovoltaic (BIPV) and roof-mounted PV structures (Parida et
al., 2011:1625-1636) although the system efficiency and the power output of BIPV
systems proved better than roof-mounted PV structures (Yoo & Lee, 2002:615-623).
They can be used for a desalination plant; this is already in practice in many
countries in North Africa and the Middle East owing to localized water shortages
(Lamei, Van Der Zaag & Von Miinch, 2008:1748-1756) as well as for water
pumping, powering remote buildings, communication systems, satellites and space

vehicles, reverse osmosis plants and for MW power plants.

2.4  Power regulation circuits

Solar arrays should be operated at the maximum power point in order to reduce the
overall cost of the system (Kim, Hyunmin & Deokjung, 1996:1673-1678). So power
regulations circuits should be incorporated in the set-up of a PV system. Power
regulation circuits used in PV systems include Maximum power point trackers, DC-

DC converters and solar chargers.

2.4.1 Maximum power point tracker (principle of operation)

Maximum power point (MPP) is a single point, where the array provides the

maximum power possible for environmental conditions (radiation and temperature),

and so functions with the maximum performance (Enrique, Anddjar & Bohorquez,
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2010:79-89). Solar arrays are the most expensive components in PV power systems.
To extract the maximum power from a solar array, it is necessary to know the peak
power point at each instant. The use of a MPPT optimizes the electrical operation as
well as energy yield of an array by about 97% (Hohm & Ropp, 2003:47-62). At
present, there are numerous works aimed at designing MPPT systems (Enrique et al.,
2007:31-38). A MPPT is not a mechanical tracking system that ‘physically moves’
the modules to make them point more directly at the sun, but an electronic system
that varies the electrical operating point of the modules so that they are able to

deliver maximum power.

They can be used with a mechanical tracking system, but the systems are completely
different, generally in a PV system if the load is directly coupled with the solar array,
the operation point does not coincide with the maximum power point. To fulfill the
load demand, direct connection of the load to the solar array leads to over sizing the
solar panels thus increases the cost of the entire system. To solve the problem, a DC—
DC converter with an automatic duty cycle control is usually inserted between the
solar panel and the load. The MPP computing system will modify the duty cycle and
input impedance of the converter until the system reaches the MPP (Petreusa,
Pataraua, Darabana & Morley, 2011:588-600). For any PV system, the output power

can be increased by two options;

¢ Increasing the incident solar radiation on the system.

¢ Tracking the MPP of the PV system.

The first option requires using a sun tracker to track the position of the sun, to
increase the solar radiation received by the PV system while option (b) requires using
a MPPT, that tracks the optimum power of the PV system (Bahgat, Helwa, Ahmad &
El Shewany, 2005:1257-1268). For several years, research has been focusing on
various MPPT control algorithms to draw the maximum power from the solar array.
Among the ‘constant voltage control’ method, the ‘perturb and observe’ method with
fixed and variable step sizes, the ‘incremental conductance’ method and the ‘fuzzy

logic’ control have drawn attention (Yu, Jung, Choi & Kim, 2004:455-463).
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The Perturbation and Observation (P&QO) method is also known as the “hill climbing
method” (Petreusa et al., 2001:588-600). The P&O method is probably the most
frequently used in practice, mainly due to its easy implementation (Hohm & Ropp,
2002:29). However, operation with fixed size perturbations results in a trade-off
between speed of response and maximum power yield in the steady-state (D'Souza,
Lopes & Liu, 2010:296-305). The P&O method measures the derivative of power
(Ap) and the derivative of voltage (Av) to determine the movement of the operating
point. If the sign of (Ap/Av) is positive, the reference voltage is increased by some

amount of value or vice versa.

The incremental conductance method can track the MPP voltage more accurately
than the P&O method, by comparing the incremental conductance and instantaneous
conductance of a PV array (II-Song, 2007:405—414). However, it has limitations that
reduce its tracking efficiency. When the light intensity decreases considerably, the P—
V curve becomes very flat. This makes it difficult for the MPPT to locate the MPP,
since the changes that take place in the power are small as regards perturbations

occurred in the voltage (Hohm & Ropp, 2002:49).

Another disadvantage of the P&O algorithm is that it cannot determine when it has
exactly reached the MPP. Thus, it remains oscillating around it, changing the sign of
the perturbation for each AP measured. It has also been observed that this algorithm
can show misbehaviour in fast changes in the radiation levels (Kawamura, Harada,
Ishihara, Todaka, Oshiro & Imataki, 1997:155-165). Several improvements in the
P&O algorithm have been proposed (Emslin, Wolf & Swiegers, 1997:769-773) and
(Xiao, Dunford, Palmer & Capel, 2007:2539-2549). One of them is the addition of a
waiting time if the system identifies a series of alternate signs in the perturbation,
meaning that it is very close to the MPP. This allows reducing the oscillation around
the MPP and improves the efficiency under constant radiation conditions. However,
this algorithm causes the MPPT to be very slow, making its misbehavior more
noticeable in partly cloudy days (Hohm & Ropp, 2002:51). When the energy storage
device reaches the full charged state, the amount of power being transferred to it

gradually decreases (float charging), thereby making use of pulse width modulation.
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2.4.2 Solar chargers (principle of operation)

A solar charger employs solar energy to supply electricity to devices or charge
batteries. The solar battery charger requires solar cell voltage and current, battery
voltage and current for controlling solar cell and battery status (II-Song, Pyeong, Un-
Dong, Chin-Gook & Hong-Gyu, 2009:1-6). It is desirable to extract maximum power
from solar cells under various isolation conditions; this is the main reason why power
regulation circuits are employed in a PV system (Chang & Ng, 1994:105-108). If a
PV module is directly connected to the storage batteries, then the output voltage of
the PV module will be fixed to the voltage of the storage batteries, so the system
cannot always operate at each optimum operating point. Therefore, it is necessary for
the PV system to install a DC-DC converter between the PV modules and the storage
batteries in order to always operate at the optimum operating point (Lamaison,

Bordonau, Esquivel & Peracaula, 1999:463-468).

Solar chargers based on simple regulator architectures do not feature high
efficiencies. During the first phase of the charging process, they deliver constant
current to the battery. In the final phase, they regulate constant voltage on the battery
side. They either drop the voltage difference between the panel and the battery, or
they equalize the panel voltage to the battery voltage. The similarities of a solar
charger to an MPPT is that they have a MPPT incorporated in them to keep the
batteries from overcharging and also to allow the PV panels to operate at their
optimum power output voltage increasing as much as 30%. The amount of time a
solar charger uses in charging up a battery depends on the size of the battery and the
amount of solar radiation received from the PV panel. Modern solar chargers that
have MPPTs incorporated in them, monitor the battery voltage and opens the circuit,

stopping the charging when the battery voltage rises to a certain level.

2.4.3 DC-DC converters (principle of operation)

DC-DC converters are power electronics devices employed to adapt the voltage and

current levels between sources and loads, while maintaining a low power loss in the
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conversion process (Olalla, Queinnec, Leyva & EI Aroudi, 2011:688-699). Such
devices are usually regulated with a control subsystem that maintains the desired
levels of output current or voltage, despite the uncertainty of the system and the
disturbances or parametric changes that might appear. DC-DC converters can be

used to regulate the output voltage of a PV panel (Simon & Alejandro, 2011:496).

Switched Capacitor (SC) DC-DC: These converters are transformer and inductor
less DC-DC converters that are used to step up, step down or invert a supply voltage
where the power requirements are usually less than 5 W. The outputs of the currently
available SC converters are referenced with respect to the input supply ground. SC
converters are ideally suited for low power miniaturized industrial applications
owing to their small size and lack of ground isolation (Peter & Agarwal, 2010:632-

637).

Switched mode DC-DC Converters: DC-DC converters are used in PV systems as
power regulation circuits to detect and track the MPP produced by the PV module,
under different atmospheric conditions and connected load (Farahat, Metwally &
Abd-Elfatah, 2012:393-402). They are the most popular devices to adapt voltage and
current levels between DC sources and DC loads since they maintain a low power
loss in the conversion process (Martinez, Angel & Jeffrey, 2011:1). A switched mode
DC-DC converter is one of the three basic components of many MPPTs, being
coupled basically alongside a control circuit and a tracking algorithm (Farahat et al.,
2012:393-402). They maintain a low power loss in the conversion process (Martinez

etal., 2011:1).

2.44 Summary of power regulation circuits (advantages, disadvantages and

application)

Table 5 represents a comparison of the power regulation devices employed in PV
systems (MPPTs, solar chargers and DC-DC converters). They are analysed with
regard to their advantages, disadvantages and application. These power regulations

devices were discussed in order to make a comparison between the MPPT, solar
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charger and DC-DC converter, so as to identify the most appropriate power

regulation device for this research.

Table 5: Power regulation devices (MPPTs, solar chargers, DC-DC converters)

Power regulation
types

MPPTs

Solar chargers

DC-DC converters

e The major

advantage of using a

e Easy to carry and
store

e They maintain a
tight regulation on

small water turbines,

wind-power
turbines, etc.

e They can be used
to charge cell
phones and other
small electronic
devices

MPPT is that it e  Solar chargers the output
extracts the are cost savers e DC-DC
maximum power since they scale converters
from a PV module back the amount maximize the
Advantages e It helps to correct of electrical bandwidth of the
variations in the energy used closed-loop
current-voltage response in order
characteristics to reject
disturbances
e They satisfy
desirable transient
characteristics
e Some MPPT e Solar power e Local generation
methods take longer chargers depend of heat, so cooling
to reach the MPP on the amount of is needed
because of the sunlight, the e  Conductive noise
increased usage of chargers through cables
computation is closely related
required to the weather
¢ In the incremental ¢ Due to the
Disadvantages conductance frequent change
algorithm method, a of the cloud
MPPT has to layers, it is not
incorporate stable when
compensation for a charging up the
change in voltage batteries
whenever there is a
corresponding
change in current
and MPP, increasing
the entire cost of the
system
e Theycanbe applied | ® They canbe e They can be
in PV systems for employed in PV employed in
Applications research purposes, systems laboratory tests

e In-vehicle
instrumentation,
mobile radio and
portable PCs

30




A WELSEE (WS-MPPT 30) solar charger with an in-built MPPT was used in the
main study of this research, as it improves the overall performance of the system by

as much as 30%.

2.5  Energy storage devices

The generation of electric energy from renewable energy sources, like solar energy,
is often difficult to predict due to the fluctuating nature of the climatic conditions,
resulting in the generator output being neither deterministic nor dispatchable. This is
the reason why PV systems often contain conventional storage devices for supplying
the load whenever energy from the renewable source is not available (Koeppel &
Korpas, 2008:2024-2036). Figure 11 represents a diagram of the non-even power
generation from a PV panel, the balancing storage device and their combined
network in feed supplied to the load. The generator on the graph represents the PV
panel supplying an uneven power owing to climatic changes, air pollution and cloud

movements and the energy storage device which can be a battery

Generator IHII ,‘r . h | \

Network
infeed

A 4

\ 4

A 4

P 4

Energy
storage

Figure 11: Symbolic representation of the non-even power generation, the
balancing storage device and their combined network infeed (Koeppel &

Korpas, 2008:2024-2036)
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Energy storage systems are important components, especially when the harvested
renewable energy is to be stored. Types of energy storage systems include batteries,
super-capacitors and hydrogen storage (Pushparaj, Sreekala, Nalamsu, Ajayan,
Yugang & John 2010:227-245). The fact is that energy generation from renewable
energy is seldom constant over time and also electric energy demand is never
constant. Therefore, using an energy storage technology in renewable energy systems

is important (Zahedi, 2011:866-870).

There are a variety of different batteries that may serve as energy storage devices, but

only three main types are discussed in this research.

2.5.1 Lead acid deep discharge batteries

With ever-evolving information technology, it is becoming increasingly important to
secure reliable back-up power supplies in solar systems, telecommunications
networks and data-processing facilities (Nagashima, Takahashi, Yabumoto, Shiga &
Watakabe, 2006:1166—1172). This is due to the fact that solar energy is not always
available so an energy storage device (battery) is always necessary. Lead acid deep
discharge batteries (LADDB) are suitable for a multitude of utility applications. They
can be used for frequency regulation, load-leveling and back-up energy supply in
solar power applications (Wagner, 1997:163-172). Its production and use will
continue to grow because of its application for battery power in energy storage
(Linden, 1995:24.1). The good performance, life characteristics and low price and
ease of manufacturing on a local basis has led to the wide use of lead acid batteries in
many designs and systems. The battery is more and more discharged at night as it
keeps the system working and is recharged during the day due to solar radiation
(Berndt, 1997:94). The active materials are lead dioxide (PbQO,) in the positive plate,
sponge lead (Pb) in the negative plate, and a solution of sulfuric acid (H,SO,) in
water as the electrolyte. The LADDB is manufactured in a variety of sizes and
designs, ranging from less than 1 to over 10,000 Ah (Linden, 1995:24.2). The
chemical reaction during discharge and recharge is normally written as (Linden,

1997:24.6):
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Discharee » ppso, +2H ,0

PbO, + Ph+2H,50, =g o)

Besides charging and discharging, a number of reactions are possible in a LADDB;
these include hydrogen evolution, oxygen evolution, oxygen reduction and hydrogen
oxidation (Berndt, 1997:98). In this research, a stationary LADDB was used as this
type can be applied to PV and load-leveling environments when energy storage is

needed (Linden, 1995:24.3)
2.5.2 Nickel-Cadmium (NiCad) batteries

Nickel-Cadmium batteries (NiCad) have been in industrial production nearly as early
as long as the lead-acid batteries (Berndt, 1997:174). NiCad batteries are particularly
robust and behave better than many other electrochemical systems in extreme
conditions such as overcharge, over discharge, and long-term storage in a wide range
of temperature from —40°C to +70°C (Bernard, 2009:459-481). NiCad batteries can
be classified in two types: vented (open) and sealed (Espinosa & Jorge, 2006:600-
604). The vented nickel-cadmium batteries are older than the sealed nickel-cadmium
batteries, are more reliable, sturdy and have a long life. This means they can be
operated effectively at high discharge rates and in a wide temperature range (Linden,
1997:26.1). It has very good charge retention properties, and it can be stored for long
periods of time in any condition without deterioration. The sealed nickel-cadmium
batteries incorporate specific cell design features to prevent a buildup of pressure in
the cell caused by gassing during overcharge. The active materials in NiCad cells are
nickel hydrate (NiOOH) in the charged positive plate and sponge cadmium (Cd) in
the charged negative plate. The electrolyte is an aqueous potassium hydroxide
(KOH) solution in concentration of 20-34% by weight pure KOH. The basic

electrochemical reaction is:

Discharge

2NiOOH +Cd +2H ,0 2Ni(OH) ,+Cd(OH) ,

Charge ®)
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As a result, cells can be sealed and require no servicing or maintenance other than
recharging. The characteristic feature of a NiCad battery is the charge/discharge
reactions that are frequently repeated (Berndt, 1997:174). Nickel-cadmium batteries
can be classified in two types: vented (open) and sealed. In order to maintain their
capacity, cells need to be overcharged at a level of at least approximately 10% above

their limit (Espinosa & Jorge, 2006:600-604).

2.5.3 Nickel-Zinc Battery

Zinc—nickel oxide battery is commonly called Nickel-Zinc (Cairns, 2009:528-533).
The nickel-zinc battery is created by the combination of the nickel electrode as used
in NiCad batteries and a zinc electrode (Linden, 1997:29.1). The electrolyte of this
battery for both negative electrode and positive electrode is high concentration
solutions of ZnO in aqueous KOH. The negative electrode is inert metal such as
nickel foil, and the positive electrode is nickel oxide for secondary alkaline batteries
(Cheng, Zhang, Yang, Wen, Cao & Wang, 2007:2639-2642). This combination
sought to achieve the long-life characteristic of the NiCad battery with the capacity
advantage of the zinc anode (Linden, 1997:29.1). The basic electrochemical reaction

1s:

Zn+2KOH +2H ,0+2NiOOH P2 MEE Ni(OH ), + K ,Zn(OH), ()

arge

Nickel-Zinc batteries are well suited for applications such as power tools because of
their high specific power, relatively low cost, and reasonable cycle life zinc-nickel
batteries have high practical discharge voltages; their theoretical electromotive force
is above 1.70 V and practical specific energy is about 85 Wh/kg. (Cheng et al.,
2007:2639-2642). The nominal voltage is 1.6 V per cell and the battery holds an
almost constant voltage during most of the discharge period and exhibits voltage
stability at different discharge rates. In addition, nickel-zinc batteries can hardly
complete more than 300-500 cycles during deep-discharge cycles before failing, and

so, has not penetrated commercial markets. The failure is usually caused by the
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negative electrode, which suffers from the following two main phenomena. The first
phenomenon is the shape change of the negative electrode associated with non-
uniform current distribution in zinc electrodes, and Zn dendrite resulting from
concentration polarization. And the second phenomenon associated with nickel-zinc
batteries is the presence of a non-uniform electrode position which occurs since the
system is strongly non-linear and far from equilibrium, and is controlled by Poisson-
type formulations. One method to bring the system closer to equilibrium is to change
the mass transport of zincate from diffusion control to convection control by making
use of flowing electrolyte and a single flow lead/acid battery (Ito, Nyce, Plivelich,

Klein, Steingart & Banerjee, 2011:2340-2345).

2.5.4 Summary of energy storage devices (advantages, disadvantages and

applications)

A comparison of the different energy storage devices (LADDB, NiCad and the
Nickel-Zinc) batteries with regards their advantages, disadvantages and application is
presented in Table 6. This was done so as to select the most appropriate battery for
this research. A RITAR RA12-100 (100 Ah) LADDB was then selected to be used in
this research, as it has a high storage capacity and an overall efficiency of about 70%,
with a deep depth of discharge of 80% (Nakayama, Takahashi, Hirakawa &
Yamaguchi, 2004:135-140). Figure 12 represents a picture of the LADDB used.

RITAR® RA12-100 [SD.12V100AH/20HR]

VALVE REGULATED

LasLE)

Figure 12: A RITAR RA12-100 (100 Ah) LADDB (Best batteries, 2008)
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Table 6: Types of batteries

Battery type Lead-Acid Deep Discharge Nickel-Cadmium Nickel-Zinc
e Low-cost secondary battery * IS{I;?cll fic
due to h.lgh rate of * Long life cycle energy, 50-
production compared to e When sealed. no 30 Whk
other secondary batteries maintenance’ e Hich o v%ér
e Auvailable in large quantities required ca [%abri)lity
* Good h igh rate.p.e rform? nee Rapid recharge >100W/Kg
e Flectrically efficient, with an capability o Wide
Advantages . f_lf.ﬁillen;y ofltover 7OtZO e Can withstand operating
1gh celh voltage with an electrical and temperature
open circuit voltage of >2.0V physical abuse range, -20 o
e Easy state-of-charge o~
. ) . e They have a 60°C
induction and it has a depth depth of e  Thev have a
of discharge of 80% the diiharge of depg} "
depth of Fhscharge of the about 60%-80% discharge of
battery gives the state of
. and 1,500 cycles. 80% and
charge and they basically 100-500
have 500-800 cycles cycles
* Highercostthan | e Low-cycle
e Relatively low cycle life (50- lead- acid life, 100-300
500 cycles) batteries cycles
Poor charge retention e Low energy
Disadvantages | ® L.ong-term storage ina density ® Nickel-zinc
discharged condition can e Voltage cells have
lead to irreversible depression in lower
polarization of electrodes certamn volumetric
(sulfation) applications energy
e Environmental density.
- e Usedin
e Energy storage device for ° US?d in light small
; weight portable
charge retention and PV electric-
load-leveling ?0}:) :’; canh vehicle
e They can be used for tgys h%)usrz: Y applications
Applications statlonar.y powerin wares) e They can
automotive, marine, aircraft, o As standb also be used
diesel engines in vehicles. OS;;n y in small
e Standby emergency power in ?emer enc appliances,
telephone exchange and lichti f alzrm mine lamps,
signaling. mge mo ;g ’ backu, ) military
y P aircraft etc.

The depth of discharge (DOD) is the percentage of the rated capacity drawn from the
battery (Wenham & Stuart, 2007:103). The DOD is used to describe how deeply the

battery is discharged. For instance, if a battery is 100% fully charged which is the

state of charge (SOC), it means the DOD of the battery is 0%. However when the

DOD of the battery is 75%, it means it has delivered 75% of its energy to the load,
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then the SOC is 25% which is the battery energy that is remaining The DOD and the
SOC of a typical LADDB are represented in Figure 13.

0 100
10 90
20 80
30 70
DOD 40 60 s0c
%) 5, 50 (%0)
60 40
70 30
80 20
90 10
100 0
0 6 12 18 24
Time (hrs)

Figure 13: Depth of discharge for a LADDB (lead acid deep discharge battery)

DOD always can be treated as to how much energy that has been removed from the
battery (Bestgopower, 2012). The SOC and the rated capacity of a battery determine
the available current in the battery. For instance a battery of 100 Ah having a SOC of
25%, this means that the available current in the battery is 25 A. and 75% has been
used up, rather discharged to the load. The cycle life of a battery is strongly
influenced by the depth of discharge. When the DOD of a battery is exceeded
continuously, the cycle life decreases dramatically (Zhang, Sharkh, Li, Walsh, Zhang
& Jiang, 2011:3391-3398).

2.6 Summary
The different kinds of PV panels, power regulation circuits and energy storage
devices have been discussed as well as their individual manufacturing process,

advantages, disadvantages and applications. This was done in order to make a proper

selection of the type of device that best suits this research. A SOLARWORLD SW
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220 poly-crystalline, a WELSEE WS-MPPT 30 solar charger and a RITAR (RA 12-
100) LADDB was chosen for this research. Under energy storage devices, interest
was directed to the LADDB, NiCad and the Nickel-Zinc batteries as these batteries
are most commonly used in PV application. This leads to the introduction of Chapter
3, which will consider the research methodology with regards to the use of software
simulations in PV system designs, mathematical models and equations of latitude for

PV panel installations that were used in the pilot and main studies.
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Chapter 3 Research design and experimental set-up

3.1 Introduction

The previous chapter considered the types of PV panels that exist, power regulation
devices and energy storage devices that can be employed in a basic PV system.
Chapter 3 will thus consider the research design, data analysis method employed and
simulation packages as used in this research in obtaining the results that are

presented in Chapter 4.

3.2  Research design

In this research a quantitative data-collection study is used. Quantitative research
tends to focus on measurement and proof. Inferential statistics are frequently used to
generalize what is found about the study sample to the population as a whole. It also
involves the collection and analysis of numerical data. Quantitative data-collection
studies often employ measuring instruments and its concepts include (Hesketh &

Laidlaw, 2002:1):

e Selecting and defining the research question;
¢ Deciding on a study type;

e Deciding on the data collection tools;

e Selecting the sample and its size; and

¢ Analysing, interpreting and validating findings.

The optimum output power available from a PV panel would be achieved through
empirical testing using already existing equations of latitude, mathematical models
and simulation packages for tilt and orientation angles. Empirical testing is done
because little real experimental data or no real consistency exists with which to
verify the suggested values for specific areas of latitude and longitude in South

Africa. This proves problematic for the successful installation of PV panels for
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optimum output power. This research aims to assist in identifying ways to improve
the installation of PV panels for optimum output power as well as enabling a higher
yield of solar energy, thereby reducing dependence on traditional energy sources
such as fossil fuels. The sample size for the pilot study was 4 months while that of
the main study was 12 months. The quantitative data-collection method involves a
controlled experimental and correlation method, where an intervention is made under
controlled conditions with the sole purpose of evaluating its effect (Hesketh &
Laidlaw, 2002:5). The intervention made in the main study was the introduction of
five identical PV panels using three of these panels and setting each set to a different
tilt angle (16°, 26° or 36°) with a corresponding orientation angle of 0° while the
other two PV panels were set to different orientation angles (+15° and -15°) with the
same tilt angle of 36°. These are clearly shown in Figure 16. The correlation method

is used to discover relationships between the various tilt and orientation angles.

33 Sampling, validity and data analysis

Sample size is important in quantitative research, as a sample size which is too big
increases costs, and when it is too small it does not give sufficient data to reach a
meaningful conclusion (Hesketh & Laidlaw, 2002:14). To obtain valid and reliable
data requires that, before completing the research, the measurement procedures and

measurement instruments must attain acceptable levels of reliability and validity.

Reliability of a measurement procedure is the stability or consistency of the
measurement. To ensure an adequate sample size and reliability, the pilot study
required at least two samples each of the PV panel with the tilt angle placed at 16° 26°

and 36° at an orientation angle of 0°.

The two samples ensured test-retest reliability of the measuring instrument which
must be administered on at least two occasions (Welman, Kruger & Mitchell,
2005:146). This means that if the same variable is measured under the same
conditions, a reliable measurement procedure will produce identical (or nearly

identical) results. In other words, it refers to a measuring instrument’s ability to yield

40



consistent numerical results each time it is applied; it does not fluctuate unless there
are variations in the variable being measured. Basically, it is rare to have perfect
reliability. Several procedures exist for establishing the reliability of an instrument,
such as test-retest, alternate-form and the slip-half methods (Georgekutty &
Georgemathew, 2012:51-61). In summary, reliability refers in general to the extent to
which independent administration of the same instrument (or highly similar
instruments) consistently yields the same (similar) results under comparable

conditions.

Validity was realized in this research by using content and criterion validity
(Strydom, Jooste & Du Plessis, 2005:161). Content validity deals with the sampling
adequacy of the data, while criterion validity involves multiple measurements and is

established by comparing the results obtained from previous data with current data.

Data analysis is the process of inspecting, cleaning, transforming, and modelling data
with the goal of highlighting useful information, suggesting conclusions, and
supporting decision-making (Charles & Gary, 1989:1). In this research, the following
methods of data analysis were employed. Firstly, filtering of data was done in order

to extract useful information from the data.

The PV voltage was filtered to include all voltages greater than or equal to 25 V
using MS EXCEL in the Filter Analysis Toolpak. A reference voltage of 25 V was
chosen in order to fall within a 15% range of the MPP voltage of the PV panel (being
29.2 V). The DC-DC converter voltage was also filtered using a voltage 15% lower
than the operating voltage of the device. This 15% range was chosen to account for
any rapid fluctuations in voltages or slow recording responses of the data- logging
equipment. Regression analysis (involving a linear regression and polynomial 6

value) may be used for process optimization (Montgomery & Runger, 2011:402).
The linear regression value (R?) is used to represent the gradient of the straight line

and establishes a relationship between the average on-time of the system and the

direct solar radiation received from the sun, while the polynomial 6 value (R?)
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establishes a relationship between the average work-time per day and the direct solar
radiation received from the sun. The on-time of the system interprets the availability
of power and also indicates the period of time in which the PV panel was supplying
power to the DC-DC converter. Basically the on-time is adversely affected by a
number of factors these range from climatic conditions, air pollution and the amount
of solar radiation available. The linear regression value (Rz) carried out in this
research further indicates that the higher its value, the higher the on-time of the
system which indicates a better tilt angle for the PV panel (Asowata, Swart &
Pienaar, 2012:119-125).

3.4  Software simulation packages for PV system designs

Simulation software is the science of creating statistically accurate models to
represent the behaviour of real life systems in order to subject them to predictive
experimentation (Lanner, 2012). In this research, a correlation of the experimental
results obtained to data obtained from a meteorological database software known as
METEONORM was done. Table 7 presents a list of meteorological database that

exist in the market today along with their source and region of applicability.

Amongst the meteorological database presented in Table 7, the METEONORM
simulation software was chosen, because it contains data from stations worldwide,
readily available on the internet and it is widely used for solar thermal, PV and
building simulation (Remund & Miiller, 2011:1-5). Another benefit of
METEONORM is that it includes data covering a large time period from 1960 —
2005.

These software programs are used for calculating solar irradiation on any arbitrary
oriented surface using data from meteorological databases based on monthly
averages giving maximum solar irradiation values under clear sky conditions. They
have become a valuable tool for estimating global solar irradiance, especially for
where solar radiation data is missing or irregular (Hatwaambo, Jain, Perers &

Karlsson, 2009:1394-1398).
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Table 7: Simulation packages

Database Region Values | Source Period Availability
METEONORM | Worldwide | Monthly | 1700 stations | 1960-2005 | Software free
Satellight Europe Hourly | Synthetic 1996-2000 | Web free
generation
US TMY2 USA Hourly | 239 stations | 1960-1990 | Web free
ISM-EMPA Switzerland | Hourly | 22 stations 1981-1990 | Included in
PV system
Helioclim Europe & Hourly | Meteosat From 2004 | Web restricted
(SoDa) Africa
Solar GIS Europe, Monthly | Meteosat 1994-1999 | Web free
Africa
WRDC Worldwide | Hourly | 1195 stations | 1964-1993 | Web free
RETScreen Worldwide | Monthly | WRDC- 1961-1990 | Software free
NASA

A meteorological software package was used to correlate the solar irradiance for
latitude of 26° south, being the point of latitude where the Vaal University of
Technology (VUT) is located. The correlation was done in order to establish
reliability of both the software package and the empirical data. The METEONORM
was chosen for this research as it contains meteorological database information of
stations in the southern hemisphere as well as the Perez et al. mathematical model.

3.5  Mathematical models and equations of latitude for PV panel installations
There are numerous isotropic and anisotropic mathematical models along with
equations of latitude that suggest specific optimum tilt and orientation angles for PV
panels for given latitudes on earth. Some of these isotropic and anisotropic
mathematical models are presented in Table 8, while Table 9 gives widely accepted

equations of latitude. Anisotropic models concentrate on direct (beam) radiation

which comes directly from the sun, thereby producing no sharp shadows of any
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object and is dependent solely on the line of sight (The German Solar Energy

Society, 2005: 10-21).

Table 8: Mathematical models (Noorian, Moradi & Kamali, 2008:1406-1412)

Model Year Type Equation
Liu and Jordan 1962 Isotropic [1 +cos (S ):l
2
Hay 1979 Anisotropic Bh Bh [1 +cos( S)y
G, Bt Vo 2
oh oh

Koronakis 1986 Isotropic 1

3 [2 +cos(S )}
Perez et al. 1986 Anisotropic 1 1 1 1(b

0.5[1+cos(s)][1—F1 ~F, }rFl (C)+F2 (dj
Skartveit  and | 1986 Anisotropic Bh 1 B 1 +cos(

—xr + Qcos(S
Olseth Goh b G 2

B

where Q = {max[ (0 3-2 % J:l}

Perez et al. 1990 Anisotropic
P 05(1-R1-cos(s)]+ F ( j+F1s1n
Stevnanad 1990 Anisotropic 0. 51r {|:1+COS(S)] (g
Unsworth 7174 cos(S)—msin (/2)
/ 267xsin (s)—(Mj
180
Tian et al. 2001 Isotropic 1-S
180

Badescu 2002 Isotropic [3 +cos(28 )}

4

Direct radiation is extremely important for concentrated solar collectors (CSP) which

are used in solar thermal power plants,

off-grid stand-alone PV systems and

concentrated PV systems (Welman et al., 2005:146). They can be computed by the

relatively simple geometrical relationship between the horizontal and tilted surfaces
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(Hatwaambo et al., 2009:1394-1398). Amongst the anisotropic models, the Perez et
al. model was chosen because it is an anisotropic model as this research focuses on
direct beam radiation (which basically drives the DC-DC converter). Direct beam
radiation is a major characteristic associated with anisotropic models and it is readily
available in the METEONORM simulation package chosen for this research. Table 9
shows suggested equations of latitude for PV panel installations. This research
concentrates on the Heywood and Chinnery equations of latitude for calculating the
tilt angle of PV panels which are applied within the southern hemisphere (Armstrong
& Hurleya, 2009:780-787). VUT (where this research was carried out) is in the
southern hemisphere and lies on a latitude of 26°427649’ south and a longitude of
27°517809” east. Substituting the value of 26° into alpha (®) gives the corresponding
values of 16°, 26° and 36° tilt angles as shown in Table 10.

Table 9: Suggested equations of latitude

Author Equation of latitude(o)
Duffie and Beckmann (p+15°) £15°
Heywood ¢ - 10°

Lunde ¢+ 15°

Chinnery ¢+ 10°

Lof and Tybout ¢+ (10° — 30°)

Garg 09x 0o

Heywood 0]

Table 10: Calculation of tilt angles

Latitude | Equation Calculation Tilt angle
26° @-10 26°-10 16°
26° ¢ 26° 26°
26° ®+10 26°+10 36°

This research therefore concentrated on the following tilt and orientation angles as

summarized in Table 11.
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Table 11: Tilt and orientation angles of the PV panels used in the pilot and main

studies of this research

Study Tilt angle Orientation angle

Pilot study (One The tilt angle was changed each | Fixed orientation angle

PV panel system) | week between 16°, 26° or 36° of 0°

Main study (Five Three of the panels placed at Fixed orientation angle

PV panel systems | 16°, 26° and 36° of 0°

Two of the panels placed at 36° | Each PV panel placed at

a different orientation
angle of +15° and -15°

3.6 Pilot study

In this research, a pilot study was done in order to form the foundation for the main
study. A pilot study is one way in which prospective researchers can be orientated to
complete the main project at hand. A pilot study can also be defined as the process
whereby the research design for a prospective survey is tested (Strydom et al.,
2005:205-206). Figure 14 represents the practical set-up of the pilot study carried out
in this research. A SOLARWORLD (SW220 poly-crystalline PV panel) was used
owing to its lower cost and better performance in areas of direct solar radiation. The
PV panel was placed at a fixed orientation angle of 0° with the tilt angle varied to

16°,26° and 36°.

One PV panel was used in the pilot study in order to ensure cost efficiency before
purchasing unnecessary equipment for the main study. A sampling period of four
months was done for the pilot study which was from April 2011 through July 2011.

Five samples were gathered for each tilt angle for this particular period.

The five samples ensured test-retest reliability of the measuring instrument which
must be administered on at least two occasions (Welman et al., 2005:146) and the
sampling time was on an interval of one minute for each respective tilt angle for a
particular week. The PV panel was connected to a 12 V, 24 V and a 48 V
MEANWELL DC-DC converter, which can be used for power conditioning (Chen et
al., 2007:1611-1622). A 12 V, 24 V and 48 V DC-DC were tested in this research
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because they maintain a low power loss in the conversion process. A DLIC using
hall-effect current sensors, LTS 6-NP (LEM product) connected the PV system to a
DAQPRO 5300 data logger for recording input and output voltages and currents. The
DAQPRO 5300 data logger has 8 analogue input channels and a 16 bit sampling
resolution that makes it ideal for logging purposes in this type of empirical research
(Zamir & Berman, 2004: 31). The DC-DC converter was connected to a fixed load

resistance of 6 Q.

The DLIC together with the data logger form the data collection tools in this
research. The data logger records the data in its internal memory for downloading at
a later stage. The rated open circuit voltage (Voc) of the SW220 poly-crystalline PV
panel is approximately 36 V.

The DLIC is subsequently required to condition the voltages (PV voltage and DC-
DC converter voltage) to make it less than the maximum input voltage of 10 V
required by the data logger. The DLIC must also be able to provide DC current
monitoring using hall-effect current sensors. The advantages of the DLIC used in this

research include the following:

. Steady and reliable power backup for the current sensors;

. Basic use for DC-DC converters, solar chargers and MPPTs;

. Dual channel monitoring on one-circuit board;

. Easy calibration using a multimeter;

. Protection for data loggers having a maximum input voltage of 10 V or less;
and

. Current sensor interchange-ability according to current demands.

However, it is possible that these PV voltages could be as high as 29 V. Considering
the 29 V parameter then reveals that the data loggers mentioned above will not be
able to accommodate these high voltages, as most of them have a maximum input
voltage of 2.5 V. A data logging interface (DLI) circuit is subsequently required to

condition the voltage to make it less than the maximum input voltage required by the
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data loggers. The DLI must also be able to provide DC current monitoring using hall-

effect current sensors.

DAQPRO 5300
Data Logger
Input power

Vix i

DAQPRO 5300
Data Logger
Output power

Voxlo

DLIC DLIC

SOLARWORLD

SW220 MEANWELL

PV Panel > DC-DC Converter » Load resistor
Tilt angles = 12V24 vV 6Q

16°. 26° and 36° power regulation

Orientation angle = g -

00

Figure 14: Practical set-up for pilot study

Figure 15: SW 220 poly-crystalline PV panel used in the pilot study
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Figure 15 presents a picture of the PV panel used for the pilot study. The picture
shows the tilt (y) and orientation angles (o) and the horizontal plane of the PV panel.

True north is determined using a GARMIN Etrex GPS handheld device.

The PV panel is orientated parallel to this direction resulting in an orientation angle
of 0°. The exact longitude and latitude angles for the installation of the PV panel on
the roof of the S-Block at VUT are obtained with this device and the PV panel is
placed using the following co-ordinates (Latitude: 26°42, 649’ S and Longitude:
27°51, 809’ E).

3.7 Main study

The main study of this research builds on the results of the pilot study. Figure 16
represents the practical set-up of the main study done in this research showing the
position of the sun relevant to the PV panels that are placed at different tilt and

orientation angles.

In the pilot study, a singular stationary PV panel was used with a fixed orientation of
0° with the tilt angle being varied between 16°, 26° and 36° on a weekly basis.
However, the main study features five identical SW 220 poly-crystalline PV panels

connected to a DLIC via a circuit breaker (CB).

Five separate WELSEE (WS-MPPT 30) solar chargers were connected via five
different channels of the DLIC. A PICOLOG 1216 data logger was connected on
each corresponding channel of the DLIC where it was used to record specific data
(PV voltage and PV current). A PICOLOG 1216 data logger was used as it has 16
analogue input channels that can accommodate all five PV panels (Zamir & Berman,

2004).
Five identical loads (21 W consisting of one RABTRON 10 W LED Lamp and five

RADIANT 11 W fluorescent bulbs) were coupled to the MPPT along with five
RITAR
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(RA12-100) DCVRLA batteries. These totalled a number of five identical PV

systems (see Figure 17 for the electrical design).
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Figure 16: The practical set up for the main study
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Three of the PV panels were set to 16°, 26° and 36° tilt angles with an orientation
angle of 0°. The other two PV panels were set to a tilt angle of 36° with a
corresponding orientation angle of +15° and -15° respectively. The 36° tilt angle was
chosen as the reference tilt angle for these two PV panels owing to the results
obtained in the pilot study which were published in 2012 (Asowata, Swart & Pienaar,
2012:1-5). The arc in the diagram indicates the path of movement of the sun in the

sky.

Atmospheric conditions in terms of industrial pollution (Swart, Schoeman & Pienaar,
2011:1) and cloud movement affect the performance of PV panels, and therefore
have a direct bearing on the total number of complete samples which must be
collected (Mashorhor, Samsudin, Noor & Rahman, 2008: 269-273). The output
voltage and current from the PV panel are of prime importance in this research, as
they indicate the output power of the PV panel under specific conditions. These
parameters are used to judge and evaluate the effectiveness of each of the five
different PV systems, enabling a successful correlation as only one variable is

changed.

SW220
: Poly-crﬁstﬂlline-l’\i PICOLOG 1216 data

anel logger Load
RABTRON 10 W

- ! LED
d
% % RADL:IIIIT 11w

Fluorescent bulb
D

Circuit Breaker

S @ WELSEE WS-MPPT 30
:I: solar charger
OO
RITAR (RA12-100)
DLIC D Battery
ES 100 Ah

Figure 17: Electrical design of the main study
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3.8 Summary

This chapter focused on the methodology and the simulation package which was
used in the research and how the pilot study was done using a stationary SW220
poly-crystalline PV panel set to three different tilt angles suggested by Heywood and
Chinnery. The main study was also addressed where five identical SW220 poly-
crystalline PV panels were placed at different tilt angles (16°, 26° and 36°) with a
corresponding orientation angle of 0°. The other two PV panels were placed at a tilt
angle of 36° with orientation angles set to + 15° and -15°. Chapter 4 will present the
experimental results obtained from the data analysis as well as the correlation of the

experimental results with the simulation package.
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Chapter 4 Measurement and results
4.1 Introduction

Chapter 3 considered the methodology used in this research, as well as some
mathematical models, equations of latitude and simulation packages that exist
regarding PV installations. Priority is given to the Perez et al. model which is an
anisotropic model as this research focuses on direct beam radiation. The Heywood
and Chinnery equations of latitude were selected due to the fact that they are the
suggested equations of latitude according to literature for calculating tilt and
orientation angles in the southern hemisphere (Vanderbijlpark lies on a latitude of
26° south). This equation was recently validated and discussed at an international
conference in China (Asowata et al., 2012:1-6). Chapter 4 will now consider the
experimental results (measured) of both the pilot and the main study. The results
obtained from the equations of latitude, mathematical models and the correlation of
the experimental results with the simulation package is also presented in the form of

graphs and tables.

4.2  Pilot study results

In the pilot study of this research, data was collected over a four month period from
April through July of 2011. The pilot study sought to differentiate between the on-
time and off-time of a PV system, where the on-time can also be referred to as the
power-conversion time where the PV panel is converting solar energy into electrical
energy. The average on-time per week is further an indication of the availability of
direct beam radiation incident on the PV panel. The average on-time per week, as
well as the average on-time per day, is determined for a singular PV panel which was
placed at three different tilt angles, being 16°, 26° and 36° with a fixed orientation
angle of 0°. Figure 18 shows an example of the effect that different radiation
conditions exert on the output of a DC-DC converter. The first portion of the graph
(0% to 58%) indicates no output of the DC-DC converter as no solar radiation exists

(attributed mainly to night time). The second portion of the graph (58% to 81%) is
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where the DC-DC converter produces an output voltage which is not its stated
operating voltage (12 V). This is due to the fact that diffused radiation exists and not
direct beam radiation. Diffused radiation is basically the radiation from the
surroundings of the PV panel which is not sufficient to drive the load successfully.
The third portion of the graph (82% to 100%) indicates the effect of direct beam

radiation on the DC-DC converter voltage.

The point at which power is delivered to the load is indicated by a triangle and
represents the start of the conversion-time as a result of the direct beam radiation
(100% - 82% equaling 18% for this given example). The triangle also indicates a
voltage of about 12 V which coincides with the output voltage specification of the
DC-DC converter. The R* Value is obtained by doing a regression analysis (Linear).
It is basically a value that indicates the strength of the relationship between the
average work-time per week of the system and the amount of solar radiation
available for that particular week. This analysis was applied to each week of data

collected between April and July of 2011.

Radiation conditions for the output
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Figure 18: Radiation conditions for the output of the DC-DC converter (an

example)
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Figure 19 shows an example of the average work-time per day for the DC-DC
converter, obtained from a residual plot using polynomial 6. The polynomial
regression is a form of linear regression in which the relationship between the
independent variable x (time) and the dependent variable y (voltage) is modeled. The
dots below the polynomial curve indicate the effect of cloud movement on the set of
data obtained. The work-time per day is the amount of time the PV panel was
delivering power to the load (being from about 10:30 AM to approximately 15:30
PM). A regression analysis of the residual plot (polynomial 6) is further done to
obtain the average work-time per day of different DC-DC converters (represented by
the R? Value). This analysis was also done for each week of data collected from

April through July of 2011.

Average work-time per day
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Figure 19: Average work-time per day of the DC-DC converter (an example)

Although a number of different polynomial orders exist in the Data Analysis Toolpak
used in MS EXCEL, the polynomial 6 was chosen as its resulting line matches the
original data points most effectively as compared to the other orders. The R? Value
indicates how well the resulting line matches the original data points. It is also a

statistical value that indicates the strength of the relationship between the average
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work-time per day and the direct solar radiation received. Figure 20 represents a
regression trend line representing the recorded output voltage of a DC-DC converter

for the week of 8 — 15 July, 2011.

Average on-time per week
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Figure 20: Regression analysis (linear) of the data obtained for the 8 — 15 July,
2011 (12 V DC-DC converter/PV panel placed at tilt angle = 16°

The average on-time and off-time for this week is plotted versus time. The DC-DC
converter’s output voltage to a constant load is directly related to the input voltage
from the PV panel. The point at which sufficient power is being delivered to the load
is indicated by a triangle and represents the start of the on-time or power-conversion
time. The triangle also indicates a voltage of about 12 V on the Y-axis which

coincides with the output voltage specification of the DC-DC converter.

This analysis shows an average on-time per week of 18%, which equates to the
percentage of available direct beam radiation for that specific week. No radiation,
diffuse radiation and direct beam radiation can be deduced from this sketch using the
example shown in Figure 18. A linear trend line indicates a statistical R* Value of

0.597. This value illustrates the strength of the relationship and the proportion of
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variability between the average on-time per week and the available direct beam
radiation received. Figure 20 shows that the DC-DC converter supplies power to the
load for about 18% of the week which equates to the percentage of available direct
beam radiation (direct sun hours) for that specific week. The amount of direct sun

hours per day is therefore calculated as follows:

Direct sunhours per day =24 hoursx AveOnTime (10)

24 hoursx18.31%
100

Direct sun hours perday =

Direct sun hours perday =4.39 hours
Figure 21 now highlights the average work-time per day for the week of 8 — 15 July,
2011.

Average work-time per day

R2=0.903

8\18:00 19:12

DC-DC converter voltage
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Figure 21: Average work-time per day 8 — 15 July, 2011 (12V DC-DC converter/
PV panel placed at tilt angle = 16°

The work-time (illustrated in the example of Figure 21), in which the PV panel was

delivering power to the load, is approximated between 10:00 AM and 15:18 PM. It
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also shows that minimum cloud movement was present (lack of many dots below the
polynomial curve) for this set of data, giving rise to a relatively clear-sky condition.
The average on-time per week for the 17 — 24 June, 2011 and 10 — 17 June, 2011 are

shown in Figures 22 and Figure 23 respectively.
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Figure 22: Regression analysis (linear) of the data obtained for the 17 — 24 June,
2011 (12 V DC-DC converter/PV panel placed at tilt angle = 26°

These data sets were taken for a 12 V DC-DC converter with the PV panel set to 26°
and 36°. The average on-time of the system (the time in which power is being
delivered to the load) is derived with a normal probability plot using MS EXCEL
(Data Analysis Toolpak). The point at which power is delivered to the load is
indicated by a triangle and represents the start of the conversion-time and is 20.2%

and 19.74% respectively.
A linear trend line indicates a statistical R Value of 0.616 and 0.632. Figures 22 and

23 indicate a higher on-time as compared to Figure 20 and subsequently a higher R

Value. Regression analysis can be used for process optimization (Montgomery &
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Runger, 2011:402) which, in this case, suggests that the 36° tilt angle provides a

better optimum PV system performance as compared to the 26° and 16° tilt angles.
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Figure 23: Regression analysis (linear) of the data obtained for the 10 — 17 June,
2011 (12 V DC-DC converter/PV panel placed at tilt angle = 36°)

Figure 24 and Figure 25 shows the average work-time per day for the week of 17 —
24 June, 2011 and 10 — 17 June, 2011. These data sets were taken for 12 V DC-DC
converters with the PV panel set to 26° and 36° tilt angles. The R’ Value in Figure 24
is 0.928, which shows how well the resulting line matches the original data points. It
is also a statistical value that indicates the strength of the relationship between the

average work-time per day and the direct solar radiation received from the sun.

Figure 24 further highlights the average work-time per day in which the PV panel
was delivering power to the load (being from about 09:00 AM to approximately
15:19 PM) and also shows that no cloud movement was visible (lack of dots below
the polynomial curve), giving rise to a clear-sky condition. Figure 25 represents the
effect of cloud movement and air pollution on the average on-time of the system for

a week. A regression analysis (Polynomial 6) for the residual plot shows a R’ Value
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of 0.910, which shows how well the resulting line matches the original data points. It
is also a statistical value that indicates the strength of the relationship between the

average work-time per day and the direct solar radiation received from the sun.

Figure 25 further highlights the average work-time per day in which the PV panel
was delivering power to the load (being from about 09:36 AM to approximately
15:30 PM). It further shows that a lot of cloud movement was present (presence of
dots below the polynomial curve), giving rise to a no clear-sky condition. A
comparison between Figure 24 and Figure 24 reveals a wider response curve (higher
average work-time) and subsequently a higher R’ Value for Figure 24 (R? value of

0.928 as compared to a R’ Value of 0.910).

Further analysis of the Figures shows that Figure 24 was taken under a clear sky
condition (lack of dots under the polynomial curve) while Figure 25 indicates a lot of
cloud movement (visible dots below the polynomial curve). Atmospheric conditions,
in terms of industrial pollution (Swart et al., 2011: 1) and cloud movement, affect the
performance of PV systems, and therefore have a direct bearing on the total number
of complete samples which must be collected (Mashorhor et al., 2008: 269-273). The
plot presented in Figure 24 and 25 was obtained using polynomial 6 under the data

MS EXCEL (Data Analysis Toolpak).

A polynomial is basically defined as a term rather as a finite sum of terms, with only
positive or zero integer exponents permitted on the variables. The product of a real
number and one or more variables raised to powers is called a term. (Originlab,
2013) where X is the independent variable and Y is the dependent variable, a

polynomial regression fits data to a model.

Other polynomials do exist but polynomial 6 was chosen in this research because the
resulting line it produces matches the data points most accurately as compared to
other polynomials. The DC-DC converter voltage is well represented on the Y-axis
as well as the time in hours which the PV panel was supplying power to the DC-DC

converter hence to the load is well represented on the X- axis.
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Figure 24: Average work-time per day 17 - 24 June, 2011 (12V DC-DC

converter/ PV panel placed at tilt angle = 26°)
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Figure 25: Average work-time per day 10 - 17 June, 2011 (12V DC-DC

converter/ PV panel placed at tilt angle = 36°)
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The individual results of the average on-time per week obtained from the regression
analysis were collated with the other results obtained for each week of data collected
over a four month period from April through July of 2011. Five samples for each tilt
angle were collected and the analysis of this 15 week period is shown in Table 12,
where the data is ranked according to the regression trend value. This regression
trend line value (linear) indicates the relationship between the average on-time per
week (actual direct solar radiation received by the PV panel for each week) and the

output voltage of the DC-DC converter.

Table 12: Set of data for the months of April 2011 through July 2011 using 12
V, 24V and 48 V DC-DC converters

Week starting | Tilt angle On-time/week as a Regression trend
percentage line value (R?)
20™ May 16° 2.84 0.567
29™ July 16° 11.53 0.573
13™ May 16° 1.84 0.577
15" July 16° 18.31 0.597
22" July 16° 9.36 0.599
27" May 36° 10.07 0.609
15" April 36° 8.38 0.644
22" April 36° 8.76 0.611
24™ June 26° 20.2 0.616
6" May 26° 16.19 0.623
1¥ July 26° 19.81 0.629
10" June 36° 14.94 0.631
17" June 36° 21.5 0.632
29" April 26° 19.68 0.656
8™ April 26° 17.89 0.657

From the results gathered in Table 12, it is generally observed that the 26° and 36° tilt
angles indicated the highest regression trend value (linear) for these months. The
higher average on-time per week results in a higher R? Value. A peak winter month
in South Africa is June, which indicated some high regression trend values (linear)
for 26° and 36° tilt angles (see Table 12). This coincides with earlier endeavours to
calculate the correct tilt angle using mathematical and simulation models based on

research done by Chinnery (Armstrong & Hurleya, 2009: 780-787).
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These initial experimental results suggest validity and reliability of these
mathematical and simulation models for winter months in South Africa. The
efficiency of the different DC-DC converters was also calculated for the pilot study
using the four months of collected data (see Tables 13, 14 and 15 for the three
different DC-DC converters). The different tilt angles, PV voltage, current and power
inputs, DC-DC converter voltage, current and power outputs, efficiency and on-time
are shown. The input voltage (PV voltage) data was filtered below 27 V, while the
DC-DC voltage was filtered 2 V below its specification (e.g. using a 24 V DC-DC
converter resulted in a filtered voltage of 22 V). This was done in order to make
allowance for the response time of the DAQPRO 5300 data logger responsible for
recording the data. These individual PV and DC-DC voltages were averaged and the

input and output powers were calculated as follows:

Input power (PV power) = PV voltage x PV current (1n
Pin = Vm X I'n

2

P, =29.72 x 2.81
P =835W

n

Output power (DC -DC power) = DC-DC voltage x DC - DC current (12)
P

out =

V

out X Iout

P, =48.26 x 1.404

out

P, =6775W

out

The efficiency of the PV system for each week for the data obtained in the pilot
study of this research was calculated using the efficiency formula which is presented

in equation 19.

P
n(%)= Ig’”fxloo (13)
in
_67.75
n(%)="gz< x100
=81.14 %
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The significance of these tables is to contrast the efficiency of the different types of

DC-DC converters applied in this research, hence ascertaining which DC-DC

converter was most efficient when used with a 220 W poly-crystalline PV panel.

From the results gathered in Tables 13 — 15, the 12 DC-DC converter was most

efficient as it shows an overall efficiency of 89.27%.

Table 13: Data for a 48 V DC-DC converter

Week Tilt PV PV Power DC voltage | DC current | Power Efficiency On-
ending angle voltage current in (W) (Vout) (V) (Iout) (A) out (%) time/wk
©) (Vin) (V) | (Iin) (A) W) in hrs
11"Mar | 16° 29.72 2.81 83.5 48.26 1.404 67.75 81.14 81.9
18"Mar | 26° 30.67 2.81 86.1 48.81 1.404 68.52 79.51 7773
25"Mar | 36° 30.52 2.81 85.8 48.75 1.404 68.44 79.80 37.19
I“Apr | 16° 30.74 281 86.3 48.05 1.404 67.46 78.09 33.11
8" Apr | 26° 31.01 2.81 87.1 48.31 1.404 67.82 77.83 30.05
15"Apr | 36° 29.63 281 83.3 48.54 1.404 68.15 81.85 14.07
Average 3038 281 85.35 48.45 1.404 68.02 79.70 NA
Table 14: Data for a 24 V DC-DC converter
Week Tilt PV PV current Powerin | DC DC Power Efficiency On-
ending angle | voltage (Iin) (A) W) voltage current | out (%) time/wk in
©) (Vin) (V) (Vout) (V) | (Iout) (W) hrs
(A)
2% apr | 39 | 3126 4115 1283 2401 4078 | 9791 76.11 14.71
20" apr | 26 31.8 4.115 130.9 24.27 4078 | 9897 75.63 33.06
6"May | 20" | 3037 4115 124.9 25.17 4078 | 102.64 82.13 28.39
13"May | ¢ 27.86 4.115 114.4 22.95 4078 | 93.59 81.63 4.23
20"May | !¢ 29.43 4.115 121.0 24.21 4078 | 98.72 81.52 471
27"May | 3% | 3026 4115 124.1 24.16 4078 | 98.52 79.12 16.91
Average 30.16 4.115 123.93 24.12 4078 | 9839 79.35 NA
Table 15: Data for a 12 V DC-DC converter
Week Tilt PV PV Powerin | DC DC Power Efficiency On-
ending angle voltage current W) voltage current out (W) (%) time/wk
©) (Vin) (V) | (Tin) (A) (Vout) (Tout) (A) in hrs
QD)
10%yun | 3% 31.17 27 84.2 12.61 6.0 75.66 89.90 25.02
17" Jun 36 31.47 27 84.9 12.6 6.0 75.6 88.97 33.16
24" Jun 26° 31.15 27 84.2 12.51 6.0 75.06 89.24 3393
1 Jul 26° 32.03 27 86.4 12.68 6.0 76.08 87.97 33.28
8" Jul 26° 31.96 27 86.2 12.71 6.0 76.26 88.37 2971
15" Jul. 167 31.35 27 84.7 12.44 6.0 74.64 88.18 3076
22" Jul. 167 29.62 27 79.9 11.95 6.0 717 89.65 15.72
200 gu, | 3¢ 29.55 27 79.6 12.22 6.0 7332 91.89 19.37
Average 31.03 27 83.76 12.46 6.0 74.79 89.27 NA
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The 12 V, 24 V and 48 V DC-DC converters were applied in this research. The
similarity of these converters is that they provide an output voltage that rightly
matches their specification at points when the PV voltage was optimum (29 V). In
DC-DC buck (step-down) converters, the output voltage magnitude is always lower
than the input voltage magnitude (Taghvaee, Radzi, Moosavain, Hizam &
Marhaban, 2013:216-227) and is directly proportional to the duty cycle (Van
Rensberg, 2012:102).

This indicates that the 12 V and the 24 V DC-DC converters are buck (step down)
converters. In like manner, in a boost (step-up) converter the output voltage
magnitude is higher than the input voltage magnitude, making the 48 V a boost (step-
up) converter. The inductance in DC-DC buck converters basically reduces with the
increased current corresponding to increased incident solar irradiation. This
contributes to a 75% smaller inductor as the stable step response changes in respect

to the input solar power (Taghvaee et al., 2013:216-227).

The disadvantage of the boost DC-DC converter over the buck DC-DC converter is
that under low irradiation condition, a boost converter cannot track the MPP as this
point is in the non-operating region. All three types of DC-DC converters start
delivering power to the load (start of the on-time) when their output voltage reaches
their rated specification which is attributed to effect of direct beam radiation incident

on the PV panels.

The pilot study has been introduced where the availability of power was interpreted
with a couple of tables and graphs showing the average work-time per week and
average work-time per day. A comparison of the different types of DC-DC
converters that were used in this research, was discussed. The best power efficiency
came from the 12 V DC-DC converter. The R? Values indicated that the 26° and 36°
were the better tilt angles for PV installations in South Africa during winter months.
The pilot study’s results match closely the results obtained from the main study,

which is presented next.
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4.3  Main study results

In the main study, data was collected over a year period from the 1* of January to the
31" December 2012. As mentioned in Chapter 3, the main study consisted of five
identical PV panels with three of the PV panels placed at tilt angles of 16°, 26° and
36° respectively with a corresponding orientation angle of 0°. The other two PV
panels were placed at a tilt angle of 36° but with orientation angles of +15° and -15°
respectively. This was done in order to compare and establish validity of the obtained

results with regard to a 0° orientation angle.

All data parameters should remain identical except for one parameter, in order to
arrive at an outright and valid comparison. Data was collected from the two PV
panels set to different orientation angles from August to December 2012, owing to a
delay in the supply of research materials. The results were sectioned into quarters (as
four quarters exist per year) in order to simplify the analysis and presentation of the

data. The quarters were arranged as shown in Table 16.

Table 16: Quarters of the year as structured for the main study

Quarter Months

1™ Quarter January-March

2" Quarter April-June

3" Quarter July-September

4™ Quarter October-December

A total of 1440 samples were collected daily, as the sampling interval was set to one
minute in the PICOLOG data logger. These samples were exported to a MS EXCEL
sheet for further analysis. The sampled output PV voltages were used to determine
the following charge states of a Lead Acid Valve Regulated Battery (LAVRB used as

the main storage device):
e Case A: The percentage (%) of time when the system was not charging the

batteries (which maybe night time or significant cloud movement). A

reference voltage of 10 V was chosen due to the fact that the system draws
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less than 100 mA of current from the PV panels for voltages less than 10 V,
and is seen as insignificant in charging the system (see Figure 26 for the 10 V

point). It is mathematically calculated as:

(Sum of number of PV voltages,"<10V")

NotCharging = 1440

x100% 14)

e C(Case B: The percentage (%) of time when the system was fully charged
(when the batteries have reached 100% SOC or 13.8 V). PV voltages were
filtered using a reference voltage of 18 V. Voltages greater than 18 V were
selected as this is the voltage at which point the MPPT enters a pulse width
modulation stage (PWM), indicating that the battery banks are fully charged

(see Figure 26 overleaf). It is mathematically calculated as:

Sum number of PV voltages,”>18V")

_(
Fully Charged= 440

x100% (15)

The percentage (%) of time when the system was discharging can now be calculated
by subtracting 100 % from the addition of Case A (not charging) and Case B (fully
charged). Table 17 shows a concise breakdown of data collected, discharging,
charging and fully charged states (hours and percentages) of the PV system for the
week starting the 19" of J anuary 2012.

The preceding equations were used in calculating the data for each day, and were
further applied to all 365 days of 2012 (1440 samples per day) and was averaged for

each quarter of the year as 365 data points could not be shown.

This analysis shows that the 36° tilt angle completed a faster charging time (8.6
hours) and stayed fully charged for a longer period of time (5.4 hours) when
compared to the 26° and 16° tilt angles. The analysis further shows that all three tilt
angles had the same discharging time (10 hours). The total analysis of the different

quarters of the year is shown in Tables 18 and 19.
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Figure 26: Data showing reference voltages of 10 V and 18 V for the 19
February 2012.

Table 17 further presents the time and percentages in which the system was fully
charged, charging and discharging for that particular day with respect to the different
tilt angles (36°, 26° and 16°) with all PV panels placed at the same orientation angle
of 0°.

Table 17: Charge conditions of data taken for the week starting 19 January
2012

36 Degrees Hours | 26 Hours | 16 Degrees | Hours
Discharging 42.0% 10.1 | 41.9% 10.1 | 42.0% 10.1
Charging 35.7% 8.6 |36.1% 8.7 |36.6% 8.8
Fully charged 22.3% 54 | 21.9% 53 | 21.4% 5.1
Total 100.0% 24.0 | 100.0% 24.0 | 100.0% 24.0
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Table 18: The average fully charged percentages for the five PV systems

Months/ Quarters Average percentage fully charged for different tilt angles
with a fixed orientation angle of 0°
36 Degrees 26 Degrees 16 Degrees
1** quarter (January-March) 14.03% 12.96% 13.68%
2" quarter (April-June) 7.06% 5.63% 3.30%
3" quarter (July-September) 21.34% 18.29% 14.66%
4™ quarter (October- 18.08% 17.74% 16.90%
December)

Of prime importance in this research is the percentage of time in which the system
was fully charged. This assists in identifying the best tilt angle to place the PV
panels, as a higher fully charged percentage indicates that the MPPT charges the
system within a shorter time period as optimum output power is received from the
PV panel. Figure 27 represents a graph of the 1* quarter of the main study which

comprises data collected from January — March 2012.
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The average fully charged percentage for the 36° tilt angle was 14.03%, the 26° tilt
angle 12.96% and the 16° tilt angle 13.96% and these are clearly represented in

Figure 27.

The first quarter reveals that the PV system with a tilt angle of 36° outperforms the
other two PV systems, as it enjoys a longer fully charged state, indicating that it has
received more energy within a shorter time period than the other two systems. Recall
that the discharging state is constant for all five PV systems, with the charging states

depending on the amount of energy received form the PV panel.

Figure 28 represents the second quarter of the data obtained in the main study of this
research which spans from April — June 2012. In this case the 36° tilt angle revealed
an average fully charged percentage of 7.06%, the 26° tilt angle 5.63% and the 16°
tilt angle 3.30%. Again the PV system with a tilt angle of 36° proves superior.
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Figure 29 represents the third quarter of 2012 (July — September). From the analysis
obtained in this quarter the 36° tilt angle reveals an average fully charged percentage
of 21.34%, the 26° tilt angle 18.29% and the 16° tilt angle 14.66%. Again the PV

system with a tilt angle of 36° proves superior.

Recall that the discharging state is constant for all three PV systems, with the
charging states depending on the amount of energy received form the PV panel.
Figure 30 represents the fourth quarter of the year (October — December 2012). In
this case the 36° tilt angle produced an average fully charged percentage of 18.08%,
the 26° tilt angle 17.74% and the 16° tilt angle 16.90%. Again the PV system with a

tilt angle of 36° proves superior.
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Figure 29: Average percentage when the system was fully charged (July -
September 2012)

Average percentage when the system was fully charged (October — December 2012)

is presented in the next figure.
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System fully charged
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Figure 30: Average percentage when the system was fully charged (October —

December 2012)

A similar regression analysis that was carried out in the pilot study (using a
regression trend line value (linear or R’ Value)) proved the 36° to be the best tilt
angle for PV panel installation, when compared to the 16° and 26° tilt angles. Since
regression analysis is a very vital tool in data analysis to establish validity, it was
therefore also employed in the main study. This was done to establish and to prove

the availability of power in the different PV systems.

The availability of power as well as the R? Value of a set of data of the week of 7"
January 2012 is shown in Figures 31 — 33. The graphs of the data of the 7™ January
2012 are an example taken from the data taken for the one year period. The graphs
are a plot of the voltage versus time obtained for each week. This regression analysis,
with an example shown in Figures 31 — 33, was done for the 52 weeks (sampling
period of the main study). The R? values as well as the voltage from the PV panel

when the MPPT enters the PWM stage of each week are presented in Table 19.
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Table 19: R? values

and PV voltages for the start of the PWM stage for each

week of 2012
Week in 36° Input voltage 26° Input voltage 16° Input voltage
from the PV from the PV from the PV
panel at MPPT panel at MPPT panel at MPPT
(PWM stage) (PWM stage) (PWM stage)
7™ January 0.7668 17.821 0.7614 16.641 0.7528 16.432
14™ January 0.7785 17.179 0.7692 17.070 0.7783 19.103
21" January 0.7732 17.070 0.7577 16.575 0.7658 17.729
28" January 0.7455 17.271 0.7400 16.282 0.7432 16.740
4" February 0.7548 17.436 0.7452 16.630 0.7514 16.850
11™ February 0.7172 16.978 0.7138 16.007 0.7250 16.245
18" February 0.7710 17.234 0.7683 16.154 0.7594 16.374
25" February 0.7117 16.520 0.7142 16.007 0.7278 16.154
3 March 0.7020 15.696 0.6890 15.678 0.6962 15.788
10™ March 0.7076 15.733 0.6976 15.604 0.6978 16.044
17™ March 0.6959 15.513 0.6883 15.458 0.6888 15.678
24™ March 0.6872 15.623 0.6851 15.586 0.6895 15.714
31* March 0.6928 15.201 0.6842 15.275 0.6868 15.201
7™ April 0.6839 15.788 0.6882 15.586 0.6803 15.568
14™ April 0.7048 16.245 0.6928 15971 0.6936 16.722
21 April 0.6951 15.604 0.6884 15.458 0.6935 15.495
28™ April 0.6736 15.220 0.6909 15.055 0.7034 14.782
5" May 0.6888 15.018 0.6633 15.110 0.6543 15.403
12" May 0.7370 14.396 0.7049 14.945 0.6898 13.883
19" May 0.6866 14.725 0.7136 14.249 0.6602 13.919
26™ May 0.6862 15.348 0.6370 15.147 0.6388 15.018
2" June 0.6307 15.549 0.6152 15.055 0.6541 15.014
9" June 0.6830 15.183 0.6427 15.311 0.6403 15.678
16" June 0.6324 15.440 0.6283 15.531 0.6365 16.099
23" June 0.6934 14.505 0.6965 14.872 0.6672 15.092
30™ June 0.6847 15.256 0.6416 15.568 0.6431 16.282
7% July 0.6353 15.751 0.6112 15.659 0.6124 15.330
14™ July 0.6451 15.897 0.6328 15.513 0.6384 15.385
21" July 0.6475 15.806 0.6389 15.586 0.6425 15.513
28" July 0.6551 15.842 0.6430 16.044 0.6398 15.641
4™ August 0.6555 16.044 0.6459 16.044 0.6408 15.714
11™ August 0.6905 17.062 0.6839 16.821 0.6829 17.145
18™ August 0.7447 16.699 0.7406 16.610 0.7401 18.160
25" August 0.7461 17.482 0.7430 16.832 0.7432 15.858
1" September 0.7499 17.064 0.7486 16.554 0.7439 15.549
8" September 0.7412 16.956 0.7295 16.753 0.7307 16.512
15" September 0.7645 16913 0.7596 16.817 0.7553 16.571
22™ September 0.7747 16.885 0.7698 16.634 0.7651 16.449
29™ September 0.7584 16.857 0.7547 16.506 0.7525 16.129
6™ October 0.7925 16.898 0.7900 16.524 0.7885 16.099
13™ October 0.7839 16.966 0.7783 16.284 0.7762 16.049
20™ October 0.7937 16.637 0.7891 16.367 0.7860 15.726
27™ October 0.7911 16.817 0.7871 16.265 0.7848 15.575
3" November 0.8126 16.676 0.8105 16.329 0.8084 16.286
10™ November 0.7972 16.869 0.7958 16.674 0.7942 15.853
17" November 0.8098 16.925 0.8064 17.614 0.8087 16.842
24™ November 0.8162 17.002 0.8133 17.346 0.8171 16.389
1" December 0.8193 16.927 0.8131 16.830 0.8184 15.921
8™ December 0.8065 16.961 0.8121 18.109 0.8196 16.628
15™ December 0.8037 16.978 0.7990 16.984 0.7991 16.402
22™ December 0.8351 17.771 0.8334 18.168 0.8321 16.122
31" December 0.8293 16.462 0.8265 16.564 0.8292 15.969
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In Figures 31 — 33 the triangle in each respective graph represents the output voltage
of the PV panel where the energy storage device is fully charged and the MPPT
enters a PWM stage. The analysis shown in Table 19 reveals that for all tilt angles
the PV system reaches a fully charged state for PV output voltages between 15 V —
19 V, giving rise to the 18 V reference voltage that was applied in filtering the data.
Another vital reason why a regression analysis was done is to obtain the tilt angle
that produced the highest R’ Value, indicating a faster charging time and optimum
output power from the PV panel. The regression analysis to obtain a regression trend
line value (linear or R? value) for Figures 31, 32 and 33 are 0.7668, 0.7614 and
0.7528 respectively. This value illustrates the strength of the relationship and the
proportion of variability between the average voltage fully charged for a week and
the available solar radiation received. Also the voltage fully charged on each graph

corresponds to the value on the Y-axis.

From the regression analysis done of the data obtained in the main study with an
example taken from the 1 — 7 January, 2012, which are presented in graphs (see
Figures 31 — 33) as well as the data obtained for the 52 week period (see Table 19).
The graphs and the values in Table 19 clearly shows that the 36° tilt had the highest

R? value hence faster charging time and optimum output power from the PV panel.
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Figure 31: Regression analysis (linear) for the 1 — 7 January, 2012 (tilt angle =
36°)
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Figure 32: Regression analysis (linear) for the 1-7 January, 2012 (tilt angle =
26°)
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Figure 33: Regression analysis (linear) for the 1 —7 January, 2012 (tilt angle =
16°)

A contrast of the average of the +15°, -15° and 0° orientation angles using the same
tilt angle of 36° is presented in Table 20 and shown as a graph in Figure 34. The
percentage where the system was fully charged was calculated and averaged for the
last quarter of the year. This was done in order to establish a reasonable comparison
and establish which one of the three PV panels was producing more output power
whilst being exposed to the same amount of direct beam solar radiation. From the
graph it is clearly shown that the 36° tilt angle with an orientation of 0° (facing true

north) gave the best result which corresponds to earlier endevours suggested by
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Heywood and Chinnery equations of latitude for calculating tilt and orientation
angles for PV panel installations in South Africa. The 0° orientation angle produced a
percentage fully charged of 11.93%, the +15° and -15° orientation angles produced
corresponding values of 9.88% and 7.82%.

Table 20: Average of the 0°, +15° and -15° orientation using 36° tilt angle

Average percentage fully charged using 36° tilt angle with orientation angles of 0,

+15 and -15°

October — December 2012
0° +15° -15°
11.93% 9.88% 7.82%
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Figure 34: A comparison of +15°, - 15° and 0° orientation angles with the tilt

angle placed at 36°

The simulation model results obtained in this research is presented next.
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4.4 Simulation model results

A correlation of the experimental data collected from April through December 2011
to the Perez et al. mathematical model that exists in METEONORM was carried out.
METEONORM simulation package is used for calculating solar irradiation on any
arbitrary oriented surface using simulated meteorological databases (Hatwaambo et
al., 2009:1394-1398). It has become a valuable tool for estimating global solar

irradiance, especially for where solar radiation data is missing or irregular.

The METEONORM simulation package was chosen as it contains the Perez et al.
model which is an anisotropic model as this research focuses on direct beam
radiation. The purpose of the correlation is to analyze the effect of power conversion
of a PV panel for a specific point of latitude (26° South) in South Africa and to
correlate it to the global solar irradiance obtained from METEONORM for that same

point of latitude.

This will establish an experimental platform in support of the simulation software
(METEONORM), as little or no real experimental data exists for the specified point
of latitude (26° South) with regard to solar radiation. METEONORM was used to
simulate the solar irradiance for a latitude of 26° South, being the point of latitude
where VUT is located in Vanderbijlpark. This was done for three different tilt angles
of 16°, 26° and 36° respectively. METEONORM calculations are based on monthly

averages and gives maximum solar irradiation values under clear sky conditions.

The sophisticated interpolation models inside METEONORM allow a reliable
calculation of solar radiation, temperature and additional parameters at any site in the
world (Meteonorm, 2013). From the monthly values (station data, interpolated data
or imported data), METEONORM calculates hourly values of all parameters using a
stochastic model. The resulting time series correspond to ‘typical years’ used for
system design. Figure 35 shows the simulation results from the Perez er al. model
using METEONORM software and data obtained from meteorological databases for

the time period of 1996 through 2005. These results indicate that the solar irradiance

77



available in Vanderbijlpark tends to fluctuate through the year, with a peak in August

and a trough in June.

Global solar irradiance
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Figure 35: Simulation results of 16°, 26° and 36° tilt angles obtained from the
METEONORM software for the 1996 — 2005 time period.

The individual results gathered from the regression analysis of the experimental data
as presented in Figures 22 and 23 were collated with the other results obtained for
each week of data collected over a nine month period from April through December
2011. The data (conversion—time per week) obtained from the experimetal results are
presented in percentages as they basically illustrate the on-time of the system (time
which the system was converting incident solar energy into electrical energy) while

the data obtained from the METEONORM software are presented in kWh/m?.

A regression analysis was also carried out on the data obtained in the experimental
result for the months of April through December and are presented in Table 21. The
regression analysis once again proved that the higher the conversion time per week

the higher the R’ value. The results from the experimental data and that obtained
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from METEONORM for the different tilt angles for each month for the 9 year period

were also averaged. The analysis of this period is shown in Table 21.

Table 21: Set of average data from the experimental results and the solar
irradiation results for the months of April through December.

Week ending Regression Conversion-time / | Conversion-time/ | Average solar

analysis week as a percentage month as  a | irradiation from
percentage Meteonorm (kWh/m?)

8-April 0.657 17.89% January = 196.33

15-April 0.644 8.380% 13.68% February = 187.33

22-April 0.610 8.760% ’ March = 199.66

29-April 0.656 19.68% April =184.00

6-May 0.623 16.19%

13-Ma 0.577 25.53%

20-Ma§ 0.567 21.84% 18.41% 189.66

27-May 0.609 10.07%

10-June 0.630 14.94%

17-June 0.632 19.74% 18.29% 176.66

24-June 0.616 20.20%

1-July 0.629 19.81%

8-July 0.583 17.69%

15-July 0.597 18.31% 14.26% 192.00

22-July 0.599 9.530%

29-July 0.573 11.53%

5-August 0.635 19.26%

12-August 0.620 19.40%

19-Au§ust 0.574 11.70% 16.32% 209.00

26-August 0.678 14.90%

2-September 0.669 19.57%

9- September 0.676 21.52%

16-September 0.809 14.57% 18.0% 212.33

23-September 0.679 18.35%

30-September 0.670 14.90%

7-October 0.691 13.93%

14-October 0.787 21.51%

21-October 0.699 1.360% 10-11% 205.00

28-October 0.719 3.110%

4-November 0.720 2.380%

11-November 0.695 7.930%

18- November 0.634 9.730% 6.23% 187.66

25-November 0.713 4.880%

2-December 0.711 8.360%

9-December 0.717 6.900%

16-December 0.716 8.020% 7.94% 198.66

23-December 0.709 10.45%

30-December 0.657 5.990%

The data obtained from the empirical test and that from the Perez er al. model that
exists in the METEONORM software is ranked according to the month of the year

and presented in Table 21. The values presented in Table 21 were plotted on a graph
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along with the simulation results from Figure 35 to illustrate that a correlation indeed

exists between these two unique data sets
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Figure 36: Correlation between the simulation data obtained from
METEONORM and the empirical data obtained from the practical set-up
(Asowata et al., 2013: 1-6)

Figure 36 shows a slight variation exists for the month of June, where the empirical
data suggest a small change from the previous month while the simulation data
suggests a definite drop in solar irradiance. This small variation is normal and can be
attributed to the fluctuating atmospheric conditions which vary somewhat from year

to year.

4.5 Summary

The measurements and results of the pilot study and the main study have been

comprehensibly covered in this particular chapter. The average on-time per week,

indicating the time in which the DC-DC converter was supplying power to the load,
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was statistically represented by a R’ Value that illustrates the strength of the
relationship and the proportion of variability between the average on-time per week
and the direct beam solar radiation. The average work-time per day showed the

average hours in which the PV panel was supplying power to the system.

A peak winter month in South Africa is June, which indicated some of the highest
regression trend values for 26° and 36° tilt angles (see Table 12). This coincides with
earlier endeavours to calculate the proper choice of tilt angles using mathematical
models based on the research done by Chinnery (Armstrong & Hurleya, 2009:780-
787). These initial experimental results suggest the validity and reliability of these
mathematical models for winter months in South Africa. Results gathered from the
main study also indicated that a 36° tilt angle produces a quicker fully charged
condition than the other two tilt angles (see Figures 27 — 30). A further analysis of
the different orientation angles showed that the 0° orientation angle proves superior

(see Figure 34).

The monthly averages of the empirical data obtained from the practical setup were
contrasted to the monthly averages of solar irradiance as given by METEONORM
(see Figure 36). This contrast proves that the METEONORM software is reliable as
regards its solar irradiance curve, which is similar to the conversion-time curve

obtained from the empirical data, except for the month of June.

The variation in June could be attributed to varying atmospheric conditions which
are not always constant for each repetitive year, or it could be attributed to a higher
solar output owing to solar flares. However, a moderate correlation does exist
between the power conversion of a PV panel and the global solar irradiance obtained
from METEONORM for a specific point of latitude in South Africa (being 26°
South).

The final chapter of this research will consider the conclusions and recommendations

reached with regard to the pilot and main study.
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Chapter 5 Conclusions and recommendations

5.1 Introduction

The final chapter of this research presents the conclusions reached with regard to
optimising the output power available from a PV panel through empirical testing.
This research was aimed at optimizing the available output power from a stationary
PV panel, by using mathematical models and simulation packages in combination
with the experimental data to evaluate the optimum orientation and tilt angles. This
will assist in identifying ways to improve the installation of PV panels for optimum
output power as well as enable a higher yield of solar energy particularly in South
Africa, thereby reducing dependence on traditional energy sources, such as fossil

fuels. Recommendations for future research will conclude this chapter.

5.2 Brief overview

Chapter 1 discussed the background and provides a brief overview of the history of
energy with particular focus on electrical energy and PVs. The purpose,

methodology, delimitations and significance of the research were discussed.

Chapter 2 focused on PV panels, power regulation and energy storage devices that
can be employed in a renewable energy system. The types of PV panels that exist
(mono-crystalline, poly-crystalline and amorphous) were discussed as well as their
manufacturing process, advantages, disadvantages and relevant applications. A
SW220 poly-crystalline PV panel is selected owing to its lower cost and better

performance in areas of direct solar radiation (sub-heading 2.3.4).

Power regulation circuits, including solar chargers, DC-DC converters and MPPT,
were presented in terms of their basic principle of operation, advantages,
disadvantages and possible applications. A WELSEE (WS-MPPT 30) solar charger

with an in-built MPPT was used in the main study of this research, as it improves the
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overall performance of the system by as much as 30% (sub-heading 2.4.4). Energy
storage devices, including lead acid deep discharge, Nickel-Cadmium and Nickel-
Zinc batteries, were discussed along with their advantages, disadvantages and
possible applications. A RITAR RA12-100 (100 Ah) LADDB was used in this
research, as it has a high storage capacity and an overall efficiency of about 70%,
with a deep depth of discharge of 80% (sub-heading 2.5.4). The importance of the
SOC and DOD of a battery was further explained as this research encompassed the

use of a lead acid deep discharge battery as the energy storage device.

The research design, data analysis and experimental set-up of the pilot and the main
study were presented in Chapter 3. A quantitative data-collection study is used in this
research. The sampling, validity and data analysis employed in the analysis of the
data obtained in this research is also discussed. The Perez et al. model and the
Heywood and Chinnery equations of latitude for PV panel installations in the

southern hemisphere were selected and addressed (sub-heading 3.5).

Chapter 4 presented the results obtained for the pilot and the main study. Regression
analyses, represented by a statistical R? value were presented in a number of graphs.
The regression analysis was used to obtain the gradient of the straight line, the
average work-time per day and the average work-time per week for the data obtained

from three different tilt angles stipulated by the literature.

The main study results presented a number of graphs where the data obtained from
January through December 2012 were averaged into quarters showing three different
percentages for the PV system (charging, fully charged and discharging). The
simulation result of data obtained from METENORM, representing the mathematical

model, and the empirical result is further analysed.

5.3 Conclusions

One of the most notable conclusions that can be made from this research is the

flexibility, cost effectiveness, efficiency and reliability of the DLIC. The DLIC can
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be incorporated in a PV system for energy consumption for both domestic (homes)
and commercial purposes e.g. Telecommunication companies (Sentech), power
generation companies (Eskom) for grid purposes). PV voltages for domestic usage
basically have a maximum input DC voltage of 66 V to the inverter although it could
be as high as 400 V for commercial usage depending on the large number of PV
panels. For a typical domestic usage, DC-AC inverters used for energy consumption
accommodate a maximum DC voltage of 66 V which is basically higher than the
input voltage specification of the data loggers that can accommodate 2.5 V. A DLIC
is required to condition the voltage to make it less than the maximum input voltage
required by the data loggers. The DLIC must also be able to provide DC current
monitoring using hall-effect current sensors, such as the LTS 6-NP (LEM product) or
the ACS756 (ALLEGRO product). The overall cost of the DLIC is about R 480.

The pilot study was carried out over a period of four months (April — July, 2011).
The pilot study was done in order to form the foundation for the main study. The
availability of power in the test system was interpreted in a number of regression
analysis graphs, where the average work-time time per week and average work-time
per day was calculated. The effect of atmospheric/ climatic conditions on the output

power of a PV panel was also mentioned.

A regression analysis to validate the availability of power in the system as well as to
obtain the average work-time per day was shown in Table 12. The conclusion drawn
from the regression analysis proved that a 36° tilt angle with an orientation angle of
0° (facing true north) yielded optimum output power from the PV panel. The
efficiency of the power regulation device (DC-DC converter) that was used in the
pilot was also analysed. This was done to ascertain the most effective DC-DC
converter to be employed with this type of PV system. The 12 V DC-DC converter
proved the most efficient (see Tables 13, 14 and 15).

The main study of this research presented three identical PV panels which were

placed at the same orientation angle of 0°, but at different tilt angles of 16°, 26° and

36°. The data obtained from the main study was taken over a 12 month period
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(January — December 2012) for identical PV systems featuring identical PV panels,
solar chargers, energy storage devices and associated components (cabling,
protection, etc.). All the PV systems were exposed to the same climatic/atmospheric
conditions in order to establish validity and reliability of the data. The results
obtained were analysed into four quarters in the year and their averages were
presented in table form (see Tables 16 and 18). The results included percentages
when the system was charging, fully charged and discharging (see Figures 27 — 30).
A comparison of the different graphs revealed the 36° tilt angle to be the best tilt

angle for optimum output power.

The results obtained from the two PV panels placed at orientation angles of +15° and
-15° with a tilt angle of 36° were compared to the results obtained from the PV panel
placed at 0° and a corresponding tilt of 36°. The comparison proved that the PV
panel placed on orientation angle of 0° with a tilt angle of 36° provided the highest
output power (see Figure 34). Although the two PV panels placed at +15° and -15°
were installed from October - December which was the later part of the year 2012.
The lateness of the installation was due to late supply of the PV panels by the

suppliers.

A correlation of the solar irradiance data obtained from the Perez et al. model in the
METEONORM simulation software was obtained to try and establish a correlation
with the experimental results. The solar irradiance data from the Perez et al. model,
an anisotropic model, was obtained for the time period from 1996 — 2005. The data
obtained from the METEONORM software was averaged and contrasted to the
experimental data (see Table 21). These results indicate that the solar irradiance
available in Vanderbijlpark (South Africa) tends to fluctuate throughout the year,
with a peak in August and a trough in June. The contrast proved that the
METEONORM software is reliable as regards its solar irradiance curve, which is
very similar to the conversion-time curve obtained from the empirical data (see

Figure 36) except for the month of June.
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The variation in June could be attributed to varying atmospheric conditions which
are not always constant for each repetitive year. However, a moderate correlation of
90% does exist between the power conversion of a PV panel and the global solar
irradiance obtained from METEONORM for a specific point of latitude in South
Africa (being 26° South). This validates the literature that states that the
METEONORM has become a valuable tool for estimating global solar irradiance,

especially for where solar radiation data is missing or irregular.

54 Recommendations

A number of regression analyses have been carried out in the pilot and main study
which has helped to verify suggested equations of latitude and validate a specific
mathematical model for PV installations in the southern hemisphere. For a stationary
PV panel, the 36° tilt angle facing true north (0°) provides optimum output power in
the southern hemisphere throughout the year. It is recommended that solar
companies and PV installers should go by the 36° tilt angle facing true north (0°) in
the Vaal Triangle (South Africa).

In stand-alone PV systems, if a DC-DC converter is to be used as the power
conditioning device, a 12 V DC-DC converter is recommended due to its efficiency.
Rather than using a DC-DC converter, solar chargers with MPPT are recommended
for optimum output powers as they improve the overall efficiency. Proposed
additional research can be done in South Africa in the installation of solar pool
heaters, solar geysers, solar pumps for domestic and commercial usage with the tilt
angle set to 36° facing true north (0°) and the results observed. It is recommended

that a DLIC in combination with a data logger should be used to record these results.
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Hall-effect current sensor, LTS 6-NP data sheet

ANNEXURE A

" LEM o

il i)

Current Transducer LTS 6-NP

For the electronic measurement of curents: DC, AC, pulsed,
mixed with galvanic isolation between the primary circuit (high power)
and the secondary circuit (electronic circuit).

1 Primary nominal current rms. L] At
Loy Primary current, measuring range 0..£19.2 At
I, Overlnad capability 250 At
Yoo Output voltage (Analog) @ 1, 2.5+ (062510, V
=0 250 W
G Sensitivity 104.16 miiA
N, Mumber of secondary turns (+ 0L1 %) 2000
R, Load resistance 22 Li#]
R, Internal measwrning resistance (+ 0.5 %) 208.33 0
TCR,, Temperature cosfficient of R, = 50 ppmiK
L Supply voltage (+ 5 %) 5 W
I Current consumption @ V., =5V Typ ZBH VR ) mA
Accuracy - Dynamic performance data
X Accuracy i@ L, T, =25"C +02 %
Accuracy with R, @ I, T, = 25°C + 07 %
£ Linearity ermor =01 %
Typ | Max
TCVoy Temperature coefficient of Vo @ k=0 -10°C .. « 85°C |80 | 200 ppmiK
-40%C .. -10°C 250 ppmiK
TCG  Temperature cosfficient of G - 404C .. + 85°C 50 7 ppmiK
V. Magnetic offsat voltage @ 1, =0,
after an overload of 3 x |, 05 mV
5xl, +20 mV
0=, +20 mV
| & Reaction time @ 10 % of I_, = 100 ns
L, Response time to 90 % of I, step = 400 ns
dildt  dildt accurately followed =15 Alps
BwW Frequency bandwidth (0 . - 0.5 dB) DC .. 100 kHz
(- 0.5.. 1 dB) DC .. 200 kHz

General data

Ty Ambient operating temperature -40 .. +85 c

Te Ambient storage temperature -d0.. = 100 o

m Mass 10 |
Standards EN 50178: 1007

101

6 At

PN

Features

Closed loop {compensated) multi-
range cument transducer using
the Hall effect

Unipolar voltage supply

Isolated plastic case recognized
according to UL 94-0
Compact design for PCBE
maounting

Incorporated measuring
resistance

Extended measuring range.

Advantages

Excellent accuracy

Very good linearity

Very low temperature drift
Optimized response time
‘Wide frequency bandwidth
No insertion losses

High immumnity to external
interferance

Current overdoad capability.

Applications

AC variable speed drives and
senvo motor drives

Static converters for DC motor
drives

Battery supplied applications
Uninterruptible Power Supplies
(UPS)

Switched Mods Power Suppliss
(SMPS)

Power supplies for welding
applications.

Application domain



IEC &0950-1: 2001 « Industrial,

Motes:" Absolute value @@ T, = 25°C, 2475 < V< 2.525

Al = 1N,
3 Only due to TCR, .

Paga 1%

S, il prior flice.

10081518 LEM rickirvai i right 1o ey oul e o il

www.lem.com

S LEM
o
/“-l\

/

Current Transducer LTS 6-NP

Izolation characteristics

v, Rms voltage for AC isolation test, 50 Hz, 1 min 3 A
'R Impulse withstand woltage 1.2/50 ps ES ] kW
Min
v, Rms voltage for partial discharge extinction §@ 10pC = 1.5 A1)
dCp Crespage distance " 15.5 mm
dcl Clearance distance @ 6.35 mm
cm Comparative Tracking Indsx (group lla) 175
Motes: " On housing
4 On PCE with soddering pattern UTECS3-703.
Applications examples
According to EN 50178 and IEC 61010-1 standards and following conditions:
= Over voltage category OV 3
# Pollution degres PD2
» Mon-uniform fisld
EN 50178 IEC 61010-1
dCp, dCl, 1;'* Rated insulation voltage Mominal voltage
Single insulation GO0 W 600 W
Reinforced insulation 300 W 300V
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Specification of the DAQPRO-5300 data logger

FACTORIES
Monitoring product
quality throughout the
entire manufacturing

TESTING
Ensuring quality
and 1

CH &
LOPMENT
Academic and industrial
laboratory research
ring multi
parameters

MILITARY

rage, equipment
maintenance, machinery
and production testing

operating temperatures
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ANNEXURE B

+ High=end data acquisition hand-held
mabile solution

« Bchannels each capable of measuring
seven popular parameters

+  Setup on every port makes it viable for
allindustries

- Standalone operation: Display and
keyhoard for field programming and
analysis (graph/table)

Rechargeable 72 ¥ battery with over
500 charging cycles
High sampling rate - up to 4,000

samples/second

Motes

Humeric & graphic displays

Large data storage 512 KB RAM

Fast communication channels: USB
Multiple logging storage of up to

100 sampling sessions

Scales readings into meaningful
engineering units e.g. bar, ppm
Built-in clock and calendar keeps track
of time and date for each data

recording

On screen text editing to annotate
collected data

‘Value for money
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DaqLab Software

Together with the comprehensive data
analysis software, the DagPRO is the
perfect choice for remote data

Specifications

Inputs [DagPRO 5300)

Seleciable type for eachinput: 0to 24 mA, 0 io 50 il 00 10V, NI, P1-103,
Themmacoapk:, Puse and Fraguendy (nput 1 ey}

e ik 0t 24 mA
acquisition and monitoring whether Range P
off-site or inside any industrial Resolut ATEpk
) eostacy: 5%
environment Loop ' D
i — 1 50mY
Analysis Wizard e fange o
Scientific functions B - Reseiution: i
— =—n. eestacy: 5%
»
d o o D 10¥
e Range: [T
= — Respluition: o
— PO et
Sensor e Ingut impedance 125KD
calibration Lzt
[ Temperature NTC
S Y Wit 10V100 K1 pesistor
i Lo Range: 1518 150
_— Ressiution: (T34
—, hessracy: 5%
=
1 P00
Online e b Range: 2001w 200°C
logger setup e Resolution: 01°C(7 ma)
= honuracy: 2005005 %
= 5010400 +0.5%
£X 50t 504055
i The DaqPhO affers ug 1o 8 PT- 18 2 wire channels or 4 FI-1003 wire
chaninels
Online
Temperature Thermocouple |
graph & table Range: 20018 T200%C
view Resolutin: [ AR M
heostacy: 10N S0+ 5 %
50101200 £05%
50t 50:40.5°C
Export ST
to Excel
25010 1.200°C
LI
25010 -50 +05 %
50101200 £05%
50t 50405
w23
Temperature Thermocouple T
About fourtec Range: M0t
Restdution: DT[N
heouracy: 200in-50 05 %
fourtec - Fourier Technologies Ltd. isa S0 +05%
recognized leader in data-logging and ot capensia e ﬂ::.:nm.s'\‘.
manitoring selutions for controlled
industrial environments, such as food, L:::ﬂemun AT
pharmaceutical, medical, storage and Resplution: v
= = s . Acowracy: 5L
transpertation industries. Our solutions
enable our customers to deliver higher mm:rumndﬂ
quality products, ensure consumer fange: e 05,000
safety, comply with requlato: Ingeat signal: D5V
t_Y' Ply 3 g it Az Input impedance: amo
requirements and increase profitability.  gandwidi: D5 H
Innovation, expertize and a R E—
commitment to quality are the values tplncoupler npui
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Gereral A to D Spedficatinns

Mk 30 s

Iniermal linesariiy eeroe: =008 % of 5%

Offse esrur; 0%

(Open Collector Dutput [Dutput &)

Wianimem oument sink: 50 (i prutecied)
Manifinsm inpidt voltage 5Y

Input impedance: 00

Cemmunication

UISE 1.1 compliant

Sampling

(Capadty: SIZNE

Analog sammpling mee: Variahile, 1 sampla/Mur e

4,000 samplessee, | chamned

Analog samgling resoi Ti-bit

(hennel saparation: EHdB

Man Machine Interface

+ Full beybaaed - el mamual of the lngger
+  Graphic LCD 64 x 128 pinek

PuwerSupply

+  Intesnal reghameable 7.2V NaMH Batery

+  Built-in hariesy chager

+  Extesnal 910 12V X input

+  Batery fe: 25 hiurs berween charges

Operating Temperature Range:

D50l

Lating

Plasiic ABS bax

Dimensinns: 18241003 28 mm

‘Weight- Bl

‘Standards Compliance

8, FiC

DaqLAB Analysis Software

+ Windows 05: 3000 $P3/2003,5P SP2VictalT 100

+ ot data downined fom the Dag PR

+ Datadisplayed in sumeric ar geaphical display forms

+  Graphical analysis tools such as Zooe and Cursors

+ Speange of calected data on dik files

+ Hard cogy printing of the collected data

+ Difect data espoet to EXCEL

+ Da-ine rerrieval 2ad disslay of data in s=al-time

+  Incerporating data pacessing fancions

+  Seming up the DagFeD

+ Calibrating the DagPRd

+  Defining new sensars

Accessories

+ Lamying @se

+ Salar cell and battery for fiekd data logging

+ Wieather bos: complying with the iP-67 standand for
provtecting the DagPRD whils warking in field apelications

Ordering Information

PN Deseription

DESI0T  DaqPR0 data hogges, carmyieg case, AL/TC adapier, Daglab
analysk saftwars £ flaclufing user quide), comeuinbeatioa
cable, calibeation ceriificate

TI4E0A  Weearhe bax



Picture of the data logging interface circuit (DLIC) ANNEXURE C
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PICOLOG 1216 data logger data sheet ANNEXURE D

pPlco

o

W

PicoLog®

S =
N\ ) 1000 Series
?_‘c'—-?}:"e% Multi-channel Voltage Data Loggers

Up to 16 unipolar analog input channels

Up to 12-bit resclution with 0.5% accuracy

Up to 4 software configurable digital output lines
Up to 1 MS/s sample rate

USB connected and powered

Includes APl and examples for CJC++[C#, VB,
LabVIEWY Vis

Complete with ready-to-go data logging software

All you need

Designed to meet the needs |

www.picotech.com
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FicoLog 1216 | Ficolog 1012

%

O Analog inputs 16 channeds 12 channels
;: 12 bits 10 bies
‘1: Sampling rate = stream 1 k_‘.fspu—d'uamdiﬁ Ficolag, 100 wsuﬁgm

U Sampling rate = block moc 1 M5/s using PicaScope and AFI

_— Samgpling rate = real-time con 1 IrS,r‘h‘.rgr:ﬂtr

E Buffer mes : Bk sarngples shared by all channeks

U It Single-ended, unipotar

L Valtage ran 0-25V

& Acturacy 0.5% & 12 bits 1.0% & 10 bits

Owerload pratection 30V
Al C coupl DC coupling
Input impedance 1M fiwed = buffered inputs

Diigital sutputs 4 digital autputs 1 digital outputs
Cutput power for sensors 2.5V @ 10 mA. Current-limited

Orther cutputs P output (PicoScope & and .P.H} Mone

Physical and general
Prower requiremnents Powered fram USE port, <200 mA aperating, <100 mA on startug
¢ USE 2.0 full spesd
15uway D Type, female | pinscompatible with USB ADC-11)
45 mrn x 100 mm x 140 mem (177" x 394" x 5\.51'}

<2003 (705 o)
Compliance CE {EI‘I:] Clazs A emissions & immunity. FOC ernissions
Software
Compatibiity ‘Windows XF (5F2 or greater) and Vista (32 and &4 bit)
= PicolLog
Multiphe views Wiew data as a graph, spreadsheet or text
Parameter scaling Canvert raw data inte standard engineering units
Math functions Lise mathematical squations to caleuate additional parameters
Alarm lirmits Program an alert ¥ a pararmeter poes out of a specified range
= PicoScope &
Capture modes Oscilloscope, spectrum and persistence modes

Channel maths Calculate the sum, difference, product, inverse or create your own custom function using
standard arithmetic, exponential and trigonemetric functions
Automated measurements 15 stope measurermnents and 11 specirum mesurements

= Development kit
Diriver and examples Q’Cﬂfcl', Wisual Basic and LabVIEW
Diropein replacernent of LISE ADC-11

— ORDER CODES and PRICES — — —/
ORDER CODE DESCRIPTION PRICE
PP547 Picalog 1216 with terminal board £159
FP544 Picalog 1216 £149
PP544 Picaleg 1012 with verminal board £105
FP543 Piealag 1012 £95
_PF_‘545 Terminal baard anky £15 - L |

Ciontact Piea Technology o wour dissributor for up<to-date US dalbr and ewro prices.

Errors and omistons excepted.
Picateape, Peolog and Ples Techmalagy are trademarks of Pico Technology. ‘Windows XP and Vista are trademarks of Micrasolt Corporagon.

—) i E - (_ -) Pico Technology. James House, Colmwaorth Business Park, St Meors, Cambridgeshire, PE19 8YP, UK
l- - g T: +44 (0) 1480 196 395 F: +44 (0] 1480 3%6 2%6 E: sales@picorech. com
www.pi:ute:h.:nm DONER1 Cagpright © 2009 Fics Tachralogy
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Specification of the WELSEE (WS-MPPT 30) solar charger ANNEXURE E

MPFT sebar charge custraller

WELLSEE WE-MPFTH 204 4BV Selar Banlery Charge Contreller

WELLSEE MPPT30 battery charger controller

This W5-MPPT battery charger controlien(aka knawn as WELLSEE inteligent solsr charge contraller, solsr charge contraller, PY controlier) can intelige
warking voltage of salar panels, letting the solar panek always work at Maximum Power Foint of ¥-A curve. Compared with ordinary solar controder,
increase the efficency of PY modules by 10%-30%. WELLSEE 'WS5-MPFT solar controders 10A--804& include 12V series, 24V series and 48V series.
MFPPT advantage:

Maximusm Power Point Tracking {MPPT in short) system s a system which allows PV panels to putputs mare Power by adjusting waorking condition of t
Figurel & indicates that the ordinary controller, which makes PV battery work on 12V .only outputs a power poant of 53W (a general power point), B |
controlier makes PV battery always wark at the maximum power point, thus cutputs the power point of 75W (the maximum power point).

Product features:

Applicsble to various types of batteries,

MPPT function

Temperstune sensar battery charging compensation

Creerload protection (automatic restoration)

Owercharge protection

Short cinouit protection (avtomatic restoration) ,

Thunder protection

Reverse discharge protection

Reverse palarity connection protection (awtomatic restoration)

Under voltage pratection

MFPT prindgple:

The maximum power point & mainly affected by the ambient temperature and the intensity of sunshine. The intensity of sunshine being constant, the
power decreases with the rse of the temperature. The temperature being constant, when the sunshine intensifies, the open oroust voltage of PV bath
unchanged. But the short orowit curment incresses substantially, thus the maximum output power increases substantially.

This W5-MFPFT battery charger controlier can inteligently regulate the working vokage of solar paneks, letting the solar panels always work at Maximun
curve. Companed with ordinary solar controlier, this MPPT controlier can increase the efficiency of PV modules by abowt 30%.

However, due to many different factors, such as the diference in solar panel making, the change the Sun iluminance, change in temperature, the effic
etc., the actually avalable increased rate i 10%-30%.

Modal WE=HPPTID 10A | WES-MPFTID 304

e radess & confsalahrppl-solar -charg e-controller-vellsss-we-rmppl30- 3e-48-ballery-charg er-coriraler -ce0TEI20 15
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4ANEM3 MPPT scdar charge cortraller WELLEEE WE-MPPT30 304 48V baltery charger confraller Wholesale al iradeage com

Rated Voltage LIV | 24V 4BV

Max Load currest 204 | 304

Input voRage range LIV 20V § 240V § 4EVmBOV
sim

o |

unp-m:‘u - -

Over volage prataction | 170 J 34V J 4BV

Full eharga ot LIV 2749 § S4BV

Low vakage cut LE5n ALV § 2V IV [ AU AV

Temperatune compensation =3my “CF call

o oad loss 10w S20ma

Max wirg anea 4 e 4 2

Mevisians tamparataa 5P CannEEAE
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Specification of the RITAR RA12-100 (100 Ah) LADDB

RA1

2-100S

(12V100Ah)

ANNEXURE F

RA12-1005 is a general purpose battery with 10 years floating

@movative

ENETZles

"E- =T design life, meel with IEC, JIS .BS and Eurcbal standard. 'With
-—ET ﬁ_ heavy duty grid, thickness plates, special additives, RA series
battary have long and relable =standby =ervies life. Our RA zeries
- x batteries kesp high consistent for better performance in series
Specification usage.
Calls Par Unit &
Valtage Per Unit 12

Capacity 100 10hs-rata io 150V par ool 29T
Waight AppIoK. 25 0 Kg

Max. Discharge Current TO00A {5 sao)

Imternal Resistance Approx. 4. 8m O

Operating Tempsrature Rangs

Discharge: -20°C-50°C
Charge: 0°C=80"C
Starage: -20FC-50°C

Mormal Dperating Temperature Rangs

2E'CLEC

Float charging ¥oltage

13.5 1o 13.8 VDOCiunit Average al 258°C

Recammended Maximum Charging
Currant Limmit

A

Equalization and Cycls Sarvice

14.5 1o 14.8 VOChanis Avarage al 2E'C

Self Discharge

AITAR Walve Aegulsted Lasd Scid (¥ RLA) baBaries can be abomd
for mone han & sontha ol 250, SellsSiec herge malio e Ban 3%
parmanth ml 25 Plasss chargs batlesies bafon using.

Termimal

Terminal F13/F15

Container Material

A B.5. (ULS4-HB), Flammability resistanos of L3401
can be available upon request.

15O

A\

MHIESH

ce

TTH BRI TN

112000 Certificnke

Dimensions

Unit: mm

Drimansion: 306 5L ] = 168 5W )= Z38{H)

275

Lo 3063 .l

e IGAS ]

[e—

|

k3
-..—l—_{
15

Constant Current Discharge Characteristics: A (25°C)

FWITima | 5MIN | 10MIN | 15MIN | 30MIN | 1THR ZHR 3HR AHR SHR BHR 10HR | 20HR
960V 3207 | 2269 | 1814 1127 | 6500 | 3sms | 2e=e | 2203 | 1802 | 1242 | 1es0 | 5777
10.0W 3114 2158 171.T 110_8 B4.70 38.60 | 7E.7TH 383 1783 | 1233 f10.40 58T

30zz| zosz| 1789 )| 109.8 | 6490 | 38.31 | 2657 | z1A3 | 178z | 12227 | 1e.30 | 5567

713 1821 16865 1071 5 1.50 JR.0Z | 26.4T B2 1761 1212 1020 5462

2449 | 1752 | 153.5) tez.4 | 6zoe | av3z | 2575 | zuaq | 17z | 1192 | 1ean | s3sT

Fl L] 1566 131.T 95 81 58.90 15,68 | 24.82 Ja.08 16.55 1141 9_TSE 5041
Constant Power Discharge Characteristics: W{25°C)

FWITime | 5MIN | 10MIN | 15MIN | 30MIN | 1HR ZHR IHR 4HR S5HR BHR | 10HR | 20HR
960V 3317| 2416| 1996 | 1284 | 7S11| 4584 | 3199 | 2ez6| 2151 | 1483 | 1255 | 69.26
10.0W 3351 2342 | 1964 | 1269 | 7453 | 4560 | 3700 | Fe2.3| 2146 | 1478 | 1247 | GE.06
102 3214 | 2280 | 1941 | 1260 | 7435 4533 | 3426 | 2e1.7| 2139 | 1468 | 1236 | GE.ED
10.5W 2926| 2423 4852 1238 | 736B| 45008 | 3474 | 2583 | 2113 | 1454 | 1224 | 6554
108V ZEES 1857 1712 1179 | 7232 | 44432 | 3087 | 2534 | 2075 | 1438 | 1212 nm
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RA12-100S

Effact of tamper ature on long tarm float lite

éfamvative

12V100Ah &= ENErges

= 100 ———]
W\E""""-H.._:—'_‘"—-—--._ lur (e s e
.. — —, BO s — ey
[ ™ \—
* ‘I-LL[HT 2 \m ~L | TS
B.a =] im [ -"\‘__ [ead e
= [ EaT e
i I B =
= ] g
H Se
z ; El ey i
o _
v 2 4 6 8 10 12 44 16 18 20 2 M e
L] - - ] — L Siorage Time {manths)
Bty Tarvpsmars 11
Charge charsct eristic Curve for standby use Discharge charastarialic Curv e
151 T8y 50 1 po alay : .::: A
= N
14 | 7o 4 = Az l1ca [ 1 1 ﬂ:%-—_hq =T
et i I £ ] e LRk o \\
| A 1/ ] ] [
S =P . =L E“E i-|-| s n T
=i 3 14 z
!12 &g 40 - Fi S hesA x| u% "'“E | | A __i LS
: v Emerge vomagal T ] H - | d’a“‘
E“ usf a7 ‘..' - S L L |0 ﬂ-ﬂlg = 15 |IE =
10 sa] a3l & : 1 E] EREL -
2 E N
T o e i I B = i = " " @A 1z 3 B 12 W 1 32 3 1w m za
B2 4 & B 404X 14 46 48 0 M G l s L e [ |
Cohargs Tisa ki Cinchosrgs: Tis
Capacity Factors With Different Temperature
Battery Type =207 =10 0 5C 10T 200 15T wT 40T 45T
GEL GVEI2V| S0 ] 3% B Wre 8% 100 102% 104%% 105%
Battery ' Gl T5% RBinG R 9% 90t 100 10325 105% 106%%
AGM GVE I2V|  d6% 662G % BN WRe 8% 100 10325 107%% L0
Battery 2 55% TG e B 91% 900 100 1% 108% LI
ischarge Current V5. Discharge Voltage Maintenance & Cautions
Float Servios:
Final Disch
mwm": 175 1.0 1.a0y
# Ewery month, recsomemend inspection every batbery woitage.
pchatn | o mze | nzes o cioe]| dar r0e
# Ewery threa montis, mcommend equalization charge for onie Hime.

‘harge the batteries at least ance every six months,
fthey are stored at 25°C.

harging Method=

lenitant Volage B 20l 2.8-2. 45 e el dh Mas. Curran 3.3CA

Tenstanl Curtanl SO AC k@ ACAR 1R

il B30I . A0 A b

ekt

Equaliz ation charge mathod:

Dischamge: 100% rale capacky dischange.

Charge: Mao. cumenst 0L3CA, constant soltage: Z.4-2 45V Call changs 240
# Efect of lemperature on foal charge voltage: <3myT T/Cel.

# Length of serdoe Iz will be drecty afected by the rumdber of dschasge

oydes, depth of discharge, ambient temperatune and changing vokage.

MZ . Tt +54 9 535 0700 . Fao +64 5 B3T 3446 | infodfinnovaive.oo.ms | wew. innovative.co.nz 00
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Specification of the SW220 poly-crystalline PV panel ANNEXURE G
413 Splarworld Sunmodulo S0 Roly 2N 20 Eolar Fanol

WHARWORD
HY SHOWCASE | MY ACCOUNT | LOG N

ItE Z45W SOLAR PANEL
a Fack Hai Shecring E77-211-B1937

store . EE

| LEARN INSTALL | SHARE | Search Procects

‘We are no longer offering this product.
Tew below informasion b prewmied for inform stional purpewn only. Fou may sho find similr ke in e ceegary.

b e Crare ) alur Py
SHOP ALL PRODUCTS

R A

FEED®ArK

| DETALS | DOCUMENTS | RVIEWS |

herr mode Hodel umter el W Call Tach Camnecizr Type

SO LY oW 100 Paly i o adimy Patpryialling MEA [Salaring J Lecking]

Pleme Hote: Pricing i only valid for SolarWerld modulr wid within the US4
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SolarWorld Sunmcduln SiZ20 Poly Z30W 20V Solar Pansl

43
.
¥
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.
.
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.
— - Il
¥
I = WERSION O FRAME
| & + Compatite with “TopDoss”
| el Frountng rcthode
R
gy L d oprmers af the frame
|
e |
|
.5

I ——= e ——————= e

T B Rating!

H -

L i al dTRTE
Clhch far

R

2 Mcitdee SECUIRE hip! I
AL2-

CLSTONER CERTH
TETER DALY 18- R4S

A
i.NESEA'

N E MBEEDR
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Specification of the RADIANT 11 W fluorescent bulb ANNEXURE H

42513 Cod white 311 series onergysaning lamp | CEEMG LWy [ EZTE22) 3 sories anorgysasding lamp [ CEEMC ) vE-Lighiing Product Dotals from Aan...
A globel markeiplece e onfing sourcing and shopping A quick guide to using Alibaba com

Ovaiar 2 milion Suppor Soraironis Eafo and Simglo Bada soluions Edgily D00t v fd Suppiers

o Frn | Wy M | —— g e —

’:7)

Jiangsu Yengshi Lighting Co., Ltd.

(

Products

Homs  Prmduos UM CFLAME U CFLsmp  Coclwhis 36 ssriss snergy-savisg ismp (257 EREY

il ' 1-1-17171-17

Vor il Compamy prvvms s o et e A o A o o v o e e o
:.;m:ﬂ:::w' Coal white 3U seres energy-saving lamp (CE/EMC) Lampuman Bpiua
1 Jarge, Crina [siiund) | Soexiart Disislle:
Duminaan Tyee: Nesuiactr, Pl o Prigin Jangaw, Chins [Msnkad]
Trading Compasy Lt haress FELighiing
O Chack Wtadal T L 150
Frincps =
Yo aute mmasied oo slana n Sraze -
lmui 00 duym Baand T OMES
—— T dar Tri-celawr pesdar
A ‘Weltnga 404 I T B
Cool white 1L amrem srergraming lamp [— =
Viaw Canine Dutsity ICERRT) v i e [T}
Mapert Sunpizin fenily (el lmrepdl| precdii]
e Gempany is Frrariae Ecis i Ly P Lo | L]
iy [0
Products [E30d] [ r—— ]
Murw Procducts 8] Feagarity 1

BLEFL Larmp 202{ Payment & Shipping Tarmx

O iy ) PO Frice: 155 DA LAN Pisca
= Gt Lateent Price.
SUCHA Lamp[172]
Minirmum Circer Ciussniity T Jele) FiecalFlecen
AUERL lamz B8] — e
2L EFL lamg [270] Phacioagirg Diad ApCalor g#t box ZjCerizns SPucking socarding
YRR T
U EFL Lamp [no4] .
3 CFL Lamp [pes] Fa——r —
apieal CFL lmmp [1275] gy Al AR Pl calPRCa N, pabr TNk
Hutagan amp 1]
Lotum msl mfiar = lnrep [180] M. Lina Farg =]
i A 0 Ingsiry COFE
Flowarlanp (25 Qiilne
mossuin repeilani bght [1359)
Flant growng lame [T7] e
Elace Crgiun e e )

PL srergy amving lmmp 13

20 Lang|s sevevProia | [ [@[EF]EIE][F][w] | st Proius =
Glann biba |25

LEB oot Larep [2E1] Doetalled Froduct Description

e jporwnr Ieciocmoss fuell T3 2[ESmA 1) Cerlicalion: CEMEVEMOHS 4 fower light atlmsusiion 3jtigh kmena sficency
LED Eniling Lamp [125]

LED T/Ta Teta 128] rrosusname: C001 white 31 series energy-saving lamp (3Useries lamp)
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Lifm Timac 12000H
Hounieg Dis.: S0mmn

Lamz atmodnre 40mmn " 180nm
OhCoin: S0pca

Mmun 543 Sem "2 2o 19 Sem

I 2w msergyamng lmn pU a e lanp) can be cuored scording your regeiemest.
Your mnguiny sbout Largs 3L sasies sssgyassng benp(iU seras b p il be swlcomed sad pless fesl s o conisct un.

More 3U series energy-saving lamps

YSL-8-30- YSL-8-30- YSL-9-30- YSL-12-  ¥SL-13-  ¥EL-12- WEL-1T- WSL-NT-
[0 o RE FU-ION | BIEW | SUSTEW | JU-OW | JU-En

Walage(N] 8 12 ) F ] ] 40 ]
Hass | EITHIZ | EITECT | EIVEQY | EXVMRY | EXTMID | EXTADT | EITAD2 | EITAE2
Totes Ol

Py L L] ] - LH H L 7
Color Temg. 2708~ | 2780~ | IPOC- | ITeO- | IPOO- | IPOO- | 2P0S- | 2700
[ e | =m0 ] ] L] B200 BE | BN
lumanafin] 520 a0 o] 1300 1850 wa0 R
Litm mmafs) 1000 1o0as 1200 tomn = ) 1o 1mm 10000
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Our service

Owr products can be customed acoording to your requirement?

The lumen maintaince rate of owr product & up to 95% after 20000 and B0% after 60006,
¥ there & something 1 can oo for you, phexse contact wikh med T will ghve you the reply within
24 hours.
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Specification of the RABTRON 10 W LED Lamp
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LED Floodig

LED Fiood Lights loaks just ke the normal hakigen fleod lights you @ used to seaing arcurd

LED Fioodiights

car parking ks, stadisms, farms, factores, storege amas, night cnatrudion and securky

bghtng.

#  Comparing wih Eraditional HPS or Mercury flood lights, our LED fload lights save 30%

- 7% wleciricky cont.

#  Comparing wEh halogen lamps, | saves over 30% skeciricty mat.

#  Lilesgan s 3 -5 tires than Wespan of HPS, metal halide and halogen Aoodight.
.

-

Ho maintain coat.

Em-fmnay - no UY, IR, lad, marcury or air poliution.

# Thass LED Flood lights are Sesigred far use in marny spploskons fom lighting up

tz shops, laciories

and warious other spplcations.

# Tha LED Fiood kght ganarstes sigrifcanth lees hest and has a much ingar e span.

# Use thase Aoadlights for improved visisdiy. Tha lights offers & cool and pure light

# Elaciricky savinga with the use of LED Flosdiights am huge and of courss ancther way
to maks South Africs Grenar and more anvimnmant frendy.

1. Di~camting sluminium crust

2. Fagh intenaity toughered glas cover
3. High-purity aluminum refedor

4. Sngls high pamerful LED iight source
5. High wificency LED driver

Agplzaton

L. Factories

2. Gymrasurs

3 Yards

4. Adwartining boards
5. Buildings

&. Lamna

7. Gardun dasigra

8. Sormw athar cutdoor placen whars nesd flood lighting and ights demration

LED Floodlight 10W White -
Z20VAC

KRR

Input Viokage 220V AC

LED Power: [ pics LOW LED Floodiight
Colour: Whits

Maturial: Diu-cant housing

Pes
Angls 120°
Chip: Brdgeiux

LED Floodlight 30W White -
220VAC

R R ]

Input Mokage 220V AC

LED Fowar: I pmcs 30W LED Fissdiight
Colour: Whits

Hatmrial: Dis-caxt housing

mes
Angle 120°
Chip: Brdgeiux
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ANNEXURE I

Usw kwywords to find the
preduct you arm Iosiking far.

Advanced Sssrch

# Homa

# About L

# Dnlins Catslog
# Products

# Downiosd

# Contack Us

& Navulsfer
# Quary Form
Map

Subscribe to our
mailing list
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