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DESIGN AND DEVELOPMENT OF A NOVEL PHOTOVOLTAIC
SYSTEM WITH REFLECTORS AND A SUN TRACKER

ABSTRACT

In this thesis study, as a new method, design and development of a double surface
photovoltaic system with reflection property was aimed. In the direction of this
purpose, the thesis study was completed within three stages as design, development,

and performance measurements.

The double surface panel system was designed completely as the first stage of the
thesis study. A single axis sun tracking system, a reflector system for the back panel,

two solar panels placed back to back, and suitable platforms were planned.

In the development stage, two opto-electronically controlled reflectors with the ability
to rotate around their own axes were used to illuminate the back solar panel. Thus, the
system was optimized in the way that equal amount of light fluxes irradiates the front
and back panels. The system was supported by the optoelectronic based single axis sun

tracker to increase working performance.

Measurements of the developed system were done in laboratory settings and on open
field as real time. The results showed that the back solar panel produces sufficient

amount of electricity and the system works under proper angular conditions.

It is concluded that the system developed as a prototype might be used in industrial

applications.

Keywords: Solar cell, dual surface solar panel, solar tracking system, photovoltaic

system.



YANSITMALI VE GUNES IZLEYICILi YENI BIR
FOTOVOLTAIK SISTEMIN TASARIMI VE GELiSTIiRILMESI

0z

Bu tez ¢alismasinda, yeni bir yontem olarak ¢ift yiizeyli, yansitmali fotovoltaik bir
sistemin tasarimi ve gelistirilmesi hedeflenmistir. Bu hedef dogrultusunda, tez
calismasi tasarim, gelistirme ve performans oOlgiimleri olarak ii¢ temel asamada

tamamlanmaistir.

Tezin ilk asamasi olarak ¢ift ylizeyli giines panel sisteminin tasarimi tamamlanmistir.
Tasarimda tek eksenli bir giines izleme sistemi, arka panel i¢in bir yansitici sistem, sirt

sirta yerlestirilen iki giines paneli ve uygun platformlar planlanmistir.

Gelistirme asamasinda arka yiizeydeki giines panelini aydinlatmak i¢in optoelektronik
olarak kontrol edilen iki adet kendi ekseni etrafinda donebilen reflektor kullanilmustir.
Boylece on ve arka yiizeydeki giines panellerine esit miktarda 151k akisi diisecek
sekilde sistem optimize edilmistir. Calisma performansini artirmak igin optoelektronik

temelli, tek eksenli giines izleyicisi yardimiyla sistem desteklenmistir.

Gelistirilen sistemin laboratuvar sartlarinda ve agik alanda gercek zamanli olarak
Ol¢timleri yapilmistir. Sonuglar, uygun agisal sartlarda arka giines panelinin yeterli

miktarda elektrik tirettigini ve sistemin ¢aligtigin1 gostermektedir.

Prototip olarak gelistirilen ¢ift yiizeyli sistemin endiistriyel alandaki uygulamalarda

kullanilabilecegi sonucuna varilmistir.

Anahtar Kelimeler: Giines hiicresi, ¢ift yiizeyli giines paneli, giines takip sistemi,

fotovoltaik sistem.

vi
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CHAPTER 1

INTRODUCTION

Renewable energy systems are developing fast in recent years. As being environment
friendly, renewable systems are preferred by various energy producers. As renewable
energy systems, solar systems, wide power systems, tidal power systems, geothermal
energy systems are considered. The most important type among these renewable

energy systems is solar energy systems.

Photovoltaic (PV) systems are used in many different areas. They are used in space
applications, electricity production, hydrogen production, solar dryers, space heating
and water heating systems. Most of established systems are used in electricity
production [1]. Some of these applications are used as hybrid systems of solar thermal
systems and electrical photovoltaic (PV) systems such as, space heating systems, water

heating systems, and solar dryers.

1.1 Photovoltaic Systems and Solar Cells

The earth takes every year 124 exa (10'8) Watts of average power or 3,850 zetta (10%%)
Joules of solar energy. Moreover, this is only the energy reaching to the surface [2].
This huge power shall be utilized by humanity through solar cells. Figure 1.1 shows
the global solar energy potential. For the countries which have high values of sunshine

duration, solar energy systems are more profitable.

Solar systems produce two types of energy: Heat and Electricity. Solar heating systems
vary from water heaters [3-8] to cookers [9-12], from driers [13-16], air-conditioning
[17-21] and chimneys [22-24] to ponds [25-28] and solar architectures [29-31].
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Figure 1.1 Global solar radiance [32]

Photovoltaic systems produce electrical energy from the sunlight. Therefore, they are
called photo-voltaic energy systems. Other types of solar energy sources are solar

thermal systems and hybrid systems of these two types.

As an important part of solar energy systems, photovoltaic systems are investigated in
terms of the categories of being environment friendly (green and clean), sustainability,

and efficiency in the following pages.

Being green and clean: Being green and clean, in other words being environment
friendly is an important property today because dangers and effects of global warming
have been increasing over years. Regarding the increasing dangerous results of global
warming, green energy sources have become more important and more admirable for

the world today.

During the operation of solar systems, no air pollution and no harmful environmental
effects occur. However, this does not mean any pollution effects do not occur during
the life cycle of solar cells [33]. The production and assembly of solar cells, balance
of system (BOS) production, solar cell system installation and retrofitting, system
disposal and recycling have some pollution effects [34]. Still, these steps are needed
only once and huge amounts of pollution are not seen; therefore, they are ignorable.
Thus, comparing other energy production techniques, solar systems are much cleaner
and environment friendly. They are much preferable from this aspect.



Sustainability: Considering energy shortage coming from conventional energy

sources, as an important sustainable energy type, solar systems come into mind.

In the past, solar systems were not commonly used and did not spread over the world.
The main reason for slow development of solar systems was high investment cost.
Especially in early times of solar cells, it was too high for investment but the costs had
a fast reduction. The cost of a solar cell has pretty much reduced from 1980s to 1990s
[35] and to the present, and are continuing to decrease. Figure 1.2 shows the reduction
on silicon PV cells from 1977 to 2015.
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Figure 1.2 Average cost of crystalline silicon PV cells per watt between 1977 and 2015 [36].

The most appropriate places for photovoltaic systems seem to be isolated places like
Sahara Desert and other deserts, archipelagos, remote areas, mountainous locations,
rural areas etc. [37]. In these areas, solar systems operate for many years and vyield

high amounts of profit.

Efficiency: Efficiency of conversion of solar energy to electrical energy changes
according to the material used in PV cells and technology. Nevertheless, one of the
main obstacles towards development of solar cells is efficiency since it is generally
less than or about 20% in practical installations.



There is some historical development about efficiencies of solar cell types. For
instance, efficiency of polycrystalline silicon solar cells was 8% in 1980, then
increased to 12% in 1984, it increased to 13% in 1985 and increased to more than 30%
in 1990s in laboratory studies [38, 39]. These results, of course, laboratory results and
therefore, cannot give the exact information about real life applications. Table 1.1
compares and gives better information to see the real-life implementations and

laboratory studies together.

Table 1.1 PV modules solar-to-electrical power conversion efficiencies [40]

Practice Module | Lab Efficiency

PV Module Type Efficiency (%) | (%)
Dye-sensitized solar cells 3-5 11

Amorphous silicon (multijunction) 6-8 13.2
Cadmium Telluride (CdTe) thin film 8-10 16.5
Copper-Indium-Gallium-Selenium (CIGS) | 9-11 19.5
Polycrystalline silicon 12-15 20.3
Monocrystalline silicon 14-16 21.6
High performance monocrystalline silicon | 16-18 24.7
Triple-junction (GalnP/GaAs/Ge) cell 39.0

As it is seen from Table 1.1, most of the laboratory results have almost twofold
efficiencies of the installed solar systems. The main target is to increase the efficiencies

in real life systems and they are less than 20% in most of the applications.

One can easily understand that the low efficiency condition is one of the factors which
prevent widespread use of solar cells. Nevertheless, production and usage of solar cells
has been spreading over years under favor of the other positive properties which were

mentioned.
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The information in Figure 1.3 is total global installation of the solar systems. Even
annual installation has been increasing year by year in a semi-logarithmic-similar
scale. The total installed solar systems can be considered as a complete semi-
logarithmic scale. In the future, it is predicted that both cumulative solar production
and percentage share of PV systems in global electricity generation will increase more.
As it is shown in Figure 1.4, while the percentage of PV electricity generation over
global produced electricity is less than 1% today, it will be more than 10% by 2050 in

this realistic prediction.
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Figure 1.4 Predicted PV electricity generation in the future [42]



Within the photovoltaic energy systems, the most common type is residential installed
system. Since they do not require a land, investment costs reduce and they are more
preferred than the other types. The other important PV energy systems types are off-
grid systems, utility systems and commercially established systems by solar
companies. Off-grid systems are not connected to electricity distribution networks.
They are used for supplying electricity of small local places. Utility systems are also
commonly used. They are used in some of road lamps, traffic lights and lighting

systems in various places.

Working principles of solar cells are categorized mainly into two: The principles in
solar-thermal cells and PV cells. The working principles of solar thermal cells include
heating of a fluid. Then, the thermal energy inside the fluid is converted to other energy
types, like mechanical or electrical energies or is not converted but directly used as a
heating source. On the other side, PV cells convert the solar energy directly to
electricity through semiconductors.
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Figure 1.5 Solar radiation spectrum [43]

Solar radiation intensifies at visible light spectrum as seen in Figure 1.5. Also, there is
a small part in ultraviolet and a wide part in infrared spectrums. Therefore, the solar
cells used for electricity production are chosen to be proper with this sunlight
spectrum. In other words, band gap of the solar cell must be appropriate with the



sunlight for electricity production. If the band gap is small, the efficiency is decreases
and the extra light energy is converted to heat energy; therefore, extensive heating may
occur in solar cells. On the other hand, if the bang gap is higher than the sufficient
level, again efficiency decreases because the energy of the sunlight becomes not
enough to activate electrons for electricity production. As a result, a good band gap
selection is one of the factors affecting operation of solar cells. Generally, silicon is
one of the preferred semiconductors for the operation since it has 1.1eV of band gap

which is appropriate to the sunlight energy.

About solar thermal cells, there are some beneficial reviews to utilize [44-52]. In [44],
a good and short summary is given about solar cell types which are stationary and
tracking solar heaters. Also, performance enhancement techniques of solar collectors
are explained within three main stages which are geometrical arrangements, solar

selective coatings and nanofluids.

Categorization of the solar cells may vary according to the references or criteria.
Referring a study [53], solar energy utilizers can be categorized into four, as 1-
Photovoltaic cells, 2-Solar thermal collectors (STC), 3-Concentrated solar energy
(CSE), and 4-Hybrid collectors. Under this categorization, PV cells directly convert
solar energy to electrical energy. Solar thermal collectors conventionally produce
thermal energy. Concentrated solar energy devices firstly concentrate solar energy,
then produce thermal or electrical energy. The systems established in this third
category include concentrated photovoltaic cells, power generation via concentrated
solar thermal cells, thermoelectric generators, thermionic devices and
thermophotovoltaic devices. Through these devices, electrical or thermal energy is
produced and the only distinctive feature is being concentrated. As the fourth category,
the hybrid systems show up. Photovoltaic thermal and concentrated photovoltaic
thermal systems are the known ones. Hybrid systems produce both thermal and

electrical energy.



In Figure 1.6 below, a review of PV system is shown:
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Figure 1.6 A typical PV system [54]

As seen in Figure 1.6, in a photovoltaic system, there exist generally photovoltaic
panels, batteries, charging controllers, inverters, DC-DC power converter system, load
controllers, circuit breakers and a tracking system which is sometimes used to increase
exergy of the system [55]. Photovoltaic panel is the place where electricity is produced
by semiconductor materials. VVoltage of the produced electricity is reduced or increased
to the desired level in DC-DC converter block. Also, in a grid-connected system there
is DC-AC power converter. The power converter converts DC electricity produced by
the PV system to AC voltage value of the relative grid network. If there is a sun tracker
in the PV system, the tracker follows the sun in order to increase the perpendicular

area of PV panels; and thereby more electrical energy is produced from the same panel.
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Figure 1.7 PV cell types based on used material [56]

According to SBC Energy Institute, PV cell materials can be categorized as shown in
Figure 1.7. Material can be non-organic or organic in a basic scale. In organic
materials, dye-sensitized solar cells (DSSC) shows up as the most important element.
As inorganic materials, the most important material is silicon. There are
monocrystalline and multi-crystalline (polycrystalline) silicon as conventional types;
also, amorphous silicon and multi-junction silicon solar cells as thin film technologies.
Other than silicon, cadmium telluride (CdTe), Copper-Indium-Diselenide (CIS),
Copper-Indium-Gallium-Diselenide (CIGS) and gallium arsenide (GaAs) solar cells

show up. In addition, there are various more types of materials which are being studied.

As it is understood, there are many types of solar cells. From the practical point of
view, production in types of semiconductor material is also important to understand
installed types of PV cells better. Figure 1.8 is helpful below to understand solar cell

production over years according to the types of solar cells.
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Figure 1.8 Production of PV cell types over years [57]

An important issue here, is the used material for producing solar cells. The most
preferred material is silicon based materials. There are some criteria about choosing
material. On one hand efficiency is important, and on the other hand ecological and
biological effects of the material and economic conditions are important. Considering
all these criteria, silicon seems to be the most useful material for industrial area and it
has been the most commonly used one. Looking at the materials which have good
properties regarding some of the criteria, Arsenic (As) and Cadmium (Cd) have high
efficiencies, but they are highly toxic, and therefore dangerous when it comes to usage
of broad areas on the earth. Compounds of these two materials should not be used in
broad areas. Gallium arsenide (GaAs) solar cells have high efficiency comparing
others, on the other hand it is expensive than some others for usage of broad
applications and it is toxic as well. Another common candidate is Cadmium telluride
(CdTe), but it has Cd inside and Te is not an easily found element on the earth [58].
Therefore, the best and easiest choice for the material in solar cells is silicon. It is
cheap, its efficiency is sufficient, and it can be found easily almost everywhere.
Because of these reasons, in this thesis study, only silicon based solar cell types are

explained in the following chapters.
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1.1.1 Silicon Solar Cells

Silicon solar cells are most widely used types among all the solar cells. The main
reason for vast usage of silicon is cheapness. Cheapness is the result of being found

everywhere and being easy to be manufactured.

There are some silicon solar cell types. Monocrystalline, polycrystalline, amorphous,
and other thin film silicon cells are among them. These types are explained in the next
sections. As it is seen in Figure 1.8, number of silicon cells and other types are not
even comparable to each other. Almost all vast production systems prefer silicon-type

solar cells.

There are some other advantages of silicon solar cells. Durability, no harm to
environment, and heat resistance. Silicon cells are stable and can be used for many
years. They have long life span. Especially crystalline silicon solar cells are one of the
best in longevity; as an example, some crystalline silicon modules deployed in 1970s
are still in operation [59]. As the second, they are not harmful or toxic to environment.
Lastly, their heat resistance is relatively good comparing some other solar cell types.
As the temperature increase, all types of solar cells are affected in a negative way.
While some other solar cell types are affected badly, silicon solar cells stay more in

acceptable values [60].

1111 Monocrystalline Silicon Solar Cells

Monocrystalline silicon cells are commonly used for many years. The reason is that its
efficiency is sufficient, it is found everywhere and its manufacture method is cheap.
Therefore, many companies and producers prefer monocrystalline silicon solar cells.
For production of monocrystalline silicon cells, Czochralski method is used as it is the
best and the cheapest method [61, 62].

Monocrystalline solar cells have about 35 mA of current and voltage of 0.55 V per cm?
area under best irradiation values of sunlight, namely about 1000 W/m?. On the other

hand, these values are for small solar cells; whole modules have always lower values
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when they are gathered together. The efficiency is reported about 20-24% for general
usage of monocrystalline silicon photovoltaic systems in real life [60,63-65].

On the other hand, monocrystalline silicon cells are more expensive than

polycrystalline and amorphous silicon solar cells [66].

1.1.1.2  Polycrystalline Silicon Solar Cells

Production of polycrystalline silicon solar cells is even simpler than monocrystalline
ones. Therefore, cheapness is one reason for preferring polycrystalline silicon solar
cells and it is the main advantage over monocrystalline silicon solar cells. On the other
hand, the efficiency of polycrystalline silicon cells is less than monocrystalline and it
is about 15% in practice [67, 68]. This low efficiency has been an inhibitor for

polycrystalline silicon technologies [69].

Production of polycrystalline cells is done by firstly melting silicon and solidifying it
to compose crystals in various directions. By this way, a rectangular ingot with multi-
crystals is produced. Then, the ingot is cut into slices and wafers are obtained [70, 71].
Evergreen Solar has developed this manufacture technology [67, 72] and it is
commonly used by semiconductor producer companies. Also, there are some other
metallurgical and chemical technologies for production of polycrystalline silicon [73,
74].

Figure 1.9 Monocrystalline (left) and polycrystalline (right) solar cells [75].
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Figure 1.9 is a symbolic scheme to give information about crystal structures of mono-
and poly-crystalline silicon solar cells. As seen from the figure, monocrystalline solar
cells have only one direction crystal structures, whereas polycrystalline silicon solar

cells have many different crystal structures in many different directions in nanoscale.

1.1.1.3  Amorphous Silicon Solar Cells

Amorphous silicon (a-Si) technology is one of the second-generation silicon solar cell
technology. It is among earliest developed thin film technologies [76]. Diverging from
crystalline silicon solar cells, another way of atomic packing was found and applied.
In this technology, silicon atoms are randomly located, and therefore no crystalline
structure is obtained [77]. This random structure of silicon atoms results a higher band
gap of 1.7 eV, whereas crystalline silicon structure has a band gap of about 1.1 eV.
Under favor of this high band gap, amorphous silicon solar cells absorb the light
spectrum with higher energy better than crystalline silicon solar cells. However,
although this advantageous property, amorphous silicon solar modules have less
efficiency than crystalline silicon solar cell modules because it cannot utilize lower
energy spectrum of the sunlight. Also, because of being thin film cells, amorphous
silicon cells have less operating longevity comparing to crystalline silicon cells. On
the other hand, the main advantage of amorphous silicon cells is cheaper production
opportunity comparing with other two crystalline silicon solar cells. While efficiency
of monocrystalline solar cells is about 25% maximum, polycrystalline cell efficiency
is 20%. On the other hand, efficiency of amorphous silicon solar cell is about 10%
[78].

1.1.2 Other Solar Cell Types

The crystalline (poly and mono) silicon solar cells are the first-generation solar

modules. The second and third generation solar cell types are given as following:
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Second-Generation [79];

e Amorphous

e Thin film
e Culn(S)Se>
e CdTe

Third-Generation [79];
e Organic Dye Sensitized Photovoltaic Module
e Plastic Photovoltaic Module (molecular and polymeric)
e High Efficiency Poly-Junction Batteries
e Hot Electron Converters

e Quantum Dot Photovoltaic Cells

Also, there are more solar cell types with different production methods. Since those
methods and types are not in the scope of the study, they are not mentioned in detail.
Green et al. prepared an up-to-date list of some solar cell types and their properties.

The list is given in Table 1.2.

Table 1.2 Solar cell types and their recorded properties [78]

Efficiency Area Voe Jge Fill Factor  Test Centre
Classification Description
(%) (cm?) (V) (mA/cm?) (%) (date)
Si (crystalline cell) 26.7+0.5 79.0(da) 0.738 42.65 84.9 AIST (3/17) Kaneka, n-type rear IBC
Si (multicrystalline cell) 21.9+0.4  4.0003(t) 0.6726 40.76 79.7 FhG-ISE (2/17)  FhG-ISE, n-type
Si (thin transfer submodule) 21.2+0.4  239.7 (ap) 0.687c 38.50 80.3 NREL (4/14) Solexel (35 um thick)
Si (thin film minimodule) 10.5+0.3 94.0(ap) 0.492c 29.70 72.1 FhG-ISE (8/07)e CSG Solar (<2 um on glass)
I11-V cells
GaAs (thin film cell) 28.8+0.9 0.9927 (ap) 1.122 29.68 86.5 NREL (5/12) Alta Devices
GaAs (multicrystalline) 18.4+0.5 4.011(t) 0.994 23.020 79.7 NREL (11/95)  RTI, Ge substrate
InP (crystalline cell) 24.2+0.5 1.008 (ap) 0.939 31.15 82.6 NREL (9/12) NREL
Thin film chalcogenide
CIGS (cell) 21.7+0.5 1.044(da) 0.718 40.70 743 AIST (1/17) Solar Frontier
CdTe (cell) 21.0+0.4  1.0623 (ap) 0.8759 30.25 79.4 Newport (8/14) First Solar, on glass
CZTS (cell) 10.0£0.2  1.113(da) 0.7083 21.77 65.1 NREL (3/17)  UNSW
Amorphous/microcrystalline
Si (amorphous cell) 10.2+0.3  1.001(da) 0.896 16.36 69.8 AIST (7/14) AIST
Si (microcrystalline cell) 11.9+0.3  1.044(da) 0.550 28.72 75.0 AIST (2/17) AIST
Perovskite
Perovskite (cell) 19.7+0.6  0.9917 (da) 1.104 24.67 72.3 Newport (3/16) KRICT/UNIST
Perovskite (minimodule) 16.0+0.4  16.29(ap) 1.029c 19.51 76.1 Newport (4/17) Microquanta, 6 serial cells
Dye sensitised
Dye (cell) 11.9+0.4  1.005(da) 0.744 22.47 71.2 AIST (9/12) Sharp
Dye (minimodule) 10.7+0.4  26.55(da) 0.754c 20.19 69.9 AIST (2/15) Sharp, 7 serial cells
Dye (submodule) 88+0.3  398.8(da) 0.697c 18.42 68.7 AIST (9/12) Sharp, 26 serial cells
Organic
Organic (cell) 11.2+0.3  0.992(da) 0.780 19.30 74.2 AIST (10/15)  Toshiba
Organic (minimodule) 9.7+0.3 26.14 (da) 0.806 16.47 73.2 AIST (2/15) Toshiba (8 series cells)
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1.2 Maximum Power Point Tracking

Maximum power point tracking (MPPT) is trying to find the optimum power output
point for a solar system. MPPT has been researched for some years in order to increase

output power of photovoltaic systems [80-85].

Photovoltaic cells convert photon energy to DC electrical energy. Since they use
photo-voltaic effect and convert the energy from photons to electricity, they are called

photovoltaic cells.

Photovoltaic cells, as explained in Chapter 1.1, can be considered as a type of solar
cells. They produce electrical energy from light by utilizing photovoltaic effect.

1.2.1 Maximum Power Point

The power delivered by the solar cell is maximized by operating the cell at the voltage
Vmpp @and current Impp that gives the largest product, visualized by the shaded rectangle
in Figure 1.10. By choosing a material with smaller band gap, the short circuit current
Isc will increase. The open circuit voltage Voc will, to a certain point, increase with

increasing band gap [86].

Quadrant 2 Quadrant 1

Quadrant 3 Quadrant 4

Figure 1.10 Example of an I-V curve [86].
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The maximum power point MPP of a system takes place somewhere between the open
circuit voltage and short circuit current. The output power is the multiplication of
voltage and current of the system and MPP is the point that I-V graph takes maximum
value for power. In other words, MPP is the point that multiplication of voltage and
current of the cell takes its maximum value. That value is also the maximum output
power of the cell. The output current becomes higher, but the output voltage reduces

faster upside of MPP, and vice versa.

— 1000W/m?>
71 — 700W/m?> |,
--- 500W/m?

- - 300W/m?

MAXIMUM POWER POINT (MPP)

0 5 10 15
Vey (V)

Figure 1.11 I-V photovoltaic characteristic for four different irradiation levels [87]

Maximum power points are shown for different solar radiation levels in Figure 1.11.
As the light flux increases, maximum output power also increases in a PV system. It
is expected that the output power for 1000 W/m? illumination is twofold of the power
for 500 W/m? in Figure 1.11.

1.2.2 Fill Factor

Fill factor (FF) is the term used for expressing output efficiency of the system. It
defines the maximum power could be obtained from a solar cell. It is expressed as a
percentage ratio. Fill factor can be defined by the ratio of multiplication of Vmep and

Impp to multiplication of Voc and Isc [88]. Vmpp and Impp are the voltage and current
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values at the maximum power point. Voc is open circuit voltage and Isc is short circuit

current of the system.

In Figure 1.12, fill factor is visually shown. It is the ratio of Pmax-rectangular area over
Pr-rectangular area. Generally, FF becomes over 60% for an acceptable PV system.

The FF values under 60% are generally considered to be insufficient.

> V
Ve Voc

Figure 1.12 Fill factor calculated by Pyax/P+[89]

There are some factors which have influence on FF. Such as, series resistance of the
solar cell (Rs), parallel or shunt resistance of the solar cell (Rsh), recombination
current in the space charge region of the cell, and reverse saturation current [90]. When
FF is too low in a system, generally these factors are checked and changed so that the

system has a higher value of fill factor.

1.3 Sun Tracking Systems

Sun tracking systems are used for maximizing efficiency of PV systems [91]. The main
aim of these systems is to catch the coming sun light at near to 90° with the PV cell
plane. Efficiency is inversely proportional to obliquity factor which is cosine of the

angle between the coming sun light and the solar panel plane [92].

The first tracker was built by Finster in 1962 and it was a mechanical system [93].
After him, Saavedra have developed a system which was controlled electronically and
utilized Eppley pyrheliometer [94]. Starting from these dates, sun tracking systems
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have been widely researched because the energy gain provided by sun tracking might
reach important percentages. Energy gain vary from 20% to 80% according to type of
tracking system and some other factors like geographical location, seasons, and
shading effects [95-101]. On the other hand, generally the systems which provide more
energy increase are more expensive [102, 103]. Therefore, economically thinking,
sometimes even fixed solar panels might be more cost effective [104].

When solar panels convert the sunlight energy to electrical energy, one of the main
factors affecting the efficiency of energy is “angle of incidence”. The efficiency
increases when angle of incidence closes to zero degree. The best angle is 0° for the

maximum efficiency.

During a day, the angle of coming sunlight to the earth changes. Moreover, during the
seasons, a second change of incident angle shows up due to the axial tilt of the earth.
Over a year, totally two times 23.5° which is the axial tilt value of the earth, 47° of
incident angle change occurs in south-north direction. This axial tilt angle, more
accurately, is expressed as 6=23.441° [80, 105]. Therefore, without a tracking system,
0° of incident angle to the sunlight is only possible between the geographical latitudes
of 23.5° north and 23.5° south during a year and it occurs only twice a year. The places
which have higher latitude values cannot reach zero angle to the sunlight. Therefore,
sun tracking systems are very helpful in order to catch zero incident angle to the
sunlight. Moreover, through tracking the sun, having zero degrees of angle is possible

for many hours in a day.

The main aim of sun trackers is to catch minimum (0°) angle between the coming
sunlight and the normal of solar panel plane. In this concept, there are two types of sun
tracking systems: Single axis trackers and double axis tracking systems. Double axis
tracking systems provide more freedom while single axis tracking systems can only
rotate on a single direction. On the other hand, double axis tracker systems are
generally more expensive. Therefore, economic factors are always effective on
deciding whether single axis tracker is better or double axis tracker is better when a
photovoltaic system is installed.
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Cumulative Solar Energy Collection Vs Panel Tracking
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Figure 1.13 Effect of sun tracking systems on efficiency [106]

Figure 1.13 demonstrates effects of the sun tracking systems which are full tracking,
45° of tracking and 30° of tracking. The system without a tracker has less output energy

as seen from the figure.

Another aspect of sun tracking is insolation area. Changing the sunlight incident angle
affects directly the insolation area. An important reason of the change on efficiency is
this factor. Figure 1.14 virtually explains the insolation area changes depending on
incident angle of solar panels. As seen on the figure, assuming the system which has
zero degree of incident angle to the sunlight produces 1000 W, when the incident angle
becomes 45°, the produced energy by the same system drops to about 700 W from the
direct sunlight. If the incident angle is increased to 70°, the produced energy drops to
342 W, and no output is taken if the angle becomes 90°. However, this calculation
includes another assumption that all the produced energy is from direct irradiation of

the sunlight.
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Figure 1.14 Direct insolation area vs angle of incidence [80]

On the other hand, solar radiation reaching to solar panels is not only direct radiation.
Diffuse radiation and ground-reflected radiation are the other two types of radiations.
Therefore, even when the incident angle is 90°, the output of solar panels is not reduced
to zero in real life. Moreover, shading conditions are also an important issue and there
have been a number of studies done about shading conditions [107-116].

Direct Diffuse radiation

radiation

Reflected
radiation
Ground B Pitched solar generator

4 7 4 7 7 J 4 4 4 4 7 7 7 4 7 7 7 4 7 7 7 4 4 7 4 4 7 4 7 4 7 § ¥

Figure 1.15 Solar irradiation types reaching a PV system [117]

As shown in Figure 1.15, other than direct radiation, reflected radiation from the
ground and diffused radiation on the atmosphere are the other light sources for
photovoltaic systems. Therefore, even for 90° of incident angles, the output power

does not reduce to zero. This fact is demonstrated as a graph in Figure 1.16.
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Figure 1.16 Effect of the sunlight incidence on output power of a solar panel [118]

The main elements of a solar tracking system are a tracking device and a tracking
algorithm; control system, sensing devices, positioning and driving mechanisms [119,
120].

As an example of how much beneficial a sun tracker system can be, in a study,
measurements done at a place on 30° north latitude showed that even one axis tracking
systems can gain more energy from 15% up to 35% compared to the fixed PV system

with the same characteristics [91].

In practice, available sun tracking systems can be categorized into two, as passive and

active tracking systems.

1.3.1 Passive Tracking Systems

Passive tracking systems are generally mechanical systems which are based on thermal
expansion of a matter. Sometimes shape memory alloys are also used, as shown in
Figure 1.17.
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Figure 1.17 A passive solar tracker using two identical cylindrical tubes filled with a fluid under
partial pressure [121]

Clifford and Eastwood [121] used the passive tracking system shown in Figure 1.17.
They have increased the efficiency of their PV system up to 23%. Their passive solar
tracker design includes two bimetallic strips made of aluminum and steel. These strips
are positioned on a wooden frame and are partially shaded so that they do not take sun
light when the angle is not proper. Since one side of the system takes more sunlight
when the panel plane is not perpendicular, the PV system plane slowly comes to the

balance angle through the expansion of bimetallic strip.

Another study with a passive tracking system was done earlier. Poulek has installed a
PV system with a single axis passive sun tracking system which has included a shape
memory alloy actuator. However, the passive tracking system was not very stable and
easily deformed under 70°C [122].

Passive sun tracking systems are generally less complex than active tracking systems.
In the past, their performance was comparable to active tracking systems [123, 124].
However, efficiency of passive systems is not comparable to active systems today due
to fast development of active trackers, and they do not work properly at low
temperatures [125]. Therefore, they are not preferred today and there are few research

projects done on this subject.
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1.3.2 Active Tracking Systems

Active tracking systems follow the sunlight actively. As mentioned in the previous
sections, they have the following elements inside: tracking device and tracking
algorithm, control system, sensing devices, positioning and driving mechanisms [119,
120].

There are two types of tracking algorithms: Astronomical based algorithms and real
time controlled algorithms. Astronomical based algorithms use known astronomical
measurements and angles. They decide angles of PV system according to pre-saved
data related to the positions of the sun and the position of photovoltaic system. The
pre-saved data includes the position formula of the sun with respect to date and time;
or sometimes includes directly angles of the sun with respect to date and time. Also,

the angle of the ground which the PV system is installed on must be considered.

As for real time controlled algorithms, they find the best sunlight angle real time
through electrical comparing devices. These circuits compare the sun light according
to the coming light power for at least two different incident angles. After finding the

best angle, the PV system faces towards the sun.

As conventional active sun tracking system algorithms, hill-climbing (HC) [126],
incremental conductance (IncCond) [127,128], perturbation and observation (P&O)
[129], fuzzy-logic (FL) [130], artificial neural network (ANN) [131,132], voltage
based [133] and current based [134,135] algorithms are studied. However, these
conventional tracker algorithms are not efficient enough under shading conditions.
There are some other algorithms developed for shading conditions, like particle swarm
optimization (PSO) algorithm [136-141], cuckoo search (CS) method [142-145], and

Fibonacci line search scheme [146-149].

The studies done have shown that tracking systems, especially active ones improve the
efficiency and output energy of the photovoltaic system from 20% even up to 80%
[150-153].

There are three main ways of tracking the sun actively. Electro-optical (real time)
tracking, timing based tracking and auxiliary bifacial solar cell based tracking systems.
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Therefore, active tracking systems are detailed and explained within three different
titles; electro-optical (real time) tracking systems, timing based tracking systems and
auxiliary bifacial solar cell based systems. Also, combinations of these systems are

used in practical applications.
1.3.2.1  Electro-Optical (Real Time) Tracking Systems

In this type of tracking systems, illumination of sensors utilized and the solar panels
are oriented to the sunlight direction. There become at least two sensors for tracking
and according to illumination of sensors, the panel rotates towards the needed direction
for maximizing output power. When both (or all) sensors take the same amount of
sunlight, the system is at balance and no movement is seen. Also, to obtain more
precise sunlight alignment, some other engineering methods are added to the sensors,

such as collimator and shading element as shown in Figure 1.18.
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Figure 1.18 Sunlight pointing methods for getting more precise results [154]

Shading device (a) and collimator (c) increase accuracy of the sunlight direction. Also,
giving angular positions (b) to sensors provides more certain tracking. However,
collimator and shading device have better results because diffused light is prevented

in those cases, while diffuse radiation occurs in case (b) of the figure.

There have been many research studies on real time-based active tracking systems. To

understand different methods, some examples are included chronologically:
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Zogbi et al. developed a double axis sun tracking system using some electronic
circuits. Since it was a two-axis system, four sensors were used. The sensors were
placed on four quadrants which were set up by two intersecting rectangular planes.
The system included comparator circuits for the sunlight, a power amplifier and two
motors to move and drive the solar panel. They determined a threshold value and if
any exceed is seen from a sensor, related motor is activated and the system moves
accordingly. Also, they added the feature that the system automatically turns into east
after the sunset to catch the sunlight in next morning. This prototype was successful

and was working even under variable light intensity [155].

Another study was done based on shadow method by Rumala. Sensors were placed on
a ground under two back-to-back fixated semi cylinder pairs. One semi-cylinder pair
was for east and west check, the other was for north and south check of coming light.
In this system, the tracker remained on sunset position during the night and when the
first sunlight is seen by east sensor, the system moved and faced the coming sunlight
[156].

A few years later, a low cost two-axis sun tracking system was developed by Lynch et
al. There were two sensors in the system and one of them was a four-cell pyramid
which was placed on the tracker plane. The other sensor was for sunlight detection. A
powerful gearbox motor was used for orienting the panel towards the sunlight. The
system was able to work up to 0.1° sensitivity. This was considered to be minimizing

wonder on partially overcast weathers by the researchers [157].

A single-axis sun tracker based on a microcontroller was designed by Konar et al. to
utilize in photovoltaic systems. The design was concluded as successful on saving an
important amount of power and as independent from geographical locations and
temporal changes [158]. Koyuncu and Balasubramanian developed a two-axis tracker
with a microprocessor. They added two limit angles to the solar panel for east and west
sides. The results of the study proved that the maximum output power from the system

is obtained if the solar panel is normal to the coming sunlight [159].

There was a thesis study done by Hamilton on two-axis solar tracker system based on

a microcontroller. The microcontroller worked digitally on amplifying, comparing the
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sensor values, and deciding which side to turn. There were two step motors for two
axes and a four-sided pyramid sensor. C language was used in the microprocessor. The
system was tested under real sunlight and under laboratory conditions with 16 different
positions of a light source. The results demonstrated that the maximum output power
was obtained all the time with the sun tracking system, while it was obtained only for
noon times without tracking [160].

On a water heating solar system, a closed loop sun tracking system with electro optical
sensors and a microcontroller was constructed. In addition, some other parameters of
the system were controlled like wind velocity, temperature of the environment and
pressure. The system was confirmed through long term tests in different circumstances

by the owners of the study, Zeroual et al. [161].

A single-axis sun tracking system was developed by Kalogirou. The tracker consisted
of a control system with three different-responsibility light sensors, a relay, a timer,
and a complex circuit. The first sensor checked direct sunlight to the plane, the second
sensor was a cloud sensor and the last one was used as a diffused daylight sensor. Any
of these three sensors could stimulate the motor for starting the motion towards the
sun in east-west direction. The tracking system was very accurate on following the
sunlight that it was 0.2° for 100 Wm2 illumination and it was even 0.05° for 600 Wm"
2[162].

Khalifa and Al-Mutawalli studied the performance of a two-axis sun tracking system
used in a compound parabolic concentrator. The system could follow and update its
angle for every 3-4 minutes in east-west direction and for every 4-5 minutes in south-
north direction. The tracker spent only 0.5 Wh of energy. A number of tests were made
for understanding and determining the performance gain of the tracker. During tests,
the fixed collector had an angle of 33° which was the best angle for that location.
Considering effect of seasons, it was concluded that the tracking system might increase
output energy of the system up to 75% [163].

In the study done by Abouzeid, using XILINX software, another program was loaded
to an electronically erasable programmable read-only memory (EEPROM). The power

for orienting the sun was controlled by a programmable logic array (PLA) chip. The
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chip gave a fixed power to a reluctance four-phase stepper motor for turning 7.5° or
15°. Therefore, this system worked for 7.5° and its multiples. When the sunlight leaves
enough from being normal to solar plane, two position sensing cells send error to the
chip and the stepper motor was started to move accordingly. Also, the motor was self-

breaking via a group of switches inside the power amplifier [164].

Abdallah and Nijmeh developed a two-axis sun tracking system. In their system, they
defined two angles for two motions; the first one was the azimuth angle and the second
one was the zenith angle. Two motors were used for motion, one was on north-south
direction and the other one was for rotation about vertical axis to the ground. A PLC
was used for control of the tracking system. The tracker used only about 3% of the
saved energy by itself. The tracker provided daily 41% of more energy than a fixed
and same featured one with 32° of angle to the normal of ground [165]. Daily energy
gain of the sun tracking system from morning hours to the evening can be understood,
as an example, from Figure 1.19 which demonstrates sunlight energy taken by solar
panels with the two-axis tracking system (line) and without it (dashed line). Energy
gain takes high values especially during the morning and afternoon hours. Only at

noon times the gain becomes relatively small.
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Figure 1.19 Experimental total solar radiation vs. time (07/05/2001) [165]

As it is seen on Figure 1.19, the difference between tracker and fixed systems is not

high during midday hours. On the other hand, the difference takes higher values as the
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sun takes away positions from the top, namely morning and evening hours. Another
study determines these differences as following; fixed systems took 99.98% of the
maximum energy when the angle is 1° to sunlight; while it drops to 98.5% for 10° of
angle [125]. As it gets higher angle differences from the sunlight, dropping values
exceed 40%.

In some other studies, robotic arms with PIC microcontroller built in PIC Basic PRO
were used and gained 30% of efficiency [166]; a programmable logic device (Xilinx
XC95108) written in Assembly and C++ was used regarding its cost effectivity [167];
a light sensor, a microcontroller and an A/D converter were utilized and resulted with
27% of energy gain comparing the fixed one [168]; in a single axis sun tracker, a PIC
microcontroller was used and commented that using sun trackers for small solar panels
may cause high energy losses [169] whereas another study done by Aiuchi et al. offers
to use sun trackers in smaller systems [170]; a two-axis sun tracker with nine light
dependent resistors (LDRs) to decide rotation and three LDRs for inclination
arrangement was built with the feature of being cheap on sensing [171]; in a dish type
solar concentrator, a two axes sun tracking system with an electronic circuit which
took sensor signals from a group of photo resistors and utilizes relays to rotate the dish
was used [172]. Also, a 1 kW closed loop sun tracking system was designed in loffe
Institute PV Laboratories with continuous rotation of motors which were activated
every 5-8 seconds for motion and rotation. A main sensor and an additional sensor was
used to detect light [173].

Abdallah designed and developed four different sun tracking systems: A two-axis
tracker, a vertical single axis tracker, an east-west single axis tracker and a north-south
single axis tracker. He used a fixed solar system to investigate efficiency gains of the
four tracker systems. The tracker systems spent less than 2% of produced energy.
Comparing the fixed system, the trackers have obtained more energy up to about 44%,
38%, 35% and 16% for the two axes tracker, east-west tracker, vertical tracker, and

north-south tracker, respectively [174].

A photovoltaic and thermally working low concentrator solar system was built by
Rosell et al. The system had two-axis sun tracker working with two DC linear actuator

and reed sensors. Concentrating ratio was about 11, namely 11 times of solar
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irradiation was obtained on panels. The sun tracker worked with a PLC control system.
Comparing an optimally tilted and fixed concentrator, the system obtained 50% of

energy gain [175].

Huang and Sun designed and constructed a single axis sun tracking system with three
fixed angles for morning, noon, and afternoon. Even for this three-stage sun following
system, nearly 25% of yearly energy gain was provided comparing to that of fixed one
[176].

1.3.2.2  Timing Based Tracking Systems

The second common type of solar tracking systems is timing based solar trackers.
These trackers calculate the sun’s position and orients towards it. For the calculation
of position, some formulations or algorithms, date, time, and geographical information

are used.

As an example of the studies done, in the times of 70s, Edwards set up a computer
based sun tracker for parabolic collectors. Using the controller computers, 10.000 solar
collectors followed the sun during day hours. The data speed was only 500 bits per

second at that time and it was sufficient [177].

Davies designed an original tracking system using equatorial and ecliptic axes. In the
system, the sun was considered as a fixed point. Therefore, the opposite angular
velocity of the earth was accepted as the angular velocity of the tracker. For free
motion of the tracker, a ball joint was used to pivot the panel. Also, the tracking error
was only +£2°. Since the tracker have a constant angular velocity, it did not need any

complicated electronic circuit and a basic constant speed motor was employed [178].

In another study done on a solar concentrator system, Al-Jumaily and Al-Kaysi used a
linear Fresnel lens to concentrate the sunlight. By using a two-axis sun follower, they
managed to keep the solar incident light perpendicular to the collector all the time and

got a constant efficiency of 64% out of more than 200 experiments [179].
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Nuwayhid et al. built a two-axis tracking system in a solar concentrator. The true
angles for tracking the sun were determined by using solar altitude and azimuth angles.
These angles are in sinusoidal form and vary as a function of time. A PC were used to
compute the position of the sun. Motors in the system were connected to the PC. As a
result, sun tracker increased the temperature of the working fluid to the range of 200-
600 °C, whereas the fixed system managed to increase only in the range of 80-200 °C.
On the other hand, due to simpler design and lower cost of fixed systems, they seem
still attractive [180].

Blanco et al. developed a new algorithm named PSA algorithm. They compared
beforehand, four different algorithms and found Michalsky algorithm to be the most
efficient. Their newly developed PSA algorithm had better results in their experiments.
It had lower standard deviation of 14, 22 and 28% in azimuth, zenith angle and
direction vector of the sun, respectively when it was compared with Michalsky
algorithm. Also, range of errors were lower by 8, 24 and 35% for azimuth, zenith

distance and direction vector of the sun, respectively [181].

As a timing based algorithm, Alata et al. completed a simulation study. In the study,
angular locations of the sun were formulated and three different types of sun tracker
designs were completed. The systems are similar to three different types of robotic

arms. They are shown in Figure 1.20.
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Figure 1.20 Three tracking systems simulated by Alate et al. 1. Left Top: One-axis sun tracking
system, 2. Right Top: Two-axis equatorial sun tracking system; 3. Bottom: Two-axis
azimuth/elevation sun tracking system [182].

The performance of the three trackers were compared and discussed. Through a virtual
reality (VR) mode, 3D simulation of the whole system was achieved. In their formulas,
azimuth, altitude, and declination were determined by using only the day number in a

year and the hour in a day. Figure 1.21 shows the angles used by this sun tracker system
[182].

Polar Axis

Equator

Figure 1.21 Schematic representation of solar angles used in the study [182]
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Not for a PV system, but to measure global and direct spectral solar irradiation in the
earth (in the related location) within 330-1100 nm of wavelength range, a sun tracking
system was designed and developed by Canada et al. The system was specially
designed for the needs of the team. The movement of the tracker was provided by a
motor and a gear speed reducer with two axes of motion; one is in the azimuth plane
and the second is in the principal solar plane. There were two sensors on a fixed
aluminum plane in the system. The needed program codes were written in C++ for the
relative movement to the sun, to control the motor, for the rest position in nights, and
for working processes of the sensors. Also, utilizing Bouguer-Lambert-Beer law, the
system could measure the atmospheric thickness and aerosol optical depth within the

relative wavelength range [183].

Aliman et al. constructed a sun tracking system for higher efficiency. There were
several mirrors in the system, one was master mirror and others were slave mirrors and
they were used to concentrate the sun light. The tracker had two movement axes, a
rotational axis towards the target and an elevation axis parallel to the master reflector.
The mirror plane turns horizontally and vertically to follow the sun. The study team
used date and time as inputs and calculated the needed angle as the output and moved
the follower accordingly [184].

A 1 m? single axis solar tracker was constructed by Abdallah et al. for a solar still.
They control the follower with PLC. The day was divided to four intervals by PLC for
the speed of motor in the system. By that way, they managed to spend only 3% of total
collected energy for the tracker. After their measurements, 40% of increase in
efficiency during the morning hours and 22% of increase for the afternoon hours had
achieved [185].

Khlaichom et al. built a two-axis sun tracker with genetic algorithm (GA) method. The
sensor in the system was also a solar cell. It converted the sunlight to voltage
difference. The tracker had relatively small sensitivity of £10° in two axes. Results
showed that genetic algorithm had an advantageous increase of about 7% in efficiency
[186].
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1.3.2.3  Auxiliary Bifacial Solar Cell Based Tracking Systems

Auxiliary bifacial solar cells are generally directly connected to a magnet DC motor
and are fixed also on a rotary axle. In this way, bifacial solar cells both follow the sun

and produce electricity.

In a study done in the past, an auxiliary bifacial solar cell based solar follower was
constructed. The follower updated the angle every 5 minutes and with a sensitivity of
+5°. The system was also a concentrating solar panel. Being bifacial, increased the
efficiency by 15-25% comparing with mono-facial followers. This meant also that
comparing to a fixed system, auxiliary bifacial solar cell based system increases the
produced energy about 50% comparing with the fixed ones [187].

Poulek et al. constructed a simple and reliable solar tracker based on auxiliary bifacial
solar cells. Any electronic circuits, codes, microprocessors, batteries were not needed
for the tracking system. The system could be used in terrestrial areas and in space and
down to -40° of temperature. In the system, the bifacial solar cells were about 1% of
total solar cell area. Bifacial solar cells were connected to a motor and via motor, the
whole system followed the sun with sensitivity of +5°. According to the results, the
system achieved to produce more than 95% of an ideal system with the same
properties. In addition, the system had 360° of freedom while the similar systems had
only 120° [188]. Figure 1.22 shows an example of this system for a satellite:
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Figure 1.22 Scheme of the space tracker on a satellite [188]
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Karimov et al. developed a single axis solar tracker for their PV system. The
inclination angle was manually adjustable and during the day hours, the tracker
followed the sun. There were four parts of solar panels. The panels were divided into
two group and the angle between two parts within the same group was 170°. Through
a bridge which was similar to the Wheatstone bridge, they managed that when the
output voltages of the pairs are different from each other, motor starts to turn towards
the sun. Their results showed that the output energy in the morning and the evening
were not different from each other, unlike the fixed ones. Also, the tracker provided
30% of more efficiency [189].

Poulek and Libra designed an auxiliary bifacial solar tracking system. Solar cells were
used for both tracking and providing energy. Figure 1.23 demonstrates their
constructed solar tracker. When the sensors, namely the auxiliary bifacial solar cells
had the same output, the system was in balance and there was no motion. When any
difference existed, the system started to rotate about a single axis. The sensitivity to
the sunlight was 10% which was a medium level of accuracy. Bifacial solar cell area

was 2% of the total solar panels. The output energy was increased about 40% [190].

Figure 1.23 Polar axis tracker built by Poulek & Libra [190].
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1.3.24  Combinations of Three Types of Tracking Systems

Since new engineering approaches have been continuously developed, combinations
of different engineering approaches are always to be regarded. In the field of solar
tracking system, there are various combinations and various new approaches of the

three different systems which are mentioned in the previous sections.

In the study done by Hession and Bonwick in early years of solar trackers, a
combination of real time (electro optical) and timing based single axis solar tracking
system was established. In sunny days, the system used six sensors for wide angle
determining and two more sensors for precise angle sensing to follow the sun. On the
other hand, during cloudy days, the system worked by using a timing based algorithm

and a clock type drive mechanism [191].

Saxena and Dutta completed a full design and construction of a two-axis sun tracker.
The tracker followed the sun in azimuth and altitude planes. There were two modes in
the system, open loop and closed loop mode. In open loop mode, the system was an
electro-optical type follower of the sun, whereas in closed loop mode, it began its
“cloudy” time based mode [192].

In another study, a comparison of a mathematical method and a real-time measurement
method was done by Durisch et al. Temperature, normal incidence, voltage and current
of the system and wind speed were all measured via the sensors in the system. As a

result, only 0.02% of difference was detected between two different methods [193].

A microcontroller and a timing based single axis tracking system was designed by
Ajay and Nagaraju. The tracking system was used in a concentrating collector. The
system had a +1° of sensitivity in sunny conditions. On the other hand, when the
sunlight intensity was low, the system turned to timing based type and resolution
dropped a little [194].

As a good example, combination of two different systems was achieved by Luque
Heredia et al. for a photovoltaic concentrator. The tracker had a hybrid system of an

ephemeris computational system and a sensor based real time system. Ephemeris
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computation used geographical coordinates and time as inputs. The tracker system
achieved to catch and follow the sun [195].

Georgiev et al. developed a two-axis sun tracking system with 0.05° of sensitivity to
the position of the sun. The system had three different modes which are the clock mode
which used date and time for tracking, the sun mode which follows the sun actively
via real time sensors, and the remote mode. The irradiance of the sun was measured
via three automatic pyrheliometers and a manual pyrheliometer during working hours
[196].

Roth et al. developed a two axes sun tracking system. In the system, Eppley
pyrheliometers and a Kipp and Zonen pyrheliometer to measure and follow the sun. A
16F877 series microprocessor and a PC were also used for calculations and
management of the system. There were two different modes. In the clock mode, the
system computed the position of the sun by using date and time. During a day, data
were gathered and analyzed. The results were used in the next day to have better
following properties. As the second mode, the sun mode was used. In this mode, the
system followed the sun actively via real time sensors. Also, when solar irradiation
dropped below 140 W/m?, the system turned to passive mode and no output was given.
The results of the study showed that this equipment had a comparable efficiency to the
Swiss sun tracker, and it was 75 times cheaper than the Swiss tracker [197,198].

Bakos designed and developed a two axes sun tracker for a parabolic trough collector
(PTC). The tracker had a hybrid system of conventional photoresistors. It had two
following axes on east-west and north-south directions. As a result, the system had
about 47% of more efficiency in comparison to the fixed one which was optimally
tilted with 40° [199].

Another example of hybrid following system was designed by Rubio et al. They used
also two modes, one was solar movement model which was a timing based algorithm
and the second mode was the classical electro-optical system. Results showed that this

system had 55% of more output electrical power than a fixed one [200].
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As it is seen from the studies done, a good engineering approach for the hybrid systems
of the three types of the tracking systems is to have a sunny mode and a cloudy mode.
In sunny mode, active tracking via electro-optical equipment or auxiliary bifacial
based equipment are preferable. In cloudy mode, commonly preferred type is to use
date, time and geographical location as inputs; in other words, timing based algorithms
are better for cloudy days regarding performance. As for cost, it varies depending on
needs, complexity of the system, the equipment used and preferred engineering

approach.

1.4  Storage of Surplus Electricity

Storage of electricity is a commonly researched and a hard problem to solve since the
technology is limited for storing high amount of energies for a long time. There are
different ways to store electrical energy. These can be categorized into seven: 1-
gravitational potential energy in a pumped hydraulic scheme, 2- compressing gas, 3-
batteries (used in most PV cells), 4- in feed stock of a fuel cell, 5- flywheel, 6- inductor

and 7- capacitor [201]. Energy storage techniques are explained in detail by [202-207].

37



CHAPTER 2

EXPERIMENTAL PROCEDURE

In the experimental process, a prototype of double-surface PV system with sun tracker
and reflectors was established. The main aim of the experiment was to design and

develop this double faced PV system with two reflectors.

In the system, positions of reflectors, proper dimensions of solar panels and reflectors,
number of reflectors, the sun tracking system and working principles of it, angular
motion and degree of freedom of the tracker, distance between the reflectors and
panels, the reflector control system with pulleys, manually configurable tilt angle of
the system were designed. After the design, the whole system was built and
constructed. During the construction, the practical difficulties were handled and dealt;
such as power of the motors, voltage level of the system, power of the batteries, and

diameters of pulleys and wheels.

In this chapter, firstly the equipment used in thesis study is explained. Some working
principles of the components of the PV system are described and explained in Chapter
2.1. As the equipment is described, properties and usage targets of the components are
also mentioned so that the aims of the tools can be understood better. In Chapter 2.2,

some information is given about measurements of the system.

2.1 Equipment Used in the Experiment

In the experiment, two reflectors, two solar panels, two solar tracker circuits, two
pulley systems, a gear motor with 5 rpm of circular motion, a gear motor with 150 rpm
of rotational movement, and a lux meter were used. This equipment is explained in

detail in the following sub-sections.
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Figure 2.1 The completed photovoltaic system

The system is demonstrated in Figure 2.1. The front solar panel in the system takes the
light directly, whereas the back solar panel takes it through two reflectors.

A pulley system links the reflectors to a motor which controls the reflectors. The motor
is connected to a comparator circuit which compares light fluxes of front and back
panel and decides to which direction the reflectors rotate. If the front and back panels
are at balance, no rotation is done by the motor. Another motor is used for sun tracking
system; it is seen on right bottom of the figure. There is a second pulley system which
is not seen in the figure. It is placed and attached under the platform of the solar panels.
The second motor rotates the whole system to track the sun. Another comparator
circuit is connected to the second motor and controls the motion of it. To understand

the details of the system, components are explained separately.
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2.1.1 Reflectors

Two reflectors were used in the experiment. The aim of the reflectors was to reflect
the coming light to the back-side solar panel. On the other hand, the incoming light

directly reached to the front-side solar panel.

Dimensions of both reflectors are 9.5x13.5 cm. The main reason for choosing these
dimensions was to have the reflectors similar sized to the solar panels. Solar panels

have 11x13.6 cm dimensions.

Reflection ratios of the reflectors used in the system are about 80% as average. The
reflection ratio was measured through the lux meter. To measure reflection ratio, firstly
the light flux of the light source was measured from a distance. Then, using the
reflectors, the reflected light flux was measured for the same distance. By this way the
ratio was obtained. One important issue in this measurement is to have the same total
distances from the light source to the flux meter for the two cases, namely with and
without reflectors.

The exact measurement results of the reflection rate for the reflectors are given in
Table 2.1 below:

Table 2.1 Reflection ratio of the reflectors

Distance | Flux with Reflector | Flux with No Reflector | Reflection Ratio
(cm) (Ix) (Ix) (%)
50 241 310 77
100 94 116 81

According to the measurements, the average value for reflection rates of the reflectors
used in the experiment is 79%. A specific light source was used for the reflection rate

measurements.
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2.1.2 Solar Panels

In the experiment, two amorphous and identical solar panels were used. One was the
front panel and the other one was the back panel. Since the experiment was a prototype,

small-sized solar panels were sufficient for the measurements.

The efficiency of amorphous silicon is the smallest one among silicon-based solar
cells. On the other hand, it is generally acceptable values and the experiment did not
need very high efficiencies. Since amorphous silicon is cheaper and it has a sufficient

amount of efficiency, it was preferred for the experiment.

Figure 2.2 demonstrates the solar panels. Each solar panel has six-line and four-
columns of solar cells and totally 24 solar cells.

Figure 2.2 Back and front sides of the solar panels

The properties of solar panels are given below [208]:
Company: LEORY

Max Power: 2 W

Output Voltage: 6 V-DC

Max Supply Current: 0.33 A

Dimensions: 110x136x3mm
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2.1.3 Pulley Systems

The pulley system shown in Figure 2.3 was used for following the sunlight in the

experiment. The system consists of a pulley, a wheel, and a belt.

Figure 2.3 The pulley system for solar tracking

Radius of the pulley is 10 cm, and radius of the wheel is 1.5 cm. Therefore, an
important power gain was obtained through this pulley system. The ratio of force gain
iIs10/ 1.5 =6.67. So, the torque of the motor was multiplied with almost 7. Since the
PV system and its ground woods were about 3kg in total, this power gain became
beneficial. Through this power gained-pulley system, the 5rpm motor easily turned the

system and followed the sun during daytimes.

One advantage of this pulley system is slow and balanced rotation. The motor
connected to this pulley system is 5 rpm; and ratio of the radii of the big pulley and
wheel is about 7. Therefore, rotation velocity of the PV system as following the sun
becomes even less than 1 rpm. This small value of the rotation provides a balanced,

well-controlled sun track.

The second pulley system was used for controlling the reflectors. Three wheels, two
shafts and a rubber were used in the pulley system. Two identical and small wheels
were connected to the reflectors through the shafts. A bigger wheel was connected to
the 150-rpm motor. Radii of the small wheels are 1.3 cm and radius of the bigger wheel

is 3.9 cm. Therefore, a power loss occurs in this pulley system. Torque of the motor is
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divided by 3 because of this pulley system. Nevertheless, the motor was powerful
enough to rotate the reflectors with the help of 12 V-battery.

Figure 2.4 The pulley system for controlling the reflectors

The pulley system had to rotate two reflectors in opposite directions. Therefore, a
straight connection (right in Figure 2.4) was done from the bigger wheel to one of the

reflectors, while a cross connection (left in Figure 2.4) was used for the other one.

A disadvantage of this reflector-controlling pulley system is fast rotation. The bigger
wheel which is connected to the motor has 3 times greater radius; therefore, the angular
velocity of the reflectors became high. Even, the system was able to catch a sufficient

angle for the reflectors.
2.1.4 Geared Motor for Solar Tracking

The rotational speed of the geared motor is 5 rpm. Its strength is 30 kg-cm torque. A
low speed-motor is enough due to slow
rotational motion of the sun. Also, the motor
moved about 3kg-system. Therefore, the

specified motor was preferred.
Specifications of the motor is given below*:

Working Voltage: 12 V DC
Torque: 30 kg-cm (at 12 V)
Angular Velocity: 5 Rpm (at 12 V)
Current: 60 mA (at 12 V) Figure 2.5 Geared motor used for sun tracking

*These specifications were obtained from the seller.
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2.1.5 Geared Motor for the Motion of the Reflectors

There were two motors used in the experiment set up. The first one was explained in
the previous section. The second motor was connected to the controller circuit of the
reflectors. The aim of that circuit was to have equal amounts of energy production

from both surfaces.

Figure 2.6 The motor and wheel used for angular control of the reflectors [209]

The motor connected to that circuit was used for rotational motion of the reflectors via
the pulley system mentioned in Section 2.1.3. It provided angular position of the
reflectors so that the both faces of the photovoltaic system take equal amounts of

sunlight. Characteristics of the motor is given below [209]:

Working Voltage: 6-12 V DC
Torque: 1 kg-cm (at 12 V)

Angular Velocity: 150 Rpm (at 12 V)
Current: 300 mA (at 12 V)

Since the strength of the motor does not have to be high, 1 kg-cm torque was sufficient
for the experiment. On the other hand, the pulley system connected to this motor has

some power loss due to the diameter rates of wheels.
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2.1.6 12V-Battery

12-Volt battery was used as the power source of the sun tracker and reflector controller
system. The controller circuits of both systems and the motors were suitable for 12V
power supply. Figure 2.7 shows the used battery for the experiment. The main
constraints as choosing battery were being 12V, enough power and cheapness. Thus,

the battery shown in the figure was chosen.

F

Figure 2.7 12V battery used as a power supply in the experiment

Technical properties of the battery were obtained from the seller and are given below:

Voltage: 12V
Energy: 1.3Ah/20hr
Company: OR-TEC

Specifications: Valve regulated rechargeable battery
2.1.7 Single Axis Solar Tracker Circuits

Two basic solar tracker circuits were used in the experiment. The first tracker was for
comparing the light fluxes on the two solar panels. The first solar panel was faced
towards the sun; and the other one was placed back to back with the first panel. By this
way, a simple dual surface solar panel system was built. Therefore, the first solar
tracker compared the light fluxes coming to two solar panels and turned the reflectors
in order to provide equal amount of light fluxes to the solar panels. Also, to be more

accurate, “reflector controller” is used in the following sections.
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The second solar tracker was used for following the sun during a day. Sun tracking
was achieved through this second tracker and the pulley system under the ground of
the solar panels. Starting from the morning, the system followed the sun via the second
tracker with one dimensional freedom. The freedom was a rotational motion on a
vertical axis to the earth. The rotational axis can be explained through cylindrical
and/or spherical coordinates. The azimuthal angle, 6 is the angle changing during the
day in this system. Referring cylindrical coordinates, the z-axis is vertical to the earth,
and the solar tracker turns the system around that z-axis; therefore, becomes 6 in
cylindrical coordinates. Also, referring spherical coordinates, the same angle is
explained through the same concept but with a different name, ¢. Therefore, the angle
becomes ¢ (o) in spherical coordinates. In addition, the notations of the angles in
spherical and cylindrical coordinate systems change depending on the references [210,
211].

Figure 2.8 Rotational angle, 6 of the sun tracking system in cylindrical (8) and spherical (¢)
coordinate systems [212, 213]

The two main reasons for choosing that type of solar trackers are simplicity and

cheapness.

The solar trackers were simple circuits working with 2 LDRs, an OPAMP, and 4
transistors mainly. The figure below shows the schematic diagram of each solar

tracker.
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Figure 2.9 Schematic diagram of the solar tracker [214, 215]

All the electronic circuits worked with a 12 volt-battery in the experiment. Technically,

the used circuit components of solar trackers are listed below:

e Light Dependent Resistors (LDRs): A Light Dependent Resistor is a
photoresistor which changes its resistance depending on the light coming on its
front face. Since the resistance of an LDR change depending on light, they are

used as photo sensors. In this study, they are used for comparing light fluxes.

In the solar tracker system, LDRs were placed with 90° between them and 45° to the

normal of the ground of the solar panel system as shown in Figure 2.10.

Figure 2.10 LDRs positioned for accurate following of the sun
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In reflector control system, the LDRs were positioned back-to-back as shown in Figure
2.11. By this way, the upcoming light densities to the upper and lower solar panels
were checked through these LDRs. The upper LDR took light directly from the light

source or the sun; while the bottom LDR faced the light coming through the reflectors.

Figure 2.11 LDRs for control of the reflectors

e OPAMP: LM324 was used for amplifying the LDR voltage variations. LDR’s
resistance change directly affects voltage of it. Therefore, when resistance
changes, voltage also change. LM324 is a quadruple OPAMP. It has 4 OPAMPs
inside. In the solar tracker, two of them were used [216].

e Transistors: Four transistors were used. BD139 (n-p-n), BD140 (p-n-p), BD239
(n-p-n) and BD240 (p-n-p) are the power transistors. BD139 is the complementary
of BD140 and BD239 is the complementary of BD240 [217].

e Motor: One motor was used for each solar tracker circuit. The motor used in the
solar tracking system is 5 rpm and 12 V geared motor. Its torque is 30 kg-cm. The
other motor was used in the reflector control system. It is 150 rpm and 12 V. Its
torque is 1 kg-cm. The motors connected to the solar trackers were explained in
the previous sections in detail.

e Diode: Four 1N4001 model diodes were used in a solar tracker circuit. These
diodes were connected to the transistors in order to regulate output voltage and

power.
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e Variable Resistors: A 10 kQ and a 100 kQ variable resistors were used for
regulations of sensitivity and working region of the solar trackers.

e Resistors and a capacitor: Resistors (47 kQ and 15 kQ) were for input lines of
the OPAMPs in LM324. The capacitor (100 nF) was used as a bypass capacitor.

Figure 2.12 The solar tracker used for controlling angular positions of the reflectors

Figure 2.12 and Figure 2.13 demonstrates the reflector controller circuit and solar
tracker control circuit, respectively.

Figure 2.13 The solar tracker used for following the sun during daytimes
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2.1.8 Lux Meter
The used lux meter model is LX-1010B. Its specifications are given below [218]:

e Range: 0-50000 Ix

e Accuracy: (23+5°C): £(5%+2d)

e Display: 18mm (0.7") LCD

e Sampling time: 0.4 seconds

e Operating Temperature: 0° to 40°C
e Operating Humidity: 0 to 80% RH

Since the specifications of this lux meter were sufficient of this study, this lux meter

was used for the measurements of light flux in the study.

F

Figure 2.14 The lux meter used in the experiment

Also, spectrum of the lux meter is important for true measurements. Since the solar
panel of the study works mostly under visible light, the lux meter must be sensitive in
the relative range. Therefore, an according lux meter must be used. The lux meter used
in the study has relatively good spectrum for the experiment. It is sensitive for the
visible region which is in the interval of 380-750 nm. The visible spectrum is given in

Table 2.2. Also, the spectral sensitivity is given in Figure 2.15.
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Figure 2.15 Spectral sensitivity of the lux meter [219].

As seen from the figure above and the table below, spectrum of the lux meter is proper
to the visible light spectrum. Since the solar panels used have the same spectrum for
working conditions, the lux meter is suitable for the experiment.

Table 2.2 Visible light spectrum [220]

Color Wavelength (nm)
Violet 380-450

Blue 450-495
Green 495-570
Yellow 570-590
Orange 590-620

Red 620-750

W/m? and lux (Ix) are the units which are used for radiometric and photometric
measurements, respectively.

51



2.1.9 Light Source

The light source was used for laboratory simulation measurements. The source is 3600
Im, cool daylight and a partially isotropic
source. It is isotropic for front side which was

used in the study. Its diameter is 10 cm.

The stick which holds the light source was
made such that its height is changeable. The
height of the light source from its bottom could
take the values from 90 cm to 130 cm. There
are 11 different values with about 4 cm increase

between each height.

Efficiency of the solar panels might be found
approximately in the unit of W/m2 The
dimensions of the solar panels are 13 x 11 mm.
Thus, the area of a panel becomes about 0.015

m2.

In August in which the measurements
done, the average of daily maximum solar
radiation might be taken as about 800 W/m?
[221].

There is a goniometer attached to the light
source. This goniometer was used for
measuring angle of the light source with

respect to the ground.

Figure 2.16 The light source used in the experiment
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2.2 Measurements Done in the Experiment

All the measurements were done with two multimeters, separately used for front and
back solar panels. Voltage values were measured and current values were found by
dividing voltage values to resistor values. Also, power values were calculated through
multiplying voltage and current values.

Two types of measurements were done in this study: Laboratory simulation

measurements and real time measurements.

Laboratory measurements were done to simulate real time conditions. A partially
isotropic light source was used for these measurements. Imitating the virtual angular
motion of the sun in daytimes, different angles were given to the light source in
laboratories. Also, MPP measurements were done for 50 cm, 70 cm and 100 cm
distances of the light source away from the front solar panel. Sun tracking system and
fixed system cases were studied with different angles. An exemplary picture is given

in Figure 2.17, taken during the laboratory measurements.

Figure 2.17 Measurements done on the solar panel system in laboratory
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Real time measurements were done in the yard of Ankara Y1ildirim Beyazit University.
During daytimes, hourly measurements were done starting from 06 am till 7 pm. In
real time measurements, 30° tracking system, 45° tracking system, 30° fixed system
and 30° fixed system cases were studied. There are some reasons for choosing these
cases. Firstly, 30° is a suitable angle for Ankara placed on 40° latitude. Since the
measurements were done in August, the best angles are around 20°-35°. Thus, 30° was
chosen. On the other hand, 45° was chosen to see effect of tilt angle of the system on
output power of solar cells. Also, tracking systems and fixed systems were studied to
show effects of sun tracking on solar panels. Figure 2.18 was taken during real time

measurements in Yildirim Beyazit University.

In addition, MPP measurements were done through trying different number of resistors
between 0.5 Q to 31 kQ. The resistor values were chosen watchfully to obtain

distinctive current-voltage and power-voltage graphs.

Figure 2.18 Real time measurements
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CHAPTER 3

EXPERIMENTAL RESULTS

During the evaluation of results, in addition to power ratio, efficiencies, MPPs, and fill
factors of front and back panels are evaluated. In addition, tracking and fixed system
differences and effects of them to measurement results, tilt (zenith) angle differences
and effects of them to the result are evaluated.

One important criterion of this experimental set up is the “power ratio” between the
back panel and the front panel. The power ratio is obtained by dividing back panel
output power to front panel output power. The main aim of the system is to have high
power ratio. In other words, if the back panel provides output power values near to the

ones of the front panel, the system is considered to be successful.

3.1 Laboratory Measurements

Laboratory measurements were done in Yildirim Beyazit University 15 Temmuz
Sehitleri Campus laboratories. In laboratory measurements, a partially isotropic 3600-

lumen light source was used.
The main aim of laboratory measurements is to simulate real time conditions.

In this chapter, all the results given in tables, then their graphs are given and relative

comments are done. All the graphs in this chapter were sketched in MATLAB.

3.1.1 Laboratory MPP Measurement Values in Tables

In Table 3.1, 3.2, 3.3, 3.4, 3.5 and 3.6, the results of MPP measurements done in
laboratories are given. For each resistor connected to the system, related voltage,

current and power values are given. MPP measurements were done separately for front
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and back panels for the distances of 50 cm, 70 cm and 100 cm from the front solar
panel.

Table 3.1 Lab MPP measurement values of back-side panel for 50 cm distance

Connected Voltage Current Power
Resistor (Q) (Volts) (mA) (mW)
o (Open Circuit) 5.10 0 0

31000 5.06 0.16 0.83
22000 5.00 0.23 1.14
9000 4.85 0.54 2.61
4200 4.30 1.02 4.40
3600 4.00 1.11 4.44
2700 3.24 1.20 3.88
1000 1.25 1.25 1.56

390 0.50 1.28 0.64

300 0.40 1.33 0.53

220 0.29 1.31 0.38

200 0.26 1.30 0.34

100 0.14 1.40 0.20

56 0.072 1.28 0.093

47 0.060 1.28 0.077

27 0.035 1.30 0.045

15 0.020 1.33 0.027

2.3 0.003 1.30 0.004

1 0.001 1.00 0.001

0.5 0.001 2.00 0.002

0 (Short Circuit) 0 1.50 0
Light Flux: 1110 Ix
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Table 3.2 Lab MPP measurement values of front-side panel for 50 cm distance

Connected Voltage Current Power
Resistor (Q) (Volts) (mA) (mW)
o (Open Circuit) 5.62 0 0

31000 5.50 0.18 0.98
22000 5.47 0.25 1.36
9000 5.40 0.60 3.24
4200 5.20 1.24 6.44
3600 5.12 1.42 7.28
2700 4.95 1.83 9.08
1900 4.38 2.31 10.10
1400 3.76 2.69 10.10
1000 2.76 2.76 7.62

390 1.1 2.82 3.10

300 0.83 2.77 2.30

220 0.61 2.77 1.69

200 0.55 2.75 1.51

100 0.28 2.80 0.78

56 0.16 2.85 0.46

47 0.13 2.76 0.36

27 0.075 2.77 0.21

15 0.042 2.80 0.12

2.3 0.006 2.60 0.016

1 0.002 2.00 0.004

0.5 0.001 2.00 0.002

0 (Short Circuit) 0 2.80 0

Light Flux: 2360 Ix
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Table 3.3 Lab MPP measurement values of back-side panel for 70 cm distance

Connected Voltage Current Power
Resistor (Q) (Volts) (mA) (mW)
o (Open Circuit) 4.9 0 0
31000 4.8 0.16 0.74
22000 4.74 0.22 1.02
13200 4.55 0.35 1.57
9000 4.45 0.50 2.20
4200 3.25 0.77 2.52
3600 2.78 0.77 2.15
2700 2.12 0.79 1.67
1000 0.82 0.82 0.67
390 0.33 0.85 0.28
300 0.26 0.87 0.23
220 0.19 0.86 0.16
200 0.17 0.85 0.15
100 0.09 0.90 0.08
56 0.045 0.80 0.04
47 0.040 0.85 0.03
27 0.023 0.85 0.02
15 0.013 0.87 0.011
2.3 0.002 0.87 0.001
1 0.001 1.00 0.001
0.5 0 0 0
0 (Short Circuit) 0 1 0

Light Flux: 790 Ix

58




Table 3.4 Lab MPP measurement values of front-side panel for 70 cm distance

Connected Voltage Current Power
Resistor (Q) (Volts) (mA) (mW)
o (Open Circuit) 5.2 0 0

31000 5.16 0.17 0.86
22000 5.13 0.23 1.20
9000 4.98 0.55 2.76
4200 4,53 1.08 4.89
3600 4.29 1.19 5.11
2700 3.6 1.33 4.80
1000 1.50 1.50 2.25

390 0.59 1.51 0.89

300 0.45 1.50 0.68

220 0.33 1.50 0.50

200 0.30 1.50 0.45

100 0.16 1.60 0.26

56 0.085 1.52 0.13

47 0.072 1.53 0.11

27 0.041 1.52 0.06

15 0.023 1.53 0.04

2.3 0.003 1.30 0.004

1 0.001 1.00 0.001

0.5 0.001 2.00 0.002

0 (Short Circuit) 0 1.7 0

Light Flux: 1265 Ix
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Table 3.5 Lab MPP measurement values of back-side panel for 1 m distance

Connected Voltage Current Power
Resistor (Q) (Volts) (mA) (mW)
o (Open Circuit) 4.4 0 0
31000 4.35 0.14 0.61
22000 4.29 0.20 0.84
9000 3.68 0.41 1.51
4200 2.15 0.51 1.10
3600 1.83 0.51 0.93
2700 1.39 0.51 0.72
1000 0.53 0.53 0.28
390 0.21 0.54 0.11
300 0.17 0.57 0.10
220 0.12 0.55 0.07
200 0.11 0.55 0.06
100 0.058 0.58 0.03
56 0.030 0.54 0.02
47 0.026 0.55 0.01
27 0.015 0.56 0.008
15 0.008 0.53 0.004
2.3 0.001 0.43 0
1 0 0 0
0.5 0 0 0
0 (Short Circuit) 0 0.5 0

Light Flux: 460 Ix
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Table 3.6 Lab MPP measurement values of front-side panel for 1 m distance

Connected Voltage Current Power
Resistor (Q) (Volts) (mA) (mW)
o (Open Circuit) 4.80 0 0
31000 4.71 0.15 0.72
22000 4.63 0.21 0.97
9000 4.23 0.47 1.99
7100 4.07 0.57 2.33
6400 3.89 0.61 2.37
5400 3.48 0.65 2.26
4200 3.00 0.71 2.14
3600 2.59 0.72 1.86
2700 1.98 0.73 1.45
1000 0.75 0.75 0.56
390 0.29 0.74 0.22
300 0.23 0.77 0.18
220 0.17 0.77 0.13
200 0.15 0.75 0.11
100 0.081 0.81 0.07
56 0.043 0.77 0.04
47 0.036 0.77 0.03
27 0.021 0.78 0.02
15 0.011 0.73 0.01
2.3 0.002 0.87 0.002
1 0.001 1 0.001
0.5 0 0 0
0 (Short Circuit) 0 1 0

Light Flux: 630 Ix
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3.1.2 Laboratory MPP Measurement Results

In Figures 3.1, 3.2, 3.3 and 3.4, circle-marked lines are for 50 cm distance; square-

marked lines refer 70 cm distance measurements and diamond-marked lines are used
for 100 cm distance measurements.
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Figure 3.1 1-V graphs of front panel for 50, 70 and 100 cm distances
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Figure 3.2 P-V graphs of front panel for 50, 70 and 100 cm distances
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In Figures 3.1 and 3.2, MPP measurement graphs of the front solar panel are given. |-

V graph is given in Figure 3.1 and P-V graph is given in Figure 3.2.

In I-V graph of the front solar panel, MPP for 50 cm distance is at Vipr = 4.4 V and
Impp = 2.3 MA. Isc =2.80 mA and Voc =5.6 V. So, the fill factor of the system is about
65% for 50 cm distance. In the same way, for 70 cm distance, Vimep = 4.29 V, lvpp =
1.19 mA, Isc =2 mA and Voc = 5.2 V. The fill factor is 58%. For 100 cm distance of
the light source, Vimer = 3.89 V, Impp = 0.61 MA, Isc =1 mA and Voc = 4.8 V. The fill
factor is about 50% for 100 cm distance. Thus, having the fill factor higher than 50%

is sufficient for the solar system.

MPP is at 1.9 kQ for 50 cm distance with about 10 mW of power; at 3.6 kQ for 70 cm
distance with about 5 mW and at 6.4 kQ for 100 cm distance with 2.4 mW of output
power. As it is seen from this information, the output power is inversely proportional
with square of distance. The reason is that light flux is inversely proportional with the
square of distance and the output power is proportional with the light flux. Also, it can

be understood that as the incoming power increases, the related resistor value for MPP

decreases.
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Figure 3.3 I-V graphs of back panel for 50, 70 and 100 cm distances
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In Figures 3.3 and 3.4, MPP measurement graphs of the back panel are given. I-V

graph is given in Figure 3.3 and P-V graph is given in Figure 3.4.

In 1-V graph of the back panel, MPP for 50 cm distance is at Vimer = 4 V and Iupp =
1.11 mA. Isc = 1.50 mA and Voc = 5.10 V. So, the fill factor of the system is 58% for
50 cm distance. In the same way, for 70 cm distance, Vver = 3.25 V, Ivpp = 0.77 MA,
Isc =1 mA and Voc = 4.9 V. The fill factor is 51%. For 100 cm distance of the light
source, Ve = 3.68 V, Impp = 0.41 MA, Isc = 0.5 mA and Voc = 4.4 V. The fill factor
is 69% for 100 cm distance. Thus, in general the fill factors are higher than 50%. On
the other hand, they are near to 50%; therefore, some fill factor increasing studies may

be needed to have higher efficiencies for back solar panel.

MPP is at 3.6 kQ for 50 cm distance with 4.44 mW of power; it is at 4.2 kQ for 70 cm
distance with 2.52 mW and at 9 kQ for 100 cm distance with 1.51 mW of output power.
On the back panel, light fluxes are 1110, 790, and 460 for 50, 70 and 100 cm distances,

respectively.

Another note is that while the output powers are decreasing inversely proportional to
squares of the distances for front panel case [222]; they are not inversely proportional
with squares of distances for back panel cases. For example, in front panel case, output
power of 100 cm distance case is one quarter of the output of 50 cm case which is the
inverse ratio of square of the distance. On the other hand, in back panel case, this ratio
becomes about one third. The reason of this condition is that; since there are reflectors
in the system, the road which the light passes through is more than the distance. There
is an extra 40 cm distance for the light to go to the back panel because the light goes
firstly to the reflectors, then it goes to the back panel. For instance, in 50 cm distance-
case, the real distance for the back panel is not 50 cm but it is 50+40 = 90 cm. Similar
to this case, the distance is 110 cm for 70 cm-case and it is 140 cm for 1 m-case. Having
the new distance values, namely 90, 110 and 140 cm respectively, it is seen that the
output power becomes inversely proportional with squares of these new distance

values.
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Figure 3.4 P-V graphs of back panel for 50, 70 and 100 cm distances

In Figures 3.5 to 3.10, circle-marked lines refer to front panel measurements and
square-marked lines refer to back panel measurements.
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Figure 3.5 I-V graphs of front and back panels for 50 cm distance

65



Figures 3.5 and 3.6 are 1-V and P-V graphs, respectively, of front and back panels for

50 cm-distance measurements. While the maximum power of front panel is about 10

mW, it is about 4.4 mW for the back panel. Thus, the power ratio of back panel to front

panel is about 45%.
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Figure 3.6 P-V graphs of front and back panels for 50 cm distance
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The ratio between back panel and front panel was found as 45% from Figure 3.6. On
the other hand, looking at the Figures 3.8 and 3.10, it is seen that the ratio increases.
In 70 cm distance-case shown by Figure 3.8, maximum power values are about 2.5
and 5 mW. The ratio increases to 50%. In 100 cm distance-case, maximum power
values are 2.3 and 1.5 mW. The ratio increases to 64% in the experiment. The
underlying reason is that; since the light coming to the back panel travels firstly to the
reflectors and then to the back panel, light flux is reduced more and this condition
affected more by nearer distances. So, the most affected case is 50 cm-distance case

and the least affected is 100 cm-case. On the other hand, in real time measurements,
the sunlight is used. Thus, this kind of a loss is not seen.

Also, for better understanding, I-V graphs for 70 and 100 cm-distances are also given
in Figure 3.7 and Figure 3.9 respectively.
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Figure 3.8 P-V graphs of front and back panels for 70 cm distance

Looking at Figure 3.9, back panel has smaller values than front panel because of the
main reason that distances of back panel are always higher than front panel in
laboratory because of the reflector system. So, light flux and light density decreases
for the back panel. Also, relatively small reflectance rate of the mirrors and little

amount of diffused radiation reaching to back panel are the other effective factors.
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16 Lab MPP 100 cm Distance Front and Back Panel |-V
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Figure 3.9 1-V graphs of front and back panels for 100 cm distance
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Figure 3.10 P-V graphs of front and back panels for 100 cm distance
As seen in Figure 3.10, because of the same reasons explained for Figure 3.9, power
of the front panel is higher than power of the back panel. On the other hand, the main

target of the system is to have high power ratios. For 100 cm measurements, the power

ratio is nearly 65%. Higher power ratios are expected in real time measurements

68



because the effect of different distances for front and back panels does not occur in

real time measurements.
3.1.3 Laboratory Simulation Measurement Values in Tables

During laboratory measurements, all zenith angles were provided to the system
manually. These measurements were done for 3.6 kQ resistors because this is the MPP

resistor value or near-to-MPP value for the cases in laboratory.

The “Source Angle” values in the tables in Chapter 3.1.3 do not refer the angle between
the solar system and the light source; instead, they refer the angle of the light source
holder to the ground. In other words, “Source Angle” is the angle seen on the

goniometer of the light source, as mentioned in Chapter 2.1.9.

Tables 3.7, 3.8, 3.9, 3.10, 3.11 and 3.12 demonstrates simulation measurements of real
time done in laboratory. Angles of the light source were used to imitate positions of

the sun during day hours.

Table 3.7 Lab measurement results of back-side panel: Tracking system with 30° of tilt angle

Source Angle | Light Flux | Voltage | Current Power
(Degree) (Lx) (Volts) (mA) (mW)
0 114 0.39 0.11 0.04
15 163 0.74 0.21 0.15
30 375 0.90 0.25 0.23
45 592 0.99 0.28 0.27
60 594 1.04 0.29 0.30
75 730 2.14 0.59 1.27
90 712 2.17 0.60 1.31
105 698 2.12 0.59 1.25
120 651 1.43 0.40 0.57
135 626 0.86 0.24 0.21
150 425 0.71 0.20 0.14
165 142 0.55 0.15 0.08
180 83 0.31 0.09 0.03
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Table 3.8 Lab measurement results of front-side panel: Tracking system with 30° of tilt angle

Source Angle | Light Flux | Voltage | Current Power
(Degree) (Lx) (Volts) (mA) (mW)
0 337 1.02 0.28 0.29
15 703 1.94 0.54 1.05
30 954 2.39 0.66 1.59
45 1180 2.65 0.74 1.95
60 1185 2.67 0.74 1.98
75 1320 2.89 0.80 2.32
90 1289 2.85 0.79 2.26
105 1141 2.65 0.74 1.95
120 1055 2.49 0.69 1.72
135 958 2.21 0.61 1.36
150 755 1.94 0.54 1.05
165 564 1.56 0.43 0.68
180 333 0.95 0.26 0.25

Table 3.9 Lab measurement results of back-side panel: Tracking system with 45° of tilt angle

Source Angle | Light Flux | Voltage Current Power
(Degree) (Lx) (Volts) (mA) (mW)
0 98 0.41 0.11 0.05
15 139 0.66 0.18 0.12
30 571 0.79 0.22 0.17
45 598 1.40 0.39 0.54
60 718 2.13 0.59 1.26
75 784 231 0.64 1.48
90 639 1.92 0.53 1.02
105 682 2.02 0.56 1.13
120 632 1.85 0.51 0.95
135 592 1.31 0.36 0.48
150 416 0.84 0.23 0.20
165 342 0.71 0.20 0.14
180 99 0.42 0.12 0.05
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Table 3.10 Lab measurement results of front-side panel: Tracking system with 45° of tilt angle

Source Angle | Light Flux | Voltage | Current Power
(Degree) (Lx) (Volts) (mA) (mW)
0 426 1.21 0.34 0.41
15 638 1.82 0.51 0.92
30 802 2.10 0.58 1.23
45 903 2.37 0.66 1.56
60 1244 2.80 0.78 2.18
75 1302 2.89 0.80 2.32
90 995 2.44 0.68 1.65
105 1178 2.73 0.76 2.07
120 1144 2.71 0.75 2.04
135 1009 2.60 0.72 1.88
150 866 231 0.64 1.48
165 645 1.91 0.53 1.01
180 370 1.24 0.34 0.43

Table 3.11 Lab measurement results of back-side panel: Fixed system with 30° of tilt angle

Source Angle | Light Flux | Voltage | Current Power
(Degree) (Lx) (Volts) (mA) (mW)
0 90 0.33 0.09 0.03
15 104 0.43 0.12 0.05
30 109 0.53 0.15 0.08
45 123 0.57 0.16 0.09
60 142 0.58 0.16 0.09
75 420 0.80 0.22 0.18
90 713 2.56 0.71 1.82
105 398 0.82 0.23 0.19
120 122 0.53 0.15 0.08
135 105 0.48 0.13 0.06
150 96 0.45 0.13 0.06
165 85 0.32 0.09 0.03
180 76 0.28 0.08 0.02
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Table 3.12 Lab measurement results of front-side panel: Fixed system with 30° of tilt angle

Source Angle | Light Flux | Voltage | Current Power
(Degree) (Lx) (Volts) (mA) (mW)
0 94 0.34 0.09 0.03
15 302 1.20 0.33 0.40
30 508 1.48 0.41 0.61
45 742 1.94 0.54 1.05
60 856 2.23 0.62 1.38
75 970 2.44 0.68 1.66
90 1050 2.81 0.78 2.20
105 950 2.38 0.66 1.57
120 836 2.19 0.61 1.33
135 783 2.01 0.56 1.12
150 567 1.68 0.47 0.78
165 370 1.21 0.34 0.41
180 143 0.40 0.11 0.04

3.1.4 Laboratory Simulation Measurement Results

Lab simulation measurements were done at a distance such that when the light source
was at perpendicular position to the ground, the distance of it to solar panels was 75
cm. Also plane of the front solar panel faces the light source perpendicularly when
theta is 90° in 30° tilted case. The reason of changing the angles of the light source
from 0° to 180° is that real life simulations of the sunlight were achieved by this way.

In Figures 3.11 and 3.12, circle-marked lines are used for 30° tilted-tracking case,
square marked lines are for 45° tilted-tracking case and diamond-marked lines show

30° tilted-fixed case values.
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Lab Front Panel Tracking 30,45 and Fixed 30 Degrees: P-8 Graph
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Figure 3.11 P-0 graphs of front panel for 30° tilted-tracking, 45° tracking and 30° fixed systems

Figures 3.11 and 3.12 demonstrate the effects of tracking via 30°-tilted and 30°-fixed
cases. Also, the figures show the effects of changing the tilt angle of the system.
Looking at Figure 3.11, the smallest values belong to the fixed 30° case. Tracking case
is better than fixed case even if fixed case is 30° and tracking case is 45° as seen from
the figure.

There is one drawback of 45° tracking system: When the angle is 90°, its power
decreases. The reason for this case is that the light cannot reach to the front panel at
90° for 45°-tracking case. For 90°, fixed-30° becomes better than tracking-45° since it
has lower incident angle but in all other cases tracking system is better than fixed case.

Incident angle is the angle of coming light with the normal of the front panel.

In addition, 45°-tracking system has better results than 30°-tracking system case for

smaller angles; whereas it has smaller values for higher angles.

In Figure 3.12, the values of all the cases are very small for small angles of the light

source. The main reason of this case is that:

When the coming light to the panels has high incident angles, at least one of the

reflectors cannot lead the light to the back panel. Also, partial shading on the back
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panel occurs. As a result, output power of the back panel takes very small values for
high incident angles of the coming light.

Lab Back Panel Tracking 30, 45 and Fixed 30 Degrees P-Theta
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Figure 3.12 P-6 graphs of back panel for 30° tilted-tracking, 45° tracking and 30° fixed systems

In Figures 3.13 to 3.17, the circle-marked lines show values of the front panel and

square-marked lines show back panel measurement values.

In addition, as seen in Figure 3.13, 3.14 and 3.15, back panel stays at very small values

for small angles. The reason is the same with the case in Figure 3.12.
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Lab Fixed 30 Degrees Front and Back Panel P-Theta
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Figure 3.13 P-0 graphs of front and back panels for 30° tilted-fixed system

In Figure 3.13, when the coming light is at 90°, the power ratio of back panel to front
panel is 82% for the fixed case. On the other hand, output power of the back panel
drops drastically for other angles in both graphs of Figures 3.13 and 3.14. The power
ratio takes the values about 60-70% in Figure 3.14 at 75°, 90° and 105° of theta.

Lab Tracking 30 Degrees Front and Back Panel P-Theta
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Figure 3.14 P-0 graphs of front and back panels for 30° tilted-tracking system
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2.5

Lab Tracking 45 Degrees Front and Back Panel P-Theta
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Figure 3.15 P-0 graphs of front and back panels for 45° tilted-tracking system

In Figure 3.15, similar results to 30° tilted-tracking system were obtained. The power

ratio takes various values. The main reason is the incident angle of the coming light.

The best power ratio is about 65% and it varies within 50-65% between the angles 60°

and 120°. A considerable amount of output power was not obtained outside of these

angles due to the explained reason about incident angle of coming light.
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Figure 3.16 Power-Light flux graph of front panel for 30° tilted-tracking system
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Figures 3.16 and 3.17 demonstrate output powers versus light fluxes of the front and
back solar panels. The measurements were done from 6 = 0° to 6 = 180° with 15°-

steps. The aim of these graphs is to see working performance of back panel.

Back Panel 30° Tracking Case, Light Flux-Power Graph
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Figure 3.17 Power-Light flux graph of back panel for 30° tilted-tracking system

Normally both graphs should be linear. However, graph of the back panel is not linear.
The reason is angle of incidence again. When the incoming light does not reach to the
system with nearly 0° incident angle, reflectors cannot work properly or partial shading
occurs. In the case of Figure 3.17, partial shading occurs because light flux is high.
That means enough amounts of light reaches to the back panel. However, the back
panel cannot produce sufficient electrical energy because of partial shading effect. In
Figure 3.17, the back panel produces sufficient amount of power for 75°, 90° and 105°
values of theta.

3.2 Real Time Measurements

During real time measurements, it was seen that real time measurement results

coincide with laboratory simulation measurements in general.

Real time measurements were done in 15 Temmuz Sehitleri campus, Yildirim Beyazit

University, Ankara, Turkey in 9" and 10" of August 2017.
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For real time measurements in Chapter 3.2, all the results are given in tables firstly,
then their graphs are given and the related comments are done.

3.2.1 Real Time MPP Measurement Values in Tables

Table 3.13 shows real time MPP measurement results of the back panel. The resistor

values vary between 2.3 Q and 31 k Q.

Table 3.13 Real time MPP measurement values of back-side panel

R (Q) V (Volts) I (MA) P (mW)
o (Open Circuit) 6.67 0 0
31000 6.64 0.2 1
22000 6.62 0.3 2
9000 6.59 0.7 5
4200 6.56 1.6 10
3600 6.53 1.8 12
2700 6.53 24 16
1000 6.51 6.5 42
390 6.47 16.6 107
300 6.45 21.5 138
220 6.42 29.2 187
200 6.40 32.0 205
100 6.31 63.1 398
56 6.12 109.3 669
47 6.00 127.7 766
36 5.46 151.7 828
27 4.01 148.5 596
15 2.25 150.0 338
2.3 0.41 178.0 100
0 (Short Circuit) 0 180 0

There are some differences of resistor values among the tables. To obtain useful graphs

for different cases, it becomes necessary to try extra resistor values for them.
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Table 3.14 shows real time MPP measurement results of the front panel. The resistor
values vary between 1 Q and 31 k Q. In total, 25 resistors were used for front panel

MPP measurements.

Table 3.14 Real time MPP measurement values of front-side panel

R (Q) V (Volts) I (mA) P (mW)
o (Open Circuit) 6.69 0 0
31000 6.66 0.2 1
22000 6.66 0.3 2
9000 6.64 0.7 5
4200 6.63 1.6 10
3600 6.61 1.9 12
2700 6.60 2.5 16
1000 6.58 6.6 43
390 6.56 17 110
300 6.54 22 143
220 6.52 30 193
200 6.50 33 211
100 6.42 64 412
56 6.27 112 702
47 6.19 132 815
36 6.03 168 1010
27 5.85 217 1268
18.2 5.14 282 1452
17.3 4.99 288 1439
15 4.59 306 1404
135 4.35 322 1402
9 3.25 361 1174
7.5 2.74 365 1001
5 1.87 374 700
2.3 0.86 374 322
1 0.38 380 144
0 (Short Circuit) 0 375 0
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3.2.2 Real Time MPP Measurement Results

MPP measurements were done at 12:30 in 09.08.2017, Ankara, Turkey with 30° of
zenith angle given to the system. During real time and laboratory measurements, all

tilt angles of the system were provided to the system manually.

In Figures 3.18 and 3.19 which are MPP measurement graphs, circle-marked lines
show the front solar panel measurement results and square-marked lines show the back

panel results.

Figure 3.18 has I-V graphs of front and back panels, while Figure 3.19 has P-V graphs

of them.
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Figure 3.18 I-V graphs of front and back panels

MPP occurred at 18 Q-resistor with about 1450 mW of power for the front panel and
it is at 36 Q-resistor with about 830 mW of power for the back panel.

In I-V graph of front solar panel, MPP is at Vimpp = 5.14 V and Ivpp = 282 mA. Isc =
375 mA and Voc = 6.69 V. So, fill factor of the front panel is %58. In the same way,
MPP is at Viver = 5.46 V and Impp = 152 mA. Isc = 180 mA and Voc = 6.67 V for the
back panel. Thus, fill factor of the back panel is about %69. The fill factor of back
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solar panel is higher than the front panel. Also, both panels have sufficient levels of
FF values in practice.

Real Time MPP Front and Back Panels P-V
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Figure 3.19 P-V graphs of front and back panels

Looking at Figure 3.19, the efficiency of the front panel can be calculated. The sunlight
radiation is about 800 Wmat noon hours in August, in general [221]. Thus, 800 Wm
2x 0.015 m? = 12 W is the total light power reaching to the front panel. At MPP, the
output power of the front panel is 1450 mW. Therefore, the efficiency of the front
panel is 1.45 / 12 = 12%. Having the information that amorphous silicon solar panels

have low efficiencies, this result is sufficient for the experiment.

At MPPs of two panels, the power ratio between back and front panel becomes 58%.
There are some reasons under this condition. One reason is that the quality of the
reflectors was found in Chapter 2.1.1 as 80% which might be increased. Another
reason is that, the reflectors have equal amount of areas with the panels. Thus, any
small angular change might result partial shading and the output voltage drops.
Another important reason is diffused and reflected sunlight radiations which could not

reach to the back panel enough.
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3.2.3 Real Time Hour-Based Measurement Values in Tables

Tables from 3.15 to 3.22 have the values of real time measurements. These
measurements were done hourly during daytimes. The values are averages of two-day
measurements. The system was measured for four different cases: 30°-tilted (zenith)
fixed system, 30°-tilted tracking system, 45°-tilted fixed system and 45°-tilted tracking
system. The measurements were done as voltages; then the current and power values

were calculated.

For the real time hour based measurements, energy calculations are done through

summation of all the power values.

Real time measurements were done with 27Q-resistors because MPP occurs around

this value.

Table 3.15 Real time measurement values of back-side panel: Fixed system with 30° tilt angle

Hour V (Volts) I (mA) P (mW)
06:00 0.28 0.01 3
07:00 0.47 0.02 8
08:00 0.61 0.02 14
09:00 1.16 0.04 50
10:00 1.47 0.05 80
11:00 3.64 0.13 491
12:00 5.02 0.19 933
13:00 3.96 0.15 581
14:00 5.52 0.20 1129
15:00 3.16 0.12 370
16:00 1.89 0.07 132
17:00 0.67 0.02 17
18:00 0.47 0.02

19:00 0.24 0.01
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Table 3.16 Real time measurement values of front-side panel: Fixed system with 30° tilt angle

Hour V (Volts) I (mA) P (mW)
06:00 1.14 0.04 48
07:00 251 0.09 233
08:00 3.12 0.12 361
09:00 5.29 0.20 1036
10:00 5.39 0.20 1076
11:00 5.55 0.21 1141
12:00 5.82 0.22 1255
13:00 5.75 0.21 1225
14:00 5.81 0.22 1250
15:00 5.77 0.21 1233
16:00 5.22 0.19 1009
17:00 3.26 0.12 394
18:00 1.10 0.04 45
19:00 0.38 0.01 5

Table 3.17 Real time measurement values of back-side panel: Tracking system with 30° tilt angle

Hour V (Volts) I (mA) P (mW)
06:00 0.31 0.01 4
07:00 0.46 0.02 8
08:00 0.97 0.04 35
09:00 1.30 0.05 63
10:00 1.52 0.06 86
11:00 3.95 0.15 578
12:00 5.55 0.21 1141
13:00 4.42 0.16 724
14:00 5.91 0.22 1294
15:00 4.38 0.16 711
16:00 1.21 0.04 54
17:00 1.06 0.04 42
18:00 0.78 0.03 23
19:00 0.34 0.01 4
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Table 3.18 Real time measurement values of front-side panel: Tracking system with 30° tilt angle

Hour V (Volts) I (mA) P (mW)
06:00 2.18 0.08 176
07:00 4.72 0.17 825
08:00 5.49 0.20 1116
09:00 5.81 0.22 1250
10:00 5.71 0.21 1208
11:00 5.59 0.21 1157
12:00 5.84 0.22 1263
13:00 5.87 0.22 1276
14:00 5.90 0.22 1289
15:00 5.84 0.22 1263
16:00 5.85 0.22 1268
17:00 5.56 0.21 1145
18:00 4.01 0.15 596
19:00 1.63 0.06 98

Table 3.19 Real time measurement values of back-side panel: Fixed system with 45° tilt angle

Hour V (Volts) I (mA) P (mW)
06:00 0.35 0.01 5
07:00 0.44 0.02 7
08:00 0.61 0.02 14
09:00 1.11 0.04 46
10:00 1.28 0.05 61
11:00 1.48 0.05 81
12:00 1.54 0.06 88
13:00 1.84 0.07 125
14:00 1.64 0.06 100
15:00 1.22 0.05 55
16:00 0.97 0.04 35
17:00 0.67 0.02 17
18:00 0.47 0.02

19:00 0.27 0.01
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Table 3.20 Real time measurement values of front-side panel: Fixed system with 45° tilt angle

Hour V (Volts) I (mA) P (mW)
06:00 0.71 0.03 19
07:00 1.67 0.06 103
08:00 2.64 0.10 258
09:00 5.14 0.19 979
10:00 5.35 0.20 1060
11:00 5.44 0.20 1096
12:00 5.75 0.21 1225
13:00 5.67 0.21 1191
14:00 5.75 0.21 1225
15:00 5.62 0.21 1170
16:00 4.97 0.18 915
17:00 2.60 0.10 250
18:00 0.90 0.03 30
19:00 0.45 0.02 8

Table 3.21 Real time measurement values of back-side panel: Tracking system with 45° tilt angle

Hour V (Volts) I (mA) P (mW)
06:00 0.34 0.01 4
07:00 0.56 0.02 12
08:00 0.98 0.04 36
09:00 1.34 0.05 67
10:00 4.10 0.15 623
11:00 1.79 0.07 119
12:00 1.87 0.07 130
13:00 1.85 0.07 127
14:00 1.84 0.07 125
15:00 4.98 0.18 919
16:00 5.35 0.20 1060
17:00 1.08 0.04 43
18:00 0.94 0.03 33
19:00 0.42 0.02 7
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Table 3.22 Real time measurement values of front-side panel: Tracking system with 45° tilt angle

Hour V (Volts) I (mA) P (mW)
06:00 1.57 0.06 94
07:00 5.04 0.19 941
08:00 5.77 0.21 1233
09:00 5.86 0.22 1272
10:00 5.71 0.21 1208
11:00 5.68 0.21 1195
12:00 5.67 0.21 1191
13:00 5.73 0.21 1216
14:00 5.85 0.22 1268
15:00 5.91 0.22 1294
16:00 5.93 0.22 1302
17:00 5.83 0.22 1259
18:00 4.95 0.18 908
19:00 2.23 0.08 184

3.2.4 Real Time Hour-Based Measurement Results

Real time measurements were done hourly from 06:00 to 19:00 in 09.08.2017 and
10.08.2017, Ankara, Turkey. In real time measurements, all zenith angles were

provided to the system manually.

On all the figures within Chapter 3.2.4, circle-marked lines show the front solar panel

measurement results and square-marked lines show the back panel results.
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Figure 3.20 Power-Hour graphs of front and back panels for 30°-tilted tracking system

In Figure 3.20, it is seen that the back panel worked well at hours 12:00 and 14:00. At
12 am, the power ratio is 90% and it is 100% at 14:00. Thus, it is seen that the back
panel provides sufficient output power under proper conditions. The same condition is
seen on Figure 3.21. At 12:00 and 14:00, the back panel produces high amounts of
power. The power ratio becomes 75% at 12:00 and 90% at 14:00.
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Figure 3.21 Power-Hour graphs of front and back panels for 30°-tilted fixed system
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An important drawback of the experimental set up is that back solar panel does not
work properly if the angle of incidence of the sunlight is away from 0°. This condition
is obviously seen in the graphs in Figures 3.20, 3.21, 3.24. When the incident angle
low enough, the back panel provides high amount of power and vice versa. Moreover,
due to even a small diversion from 0°, back panel is affected strongly as the power
reduces at 13:00 in Figures 3.20 and 3.21. Also, the back panel has low output powers
for all the hours in Figure 3.25 because it cannot catch any low incident angle. In
Figure 3.24 which has the results of 45°-tilted tracking system, a strange condition
happens. Since the tilt angle of the system is 45°, the back panel cannot have
sufficiently low incident angles at noon times, namely at 11:00, 12:00, 13:00 and
14:00. Thus, it cannot supply enough output power. On the other hand, the back panel
produces considerable amounts of power at the hours which the sunlight radiance is
lower, namely 10:00, 15:00 and 16:00. Also, it loses the right angle at the other hours
and output power of the back panel reduces again.

There is a main reason for the case explained in the previous paragraph. The reason is
“partial shading” as shown in Figure 3.22. As seen in the figure, four lines of solar
cells (16 cells in total) took the sunlight but the bottom two lines (8 cells in total) could
not take it. When the system does not face the sun at low incident angles near to 0°,
the partial shading on back panel occurs and it cannot produce considerable amounts
of power. This kind of partial shading occurs when the sunlight moves away from 0°

vertically (in south-north direction).

Figure 3.22 Partial shading seen on back solar panel
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On the other hand, for fixed system cases, when the sunlight deviates from being
normal to the front panel horizontally (in east-west direction), the reflector system does
not work properly. While one of the reflectors takes a proper angle, the other cannot
take the needed angle since they are controlled together. Figure 3.23 expresses this
reason visually. To sum up, vertical diversions of the sun result partial shading whereas

horizontal diversions result inadequacy on the reflector system.

Back panel

o Back panel

—

\ Reflectur/ \ Reflector
7T 77T

Figure 3.23 Reflector system with proper angle (left) and without proper angle (right)

In Figure 3.24, since proper angles are provided at 15:00 and 16:00, the back panel
output power rises. The power ratio is 71% at 15:00 and 81% at 16:00 in Figure 3.24
for 45°-tilted tracking case, being similar to the cases in Figures 3.20 and 3.21.
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Figure 3.24 Power-Hour graphs of front and back panels for 45°-tilted tracking system
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In Figure 3.25, since the back panel cannot have any angle near to 90°, it cannot give
any considerable amount of output power.

Real Time 45 Degrees Fixed Front and Back Panels Power-Hour
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Figure 3.25 Power-Hour graphs of front and back panels for 45°-tilted fixed system
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Figure 3.26 Power-Hour graphs of tracking vs. fixed systems of front panel for 30°-tilted case

In Figures 3.26 and 3.27, the effect of sun trackers is seen. While the maximum output

power values are similar, the tracking systems have wider areas than the fixed ones on
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both graphs of the figures. Thus, sun tracking systems provide more energy than the
fixed system cases. Having the information that the energy of a power-hour graph is
the area under the power line, in 30°-tilted case, the energy gain is about 35% and it is
about 50% in 45°-tilted case. Therefore, high amounts of energy gains are achieved

through utilizing sun tracking systems.
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Figure 3.27 Power-Hour graphs of tracking vs. fixed systems of front panel for 45°-tilted case

In Figure 3.28, the system is with sun tracking and tilted with two different angles; 30°
and 45° in south direction. There is not much difference between these two angles in
Figure 3.28. However, output power values of 45°-tilted system get smaller values at
noon times. The reason is that the sunlight is near to vertical to the earth; thus, 45° of
tilt angle results some loss on output power at noon hours. Also, 45°-tilted system has
better performance at sunset and sunrise hours because at those hours the sun has very
high incident angle to the normal of the earth and 45°-tilted system has a greater

projection area for the sunlight.
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Front Panel Tracking 30 vs. 45 Degrees
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Figure 3.28 Power-Hour graphs of 30°-tilted vs. 45°-tilted tracking systems of front panel
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Figure 3.29 Power-Hour graphs of 30°-tilted vs. 45°-tilted fixed systems of front panel
In Figure 3.29, 30°-tilted and 45°-tilted fixed system results are given. 30°-tilted
system has generally better results because it has better incident angles towards the

sunlight. Computing the total energy, 30°-tilted case has about 8% of high output
energy.

92



CHAPTER 4

DISCUSSION AND CONCLUSION

Prototype of a novel dual surface PV system with two reflectors and a single axis solar
tracker was designed and constructed in this thesis study. After the system was built,
the performance measurements were done in laboratory and real time. Finally, the
measurement results and performance of the system were evaluated and it was seen
that the dual surface PV system with sun tracker and reflectors may be used as a

wholistic approach to produce electricity.

In the first part of the thesis, positions of reflectors, proper dimensions of solar panels
and reflectors, number of reflectors, the sun tracking system and working principles of
it, angular motion and degree of freedom of the tracker, distance between the reflectors
and panels, the reflector control system, and manually configurable tilt angle of the

system were designed.

After the design, the whole system was constructed. The practical difficulties were
handled during the construction; such as power of the motors, voltage level of the

system, power of the batteries, and diameters of pulleys and wheels.

After the construction was completed, performance measurements were done. The
measurements were done in laboratory as real time simulations and was done directly
as real time measurements. In general, efficiencies and fill factor values are acceptable
for the cases including fixed system cases, tracking system cases, tilted cases with

different angles in laboratory simulations and real time measurements.

Measurement results showed that the dual face PV system works properly under
suitable conditions. In other words, when the incoming light reaches to the system with
lower incident angles, the back panel produces high amounts of power with high power
ratios. In other cases, namely when the incoming light reaches to the panels with higher
values of incident angle, the back panel cannot produce considerable amount of power.

There are two main reasons for this problem:
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The first reason is partial shading. If the incoming light to the system is vertically away
from being normal to the plane of front solar panel, partial shading occurs on back
solar panel. Two solutions may help to improve the system against this partial shading.
One solution is that using two-axis sun tracker in the system would provide zero degree
of incident angle all the times. Another solution for improving the system is to use
bigger reflectors. Bigger reflectors would tolerate more vertical angular motion and

partial shading is retarded.

The second reason of the problem occurs when the incoming light deviates
horizontally from normal of front solar panel. In case of this horizontal deviation, one
of the reflectors cannot take enough light to reflect. Also, since the same pulley system
stirs the reflectors, they cannot rotate independently from each other. This condition
results power loss when the sunlight horizontally deviates. There are two solutions of
this second reason. The first is using two-axis sun tracker like in the first reason. By
this way, the sun is tracked better and the sunlight becomes normal to solar panel
planes all the time. The second solution is to control the reflectors individually.
Individual control of the reflectors would provide the right angle to each reflector

separately for maximum production.

Another improve way for the back panel performance might be placing a mirror on the
platform under the reflectors. This may provide more toleration to the sunlight both in

vertical and horizontal directions.

Also, the measured power ratios between the back panel and the front panel may be
increased through increasing reflector qualities. Although there are two reflectors in
the system, the back panel cannot take high amounts of diffused and reflected solar

radiations. Therefore, increasing reflection rates will help to increase power ratios.

To sum up, the dual surface PV system with two reflectors and a sun tracker works
properly under appropriate conditions. If these suitable conditions are provided in a
way, the system can be used to produce electricity in real life applications. Also, the

system can be improved to tolerate wider scopes for the coming light.
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