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ABSTRACT

The main aim of this research was to study the effect of temperature on power
output of photovoltaic modules power production in tracking system under Thailand
climate and develop the mathematical model for evaluating the module temperature
and power output and develop the program to accurately estimate the power output of
photovoltaic module on tracking system power plant and investment cost optimization.
In this research, the three different types of PV as amorphous silicon (a-Si) mono
crystalline silicon (c-Si) and Poly crystalline silicon (p-Si) on 1-axis and 2-axis
photovoltaic tracking system and fixed system will be evaluated. They were installed
at the Energy Park, School of Renewable Energy Technology, Naresuan University
(north latitude 16°47’, east longitude 100 °16%).The data have been recorded since
January, 2010 to December,2010. It was analyzed by linear regression technique to
find the relationship between power production and Module Temperature.
The mathematical model to predict the power production was also being developed.

The results indicated that the solar irradiance and ambient temperature were
the main important parameters that affects to power output of PV array.
The mathematical model of PV array was developed with respect to solar irradiance
and ambient temperature for module temperature prediction, therefore, its respects to

solar irradiance and module temperature for power production prediction.



The mathematical model could predict the power production of a-Si PV module on
fixed, 1 axis and 2 axis system with simulation results which are approximately
£0.17%, £5. 06% and +2. 52 %,respectively. The power production of m-Si PV
module on fixed, 1 axis and 2 axis system with simulation results are approximately
£0.71 %, £0.69 %, m-Si PV and +0.74 % respectively. The power production of p-Si
PV module on fixed,] axis and 2 axis system with simulation results which are
approximately £0.72 %, +6.42 % and £7.09 % respectively, This difference is based
on the experimental results. These mathematical models consist of three parameters as
following; solar irradiance, module temperature and ambient temperature. This study
found that the solar irradiance and module temperature was the most important factors
that influence to the power output of the three different PV technologies and the three
system installation. For this study, the development program was used to predict
the performance and economic results on a 1 MW scale and compare with the
commercial program for predicting the energy output and the cost of investment for
solar cell system. The results show that the energy output of the development program
value is less than the commercial program approximately 2.80-13.49% and the
economic analysis show result that less than the commercial program in term of COE
and internal rate of return for deciding that proper in technology and economic in the
future PV system installation in Thailand was developed. These results have an impact
on systems design and sizing in similar climate regions. Thus, recommended that
design and sizing of PV systems in Tropical climate regions of the world take due

address to these results.
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CHARPTER I

INTRODUCTION

Rationale for the study and statement of problem

In the recent year, the energy crisis has more effect for human in every part
of the world; the energy need and costs have increased in recent years and the nature is
damaged during the process of energy production. All of these it’s impact of limited
fossil fuel source. It is empty in nearly future. In the same case Thailand has increased
demand of electricity need it cause electricity is the main power for lifestyle of social
and economic development.

Solar energy is clean, abundant and the best renewable choices in Thailand
for replacing fossil fuel in electrical production. Which country has more potential for
receiving solar energy all of the year. By research Thailand have increased used solar
energy for electricity. In 2007, Thailand has total 32 MW [26] by solar power plant
and all of this is the photovoltaic fixed system. This system has a limit in electricity
generation and for defending this limit in the last month of 2008,1 MW photovoltaic
tracking power plant has installed for electricity generation. The Sun tracking system
is designed in a way to track follow the sun all of day for increase solar power.

In designing any power production of photovoltaic (PV) system and that
incorporates there is a basic requirement to accurately estimate the output from
the proposed photovoltaic array under operating conditions. The output power of
photovoltaic module was measured under standard test conditions (STC: irradiation
1000, Air mass 1.5 and a module temperature of) but these conditions do not rarely
occurs in outdoor condition. The power output is dependent the local climatic
condition. In occur value estimate the power output on photovoltaic module must
needs the actual operational data for each module and environmental data where
the photovoltaic module were installed, EST. Would the solar irradiance,
the temperature cell module, ambient temperature and solar spectrum of solar cell be
the parameter influencing the photovoltaic module power.

The pronounced effect that the operating temperature of a photovoltaic

cell/module has upon its electrical efficiency is well documented. There are many



[89)

correlations expressing 7,,, the photovoltaic module temperature 7, ,as a function of
weather variables such as the ambient temperature, and the local wind speed, V. , as
well as the solar radiation flux/irradiance, G,

It is well-known that different Photovoltaic technologies have different
seasonal patterns of behavior. There are differences due to the variations in spectral
response, the different temperature coefficients of voltage and current. The most of the
solar radiation absorbed by a photovoltaic panel is not converted to electricity, but
contributes to increase the temperature of module, thus reducing the electrical
efficiency. So that which this case in Thailand hot climate conditions. The fixed 40°C
photovoltaic system has average back of module temperature during the daylight hours
are over 40°C peaking at 70°C in April. So that in the photovoltaic tracking system
are designed in a way to move follow the sun all of day for received increase solar
irradiations than the fixed system. Its effect to the high average back of module
temperature to decrease the available maximum electrical power production.

So, this research presents the effect of temperature on photovoltaic module
power output in tracking system under Thailand hot climate conditions by studying
three types of solar cells as follow; amorphous silicon (a-Si) mono crystalline silicon
(c-Si) and Poly crystalline silicon (p-Si) on 1-axis, 2-axis photovoltaic tracking system
and Fixed system placed at school of renewable energy technology Naresuan
University, Phitsanulok, Thailand. The reasonably for elevated power output of solar
cell in each type and find the relation between photovoltaic module temperature and
power output on the tracking system and to use the data for choosing and deciding

solar cell system that properly in technology and economic in the future.

Objectives of the study

1. To study the effect of temperature on power output of photovoltaic module
power production in tracking system under Thailand hot climate conditions.

2. To develop the mathematical model for evaluating the effect of

temperature on power output of photovoltaic module in tracking system.
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3. Develop the program to accurately estimate the power output of
photovoltaic module on tracking system power plant in large scale and investment cost

optimization.

Scope of the study

This research will evaluate three different types of PV as amorphous silicon
(a-Si) mono crystalline silicon (c-Si) and Poly crystalline silicon (p-Si) on 1-axis and
2-axis photovoltaic tracking system and fixed system. This system was installed at
Energy Park, School of Renewable Energy Technology, Naresuan University.
The purpose of finding the effect of temperature, power production on photovoltaic

module in tracking system and compare with fixed system under Thailand’s climate.

Expected outcomes

I. Knowing the effect of temperature on power output of photovoltaic
module power production in tracking system under Thailand hot climate conditions.

2. Knowing the relationship equation of solar irradiation, .temperature and
power output and performance ratio of photovoltaic module of photovoltaic module on
the tracking system.

3. Attaining mathematical model for evaluation power output of the each type
of photovoltaic module were installed in the tracking system.

4. Attaining program for estimate power output of photovoltaic module and
investment installed on the tracking system in large scale in Thailand hot climate

condition.



CHAPTER II

REVIEW OF RELATED LITERATURE AND RESEARCH

There are many publications research about the photovoltaic performance on

fixing system and tracking system. I found that all most the publications talk about the

relationship between solar radiation,

power output and temperature coefficients of

a-Si, mono-Si and poly-Si PV module on fixed system, They compare with a tracking

system and fixing system in term of power output and finding methodology to increase

power performance. Almost of these based on high latitude area. The Table 1 shows

a summary of the most relevant papers published on the photovoltaic tracking system

and compare with this dissertation.

Table 1 The publications of PV performance with fixing and tracking system

Publication l-axis 2-axis Fixed Performance Modlle Economic Latitude

Temperature area
Shaari, et al. (2009) X X X Low
Kamkird, et al. (2010) X X 3 Low
Mattei, et al. (2006) X X X High
Carr and Pryor (2004) X X X High
Cueto (2002) b X % High
Roth, Georgiev and Boudino (2005) 2 X X High
Bione, Vilela and Fraidenraich (2004) X X X High
Ai, et al. (2003) b X X High
Sangani and Solanki (2007) X X X i High
Ibrahim (1996) X X X X High
Baltas, Tortoreli and Russell (1986) X X X High
Nann (1990) X X X X X High
Braun and Mitchell (1983) X X X X High
Abdallah and Nijmeh (2004) X X X High
Mohamad (2004) X X 4 High
Abdallah (2004) X X b X High




Table 1 (cont.)

L : . . Module Latitude
Publication l-axis  2-axis  Fixed Performance Economic
Temperature area
Rubio, et al. (2009) X X High
This Dissertation X X X X X X Low

This dissertation is aim to find the relationship between module temperature and
power output on photovoltaic systems as; fixed, l-axis, 2-axis and developing the
Mathematical model for predicting performance and economic installation of fixed

system and tacking system in low latitude area.

Photovoltaic module temperature

Sulaiman, et al. [1] used a regression technique from temperature dependence
model: The empirical relationship between current, voltage and power dependencies
on temperature to find the temperature coefficient of photovoltaic module by using
Malaysian field data for recommended that the design and sizing of photovoltaic
systems in the hot and humid climate regions. This is achieved by studying three test
stand-alone photovoltaic battery systems using 3 types of photovoltaic technology
as: 62 Wp a-Si, 225 Wp multi-crystalline and 225 Wp mono-crystalline photovoltaic
modules. A summary of the findings is shown in Table 2. The result show that
the a-Si modules perform significantly best in the hot and humid climate, showing
the highest normalized power outputs and current coefficients, whilst showing

the lowest duration coefficients in voltage, power and conversion efficiency.



Table 2 Summary of temperature coefficient findings from the Malaysian
field data [1]

System I  System II System ITI

Parameter Unit
(a-Si) (multi- Si) (mono-Si)
Normalized power output 9 0.037 0.0225 0.0263
Current coefficient mA °C”! 37 22.5 26.3
Voltage coefficient mV °C" -31.8 -39.4 -32.6
Power coefficient Conversion W eC -0.1036 -0.2525 -0.1742
Efficiency coefficient AT -0.0214 -0.072 -0.0523

Kamkird, et al. [2] have described a methodology to find the temperature
dependence coefficients of amorphous silicon (a-Si), poly crystalline (p-Si) and
Heterojunction Intrinsic thin layer (HIT) photovoltaic (PV) module. There are
measured under Thailand Operating Condition (north latitude 16°47, east longitude
100 “16’). The data have been recorded since year 2008 January to 2009 December.
It is analyzed by linear regression technique. Upon analysis, the study will show
the Temperature coefficient of current, voltage, power and efficiency on array
temperature obtained from linear regression. These findings of the field test
investigation found that the temperature coefficient value of PV array different from
the factory value and the results have an impact on systems design and sizing in

similar climate regions of the world take due address to these results.



Table 3 Summary of field test result from Thailand climate regions [2]

Parameter Unit 5 ks AT
2008 2009 2008 2009 2008 2009
Current coefficient mA/°C 71.6 49.1 23.6 12.1 35.8 11.3
(%/°C) 0.4841 0.3320 0.1685 0.0818 0.3631 0.1146
Voltage coefficient mVv/°C -49.5 -77.93 -117.9 -123.9 -71.6 -89.4
(%/°C) -0.0230  -0.0359  -0.0495  -0.0519  -0.0276  -0.0345
Power coefficient Ww/°C 0.0104 0.0031  -0.0048  -0.0077 0.0046  -0.0027
(%/°C) 0.0005 0.0002  -0.0002  -0.0004 0.0003  -0.0002
Current coefficient mA/°C 71.6 49.1 23.6 12.1 358 11.3
(%/°C) 0.4841 0.3320 0.1685 0.0818 0.3631 0.1146
Voltage coefficient mV/°C -49.5 -77.93 -117.9 -123.9 -71.6 -89.4
(%/°C) -0.0230  -0.0359  -0.0495 -0.0519 -0.0276  -0.0345
Power coefficient w/eC 0.0104 0.0031  -0.0048  -0.0077 0.0046  -0.0027

(%/°C) 0.0005 0.0002  -0.0002  -0.0004 0.0003  -0.0002

Mattei, et al. [3] studied and compare varies equation for the performance of
a photovoltaic module versus environmental variables such as solar irradiance,
ambient temperature and wind speed. The PV module temperature model and the PV
module electrical efficiency model were chosen and validated utilizing experimental
data from two experiments: an 850 Wp grid connected photovoltaic system and
a p-Si module with eight temperature sensors integrated into the module. Both models
have been coupled to determine the PV array output power versus the three
meteorological parameters (solar irradiance, module temperature and wind speed).
This simple model using a simple energy balance and neglecting the radiation effects
is in good agreement with the experimental data. They determined the PV array output
power for various ambient temperatures, solar irradiance and wind speeds.
The influences of these environmental parameters have been compared with
the literature and the results obtained by the model are in accordance with previous

works.
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Figure 2 The influence of the wind speed on the PV module production [3]

The performances of five different types of photovoltaic modules have been
measured for more than a year in the temperate climate of Perth. This data have been
analyzed and compared by Carr and Pryor [4]. Western Australia. Perth averages over
5.4 peak sun hours (PSH) each day, from less than 3in the winter months to over 8 at
the height of summer. The average sun-up temperatures range between 16.5 'C and
28 "C. The types of photovoltaic modules as: crystalline silicon (c-Si), laser grooved
buried contact (LGBC) c-Si, polycrystalline silicon (p-Si), triple junction amorphous

silicon (3j a-Si) and copper indium diselenide (CIS). The annual and monthly



performance ratios (PRs) have been calculated for the different modules and
a comparison is presented here. The -V characteristics and maximum power at
standard test conditions have been measured for each module prior to, and at regular
intervals, during outdoor exposure. The findings, results are shown that the triple
Jjunction a-Si modules produce over 15% more energy than BP275(c-Si) does in
summer, and around 8% more in winter. The CIS module consistently produces
between 9% and 13% more energy than BP275.

They used these values results for compared to the manufacturers’ values, and

monitored over time for the modules operated in the field.

12 30
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Figure 3 The average daily plan of array peak sun hours (PSH) and average daily
ambient sun-up temperatures measured on the MUERI monitoring

system [4]
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peak power (Wp-measured) [4]

Cueto [5] was presented and compared the Performance data for
14 photovoltaic modules deployed at fixed latitude tilt in t-hc field. Module
performance is monitored continuously for optimum power characteristics. Flat-plate
module technologies representative of crystalline, amorphous, and polycrystalline
silicon, and cadmium telluride and copper indium Diselenide, are scrutinized for
energy production, effective efficiency and performance ratio (PR) of effective to
reference efficiency. The finding showed that the most performance ratios exhibit
seasonal fluctuations largely correlated to air or module temperatures, varying

between 80% and 100%.
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Figure 5 Effective efficiency data for all module types plotted against average

daily module temperatures [5]

In his research find that The PR data of PV modules composed of c-Si and
poly-c-Si types are depicted, xzespectively, in the upper and lower portions of Fig.,
plotted against time. The highest and lowest values depicted on the abscissas are 102%
and 80%, respectively. These data exhibit clear seasonal variation arising largely from

the temperature dependence of 7,,. in these materials. In ¢-Si modules, the PRs

fluctuate from 84%-88% in summertime and up to 95%-101% in the winter, with
module types A and B obtaining very similar values, and the type C exhibiting PR
values about 2% lower. For poly-c-Si, the PR data range from 80%-85% in summer
and up to 92%-97% in winter, with the type X modules outperforming the type

Z modules by about 2%-3% at all comparable times.
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Figure 6 Performance ratio data of bulk-material PV modules [5]

These ratios tend toward larger values during winter and vise versa, except
for amorphous silicon and cadmium telluride modules. In a-Si modules, the situation
appears reversed: better PRs are obtained during late summer. The effective
efficiency, PR and average daily and yearly energy production are analyzed and

quantified.

Solar radiation and astronomy theory

Astronomy and radiation on an inclined and tracking surface

The earth revolves around the sun in an elliptical orbit with the sun as one of
the foci. The plane of this orbit is called the ecliptic. The time taken for the earth to
complete this orbit defines a year. The relative position of the sun and earth is
conveniently represented by means of the celestial sphere around the earth.
The equatorial plane intersects the celestial sphere in the celestial equator, and the
polar axis in the celestial poles. The earth motion round the sun is then pictured by
apparent motion of the sﬁn in the elliptic which is tilted at 23.4° with respect to the
celestial equator. The angle between the line joining the centers of the sun and the

earth and its projection on the equatorial plane is called the solar declination angle (5).
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This angle is zero at the venal (20/21 March) and autumnal (22/23 September)
positions.

The earth itself rotates at the rate of one revolution per day around the polar
axis. The daily rotation of the earth is depicted by the rotation of the celestial sphere
about the polar axis, and the instantaneous position of the sun is described by the hour
angle v, the angle between the meridian passing through the sun and the meridian of
the site. The hour angle is zero at solar noon and increases toward the east. For
observers on the earth’s surface at a location with geographical latitude o,
a convenient coordinate system is defined by a vertical line at the site which intersects
the celestial sphere in two points, the zenith and the nadir, and subtends the angle @
with the polar axis (Figure 7). The great circle perpendicular to the vertical axis is the
herizon [6].

The latitude (@) of a point or location is the angle made by the radial line
joining the location to the center of the earth with the projection of the line on the
equatorial plane. The earth’s axis of rotation intersects the earth’s surface at 90°
latitude (North Pole) and -90° latitude (South Pole). Any location on the surface of the
carth then can be defined by the intersection of a longitude angle and a latitude angle.

The solar altitude angle (@) is defined as the vertical angle between
the projection of sun’s rays on the horizontal plane and direction of sun’s rays passing
through the point, as shown in Fig. 1. As an alternative, the sun’s altitude may be
described in terms of the solar zenith angle (8z) which is a vertical angle between
sun’s rays and a line perpendicular to the horizontal plane through the point (67 =90 -
). Solar azimuth angle (ys) is the horizontal angle measured from south (in the

northern hemisphere) to the horizontal projection of the sun’s rays [7].

Equator

Figure 7 Schematic representation of the solar angles [6]
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The solar radiation data are usually given in the form of global radiation on
a horizontal surface and PV panels are usually positioned at an angle to the horizontal
plane; therefore, the energy input to the PV system must be calculated accordingly.
The calculation proceeds in three steps [6].

In the first step, the data for the site are used to determine the diffuse and
beam components of the global irradiation on the horizontal plane. This is carried out
by using the extraterrestrial daily irradiation, By as a reference and calculating the ratio
Kr= G/By, known as the clearness index where G is the daily global irradiation on
a horizontal plane (usually the meonthly mean), and Kt describes the average
attenuation of solar radiation by the atmosphere at a given site during a given month.

In the second step, the diffuse irradiation is obtained using the empirical rule
that the diffuse fraction D/G of the global radiation is a universal function of

the clearness index Kt (D is the monthly mean daily diffuse irradiation on a horizontal

plane in W/mg). Since B = G -D, this procedure determines both the diffuse and beam
irradiation on the horizontal plane (B is daily beam irradiation on a horizontal plane).

In the third step, the appropriate angular dependence of each component is
used to determine the diffuse and beam irradiation on the inclined surface. With
allowance for the reflectivity of the surrounding area, the albedo can also be
determined. The total daily irradiation on the inclined surface is then obtained by
adding the three components [6].

Sun is moving across the sky during the day. In the case of fixed solar
collectors, the projection of the collector area on the plane, which is perpendicular to

the radiation direction, is given by function cosine of the angle of incidence (Figure 8).

v ey

Figure 8 Angle of incidence of the solar radiation [8]
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The higher the angle of incidence 6, the lower is the power. Theoretical

calculation of the extracted energy in case of using tracking collectors is carried out by

assuming that the maximum radiation intensity I = 1100 Wm'2 is falling on the area
which is oriented perpendicularly to the direction of radjation. Taking the day length
t =12h=43,200 s, intensity of the tracking collector which is always optimally oriented
facing the sun is compared to that of a fixed collector which is oriented
perpendicularly to the direction of radiation only at noon. The collector area is marked
as Sp.

(@) For a fixed collector, the projection area on the area oriented
perpendicularly to the radiation direction is S = S; cos 6, where 0 is changing in

the interval (-n/2, +n/2) during the day. The angular velocity of the sun moving cross

the sky is 0w = 20/T = 7.27 x10° rad/s and the differential of the falling energy is dW =
IS dt. Neglecting the atmosphere influence, the energy per unit area is calculated for

the whole day:

+21,600 - sin o "% 218
W =[S, cos adr = ISD[ } = (1)

=21,600 @

-21,600 @

2
8.14 kWh/m day

2
=3.03x 10’ Ws/m day

(b) For a tracking collector, by neglecting the atmosphere influence,

the energy per unit area for the whole day is

W =St =475x10 Ws =132 kWh/m day @)

Comparing Egs. (1) And (2), 57% more energy is calculated for the latter
case. This amount of energy can be obtained, for example, on the moon’s surface.
The sun rays reaching the earth’s surface go through the thick layer of atmosphere.
As we deviate from the noon, the solar insulation on the surface is weakened.

Also, in calculations, one can consider the day length longer than 12 h. Figure

8 shows the dependence of the energy lost on the maximum tracking angle in
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comparison to that of an ideal tracking. It is clear that in tracking angles beyond +60°

no considerable energy gain is obtained [8].
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Figure 9 Energy lost in the maximum tracking angle compare with the ideal
track [8]

Solar angles

The earth has two different movements; it rotates around its own axis, and
it rotates around the sun. Because of these movements, solar rays from two different
angles at the points where they reach the earth. These angles are named as solar
azimuth angle and solar altitude angle [9].

Solar azimuth angles (ay)

The sun makes an angle with the surface of the earth from sunrise to sunset
and moves tracing this formed angle. This angle which is traced by the sun is called
the surface azimuth angle. This azimuth angle (a;) that the sun makes with the earth’s
surface can be mathematically calculated for each month, day and hour of the year
[9; 10].

The azimuth angle is calculated as follows:

cos(a,) = [sin(@)*sin (£)*sin (8)] (3')
[cos(a)*sm(l,)]
Where L is the local latitude (°), a; as the solar azimuth angle (°), § the solar

declination angle (°) and o the solar altitude angle (°).



Solar altitude angles ()

The solar altitude angle (o) is defined as the angle between the horizontal
plane of the area and at a point on the earth’s surface a default line connecting
the point on the earth and the sun. The solar altitude angle can be calculated for each
day of the year at any period of time between the sunrise and the sunset (Eq. (4)).
The solar altitude angle at the time of sunrise and sunset is 0°. The solar altitude angle
has its maximum value at noon time in all seasons [9, 10].

The solar altitude angle is calculated as follows:
a@=sin"" [[cos([.) *cos(&)*cos(h,) |+ [sin(L)*sin (5)]] 4)

Where « is the solar altitude angle (°), L the local latitude (®), & the solar

declination angle (°), and h, the hour angle (°).

Energy and radiatio.n gain in tracking system

Solar tracking can be implemented by using one-axis, and for higher
-accuracy, two-axis sun-tracking systems. For a two-axis sun-tracking system,
two types are known as: polar (equatorial) tracking and azimuth/elevation (altitude—
azimuth) tracking.

The solar tracker, a device that keeps PV or photo-thermal panels in
an optimum position perpendicular to the solar radiation during daylight hours,
increases the collected energy. The first tracker introduced by Finster in 1962, was
completely mechanical. One year later, Saavedra presented a mechanism with
an automatic electronic control, which was used to orient an Eppley pyrheliometer
[11].

Bione et al. compared the pumping systems driven by fixed, tracking and
tracking with concentration PVs. The PV-V-trough system, consisted of four cavities
and two PV modules to track the sun along its N-S axis, tilted at an angle of 20°
towards the north. A theoretical simulation as well as experimental comparison
between three cases was performed. By analyzing the daily characteristic curve for
three given modes, the results (Figure 10) showed that for a given irradiance,

the pumped water flow rate was significantly different from one another. They proved
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that the benefit ratios obtained for water volume were higher than that for collected

solar energy. The fixed PV, the PV with tracker and the concentrating-tracking

3
systems pumped 4.9, 7.4 and 12.6 m /day, respectively [12].
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Figure 10 Water volume pumped by the three systems against irradiation [12]

Ai, et al. proposed and compared the azimuth and hour angle three-step
trackers. The day length on the south facing slope was divided into three equal parts in
order to adjust the tilt angle. The sum of the direct radiation received in each time
interval and the sky diffusion and ground reflection radiation during a day were
considered to derive the mathematical formula for the three-step tracking system to
estimate the daily radiation on planes. They concluded that for the whole year,
the radiation on the slope with optimized tilt angle was 30.2% and that for the two-axis
azimuth three-step tracking was 72% higher than that on the horizontal surface.
No significant difference was found between one-axis azimuth three-step tracking and
hour angle three-step tracking power [13].

Sangani, et al. fabricated and tested a V-trough (2-sun) concentrator using
different sun trackers to reduce generated electric cost with PV. Their tracking modes
were seasonal tracking (A), one-axis N-S tracking (B) and diurnal tracking (C).

Experimental results for I-V characteristic curves and output power from the PV

2
module at an insolation level of 900 W/m assembled at different tracking modes are

shown in Figure 11 [14].
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Figure 11 I-V curves and power output for different V-troughs concentrator PV

systems assembled according to model-A, model-B and model-C [14]

Ibrahim constructed an electronically one-axis concentrating collector with
an electric motor for forced circulation. The collector was hinged at two points for its
tilt adjustment with a tightening screw to continuously track the sun from east to west
through a range of 1808. The collector efficiency was measured for different values of
mass flow rates. It was concluded that the collector efficiency increases (reaching
the maximum value of 62% as the mass flow rate increases [15].

Baltas, et al. evaluated the power output for fixed, step tracking and
continuous tracking systems in several locations. They used direct radiation, total
radiation on horizontal surface and dry bulb temperature data for computer simulation.
They stated that Freon-driven trackers are good for a flat plate array unlike for
concentrating PV systems, due to their independence of good tracking accuracy.
By comparing the energy output from various tracking systems for a typical year, they
concluded that the two step tracking arrays (E-W) direction varying twice per day,
south facing tilt varying monthly) provides about 95% of the energy obtained from
continuous tracking arrays. Also, the continuous tracking mode provided 33, 25.5 and
22.5% more energy in different locations over fixed arrays, respectively. Continuous
tracking increased the energy production 29.2 and 33% over south facing fixed arrays,

respectively, for reflection non-accounting and refection accounting systems [16].
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Nann evaluated the potentials for tracking systems relative to the cost and
irradiance received from a fixed (40°) system. It was mentioned although the fraction
of direct normal irradiance on a surface normal to the sun was 54% greater than that of
the fixed one, the surplus of irradiance. received by one-axis tracking and two-axis
tracking systems were 34 and 38%. respectively and at today’s module costs, tracking
the sun can improve the cost effectiveness of the PV plant by up to 20%.
The comparison between three stationary, one-axis and two-axis tracking systems
showed that irradiation received by one-axis tracker is nearly as the same as the two
axis trackers; however its tracker cost is approximately half of that of the two-axis one
[17].

Braun, et al. calculated the optimum geometry for fixed and tracking surfaces.
They evaluated theoretically the zenith, sun azimuth, surface azimuth and slope angles
for one-axis and two-axis sun trackers and concluded that for a two-axis tracking
surfaces, radiation beam is maximized when surface azimuth is equal to sun azimuth
and surface slope is equal to zenith [18].

Abdallah, et al. [19]. designed and constructed a two-axes, open loop, PLC
controlled sun-tracking system. Their work principle is based on mathematical
definition of surface position that is defined by two angles: the slope of the surface,
and azimuth angle. The slope was considered to be equal as zenith angle of the sun.
Two tracking motors, one for the joint rotating about the horizontal N=S axis and the
other for the joint rotating about the vertical axis were used. The daylight divided into
four intervals and during each of them the solar and motors speed were defined and
programmed into PLC. They predicted that the power consumption to drive motors
and control systems hardly exceeds 3% of power saved by the tracking system. Figure
12 shows energy comparison between the tracker and the fixed surface inclined at
32.8°. They concluded that the use of two-axes tracking surfaces results in an increase

in total daily collection of about 41.34% as compared to that of a fixed one [19, 20].
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Figure 12 Energy comparison between tracking and fixed solar system [19]

Al-Mohamad [21]. Designed a single-axis sun-tracking system based on
a programmable logic controlling (PLC) unit to investigate the improvement in
the daily output power of a photo-voltaic module. Two photo-resistive sensors were
separated by a barrier to provide shadow for one of them. As solar radiation intensity
increases the resistivity of the sensor decreases. Two output signals of the unit are
connected directly to the analog inputs of the PLC and compared in order to produce
a proper output signal to activate an electromechanical sun-tracking system.
The tracker scans through an angle of about 120° E-W. For PLC, a proper program to
control, monitor and to collect data was developed using special software. A special
computer program for automatic detection and PC communication with RS232 was
developed using Visual Basic 5. The performance of the -sun-tracker was evaluated
and monitored. The output power showed a considerable increase during the early and
late hours of the day. In fact, the overall improvement, in the tracking mode, exceeded
40% for the period from 6:00 to 10:00 a.m. and for the period from 15:00 to 17:00
p-m. However, the improvement was about 2-4% during mid-day. The average overall
improvement during the whole day was better than 20% in comparison with that of
a fixed module.

Abdallah, et al. designed and constructed four electromechanical open loop
solar tracking systems: a two-axis, one-axis vertical, one-axis E-W and one-axis N—-S
tracker, in order to estimate the current-voltage characteristics and compare to that of
a fixed one with 32.8 inclination to the south. The required position was calculated in

advance and was programmed into PLC. The PLC controls the actuator to adjust
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the panel to maintain position perpendicular to the sun. They claimed that consumed
power by the control system was less than 2% of the collected energy by the tracking
system. After drawing several voltage—current and power generation characteristic
curves for different sun trackers, they concluded that there were increases up to 43.87,
37.53, 34.43 and 15.69% of electrical power gain, respectively for the two-axis, E-W,
vertical and N-S tracking, as compared to that of the fixed one. His experiment can

show in Table 4 [22].

Table 4 The measured maximum power at the output of FPPV on May 29, 2002

[22]
Time “tue (03
2-axes N-S Vertical E-W Fixed
7:30 am 29.6 10.4 20.7 26.6 6.7
8:30 am 30.6 T X0 27.9 29.2 11,5
9:30 am 303 24.6 29.6 28.9 19.6
10:30 am 31.0 29.6 29.6 28.9 253
11:30 am 30.6 28.9 28.9 28.9 27.6
12:30 pm 30.6 29.6 29.9 29.2 26.2
1:30 pm 31.0 30.3 31.3 30.0 212
2:30 pm 292 27.9 28.2 28.6 259
3:30 pm 29.6 258 28.2 29.2 21.3
4:30 pm 29.2 17.7 27.6 28.9 18.4
Average (W) 30.17 24.26 28.19 28.84 20.97
Power gain (%) 43.8722 15.2891 34.4301 37.5298 -

Rubio, et al. [23] discussed the design and implementation of a two-axis PV
sun-tracker using a combination of an open loop tracking strategy with
microprocessor in which the controller is based on a solar movement model, and
a closed loop strategy which corresponds to the electro-optical controller.
The instantaneous power generated by the arrays is measured by a sensor that emits

a signal proportional to this power. Finally, they implemented a proportional and
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integral (PI) control strategy for each coordinate, independently. Their tracking
strategy produced a close approximation of the evolution of the sun’s elevation and
azimuth even if the solar equations yield quite large errors.

As can be seen in Figure 13, the positioning system supports flat plate PV
arrays instead of concentrating PV system. Figure 13 show the experimental power
attained using the open loop tracking strategy. They concluded that the electric power

generated using the hybrid strategy is, in mean values, 55% higher than that of

the open loop one.

Figure 13 Mechanical structure of the solar tracker [22]

Mousazadeh, et al. [24] His report had consideration all reviewed articles.
Sun trackers are categorized solely in one-axis or two-axis devices. However,
the tracking surfaces including passive or active trackers may also be classified as

in Figure 14.
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In conclusion, the most research interest about Power prediction for tracking
system almost high latitude area and the effect of module temperature on fixed
installation system. There research article hardly mentioned about the Mathematical
model to prediction power output for tracking system on high latitude area. But this
thesis is aim to find the relationship between module temperature and power output on
photovoltaic systems as; fixed, 1-axis, 2-axis and developing the Mathematical model for
predicting performance and economic installation of fixed system and tacking system

in low latitude area.
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CHAPTER III
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RESEARCH METHODOLOGY

This chapter presents the methodology of this research including materials,

apparatus and methods. The detail of each topic is described below.

Methodology

This research will evaluate the relation of solar irradiation, temperature and
power output of photovoltaic module on Photovoltaic tracking system in an Energy
park area in the School of Renewable Energy Technology (SERT), Naresuan
University and develop software for evaluation power output of PV tracking system.
There are 5 main steps of the dissertation methodology (Figure 15) as following;

1. Review of the literatures

o

. Design of experimental procedure and data measurement
3. Analyzes collected data

4. Develop mathematical model

5. Design simulation program

Section 1 step 1-3 to study the effect of Temperature on power output of
photovoltaic module and performance of photovoltaic module in tracking and fixing
system under Thailand hot climate conditions as following;

Step 1 and 2 Review of the literatures and Data collecting in this research
module temperature ambient temperature and all power production parameters in DC
part were collected by data recorder and PV analyzer every 10 minute from January —
December in 2010, start at 08.00 AM to 16.00 PM (8 hr)

Step 3 The data from step 2 was evaluated in term of power production, then
the effect of Temperature on power output and performance of photovoltaic module in
tracking and fixing system are found in this step.

Section 2 step 4 Develop the mathematical model for the effect of

temperature on power output of photovoltaic module in tracking system.
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Section 3 step 5 Develop the software for evaluation power output of PV

tracking System.
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Figure 15 Flowchart of dissertation methodology
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The experiment design

As follows the objective of this dissertation: to find a relationship equation of
of solar irradiation, module temperature and power output of photovoltaic module on
PV tracking system under Thailand hot climate conditions. The solar irradiation,
module temperature and power output of photovoltaic module on tracking system

would be measured and evaluated.

List of equipment
The equipment for this experiment consists of Tracking systems, PV array,
pyranometer, spectro-radiometer, PV analyzer, and thermocouple.
1. Solar tracker
1-axis tracker
The solar tracker system is installed at Energy Park, School of Renewable
Energy Technology, Naresuan University (north latitude 16%47°, east longitude
100° 16°). The solar single axis trackers have one degree of freedom that acts as an
axis of rotation. (Figure 16) is used for track following the sun (Azimuth). It is
composed with control box and rotor unit. It connects with pyranometer and
thermocouple for measuring solar irradiation, module temperature and ambient

temperature. The specifications of Solar Tracker are shown in Table 5.



Figure 16 The 1-axis solar tracker

Table 5 The specifications track and rotor of single axis
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Slewing Drive Performance Data

Gear 73:1
Rate Output Torque 766 N.m
Output Torque (Max.) 1050 N.m
Output Speed 0.1 rpm
Tilting Moment Torque (Max.) 13.5k.m
Axial Load (Max.) 136 kN
Weight 23 kg
24 VDC Planetary Reducer Moter Performance Data
Rate Output Torque 35 N.m
Intermitlent Output Torque 48 N.m
Rated Output Speed 7.7 rpm
Rated Voltage 24 VDC
Rated Current <28 A
Intermitlent Current <35A
Noises <60 dB
IP Class IP55
Temperature -40-80 C




2-axis tracker

The solar tracker system is installed at Energy Park, School of Renewable
Energy Technology, Naresuan University (north latitude 16°47°, east longitude
100 °16). The solar tracker Il of EGIS (Figure 17) is used for track following the sun.
It is composed with control unit and rotor unit. It connects with pyranometer and
thermocouple for measuring solar irradiation, module temperature and ambient

temperature. The specifications of Solar Tracker are shown in Table 6-7.

Figure 17 The 2-axis solar tracker Il of EGIS



Table 6 The specifications of control computer: EPS-103 mod

lin voltage

power consumption

2207110 V AC (12 V/24 VDC versions available also
Approx.. 180 VA

data indication

LCD diplay

programmable memory

Up to 400 satelite orbit positions and names

motor power supphy

24 V DC, for azimuth and clevation motor

internal resolution: azimuth  0,00100°/ pulse*
clevation  0,0025°/ pulse®
pulse reading frequency Max. 500 Hz *
analog sampling rate approx. 250 Hz
dimensions: (W x D x H) 500 x 80 x 200 mm
weight 4 kg
shipping carton (W x H x D) 39x29x15cm
temperature limits: operational -5°Cto+40°C

survive & storage

= 15°Cto +60 °C

Table 7 The specifications of rotor unit: EPS-203 mod

features 2 separate motors for azimuth and elevation
motor operating voltage 24V pC

motor power consumption max. 20 W

pulse transmitting rate max. 400 Hz

control device to rotor' cable

10 x 0.6 mm® schilded (telephone cable can be used)

4 x 1.0 mm® {for motor power supply) — over 50 m wire 1.5 mm®

control mechanism

pinion and gear transmission

max. azimuth tracking range

360° *

max. clevation range

904

reproduction accuracy 0,2° (40° EL version) 0,5° (90° EL version) **
tracking speed: azimuth  approx. 4%/sec
elevation  at 40° - stroke = 1°/sec. or 4%sec. *

at 90° - stroke = 2%sec. or 16%/sec, *
usable carrying capacity approx. 85kg approx. 60kg using the 90° head extension EL90
cabinet aluminum die - cast, weather resistant
dimensions: approx, 318 mm & approx. 625 mm
weight 27kg
shipping carton (W x D x H) 75x34x4lem
dimension of mechanical connections: antenna -

Mast mounting

approx. 240 mm @- 4 threaded (bolts are supplied)

max. permis sible antenna

for 40 ° or 50 ° EL version up to 2.5 m (8 feet) *

diameter

for 90 ° EL version up to 1.8 m (6 feet) *

wind speed

62,5 knvh (41 MPH) during operation, 129 -160 km/h

depending on antenna diameter in quiescent state

temperature limits: operational

-20°Cro +65°C

survive & storage

-30°Cto+65°C
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2. Photovoltaic array
The photovoltaic tracking systems are installed at Energy Park, School of
Renewable Energy Technology, Naresuan University (north latitude 16°47°, east
longitude 100 °16°). It will be evaluated in this dissertation, consists of technologies of
PV as follows amorphous silicon (a-Si), mono crystalline silicon (m-Si) and poly

crystalline silicon (p-Si).

(@) (b) (c)
Figure 18 PV module technologies (a) Amorphous Silicon (b) Mono crystalline

silicon (c) Poly crystalline silicon

Table 8 The average electrical specifications of photovoltaic modules

Photovoltaic Module Technology

Parameters

a-Si mono-Si poly-Si
Maximum power (i) 40 W 75 W 120 W
Open circuit voltage (V) 622V 214V 221V
Short circuit current (/) .14 A 4.75 A 4.80 A
Maximum power voltage (V,m) 44.8V 170V 17.6 V
Maximum power current (Zpm) 093 A 445 A 455 A
Dimensions (mm) 1245x635x7 1578x826x46 1209x537x50

Note: At Standard Test Conditions: Air mass 1.5, Irradiance 1000 W/m?
Temperature 25 °C.
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3. PV analyzer
PV analyzer of Kernel (Figure 19) is used for measuring the characteristic
curve of the PV array. It connects with pyranometer and thermocouple for measuring
solar irradiation, module temperature and ambient temperature. The specifications of

PV analyzer are shown in Table 9

Solar cell temperature measurement Sr/;mda rd Selar Cell Connection Terminal

Thermocouple Connection Terminal f

-

1
{ Pyrheliometer Connection Ternunal
Selar Cell

Connection Terminal

(==}

Temperature measurement
Thermecouple Connection Termjinal

Personal Computer
Connection Point

(R32320) Solar Cell
Connection Terminal
(=)
S
T Ten Key
LCD )
N
Speaial Function Key

Figure 19 PV analyzer and connection port

Table 9 The specifications of PV analyzer

' Model PVA01982
Measurement range
Power (kW) 2-10
Voltage (V) 10 —400

Current (A) 0.5-30
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Table 9 (cont.)

Model PVA01982
Measuring time
Voo/lsc under 170 V 200 ms
Voe/Ise 170 - 300 V 300 ms
Vool lse Over 300 V 700 ms
Operating temperature (°C) 0 to 50
Dimension (W x D x H) in mm 300 x 205 x 700

4. Data logger
Yokogawa DX 220 data logger. A data logger (also data logger or data
recorder) is an electronic device that records information over a period of time for later
reference. It connects with pyranometer and thermocouple for measuring solar
irradiation, module temperature and ambient temperature by using connection port.

In this type can connect maximum 20 ports.

Figure 20 DX220 data logger of YOKOGAWA Company
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5. Pyranometer
Pyranometer of EKO model MS-601 is used for measuring the global solar
irradiance on an inclined surface (Gy). It will be connected to PV analyzer and the
measured values are displayed in the data recorder in terms of mV. It installed at the
same geometry with the PV module shows in Figure 21. Table 10 shows the
specifications of pyranometer. The reading can be converted to W/m? by the following

expression:

_Value in mV x 1000
Sensitivit y  Factor

Value in W /m?

Table 10 The specifications of pyranometer

Model MS-601
ISO 9060 classification : Second Class
Response time 95% 17
Spectral selectivity (0.35 — 1.5 um) -1.1%
Sensitivity (mV/kW/m™) 7.02
Operating temperature (°C) - 20 to 60
Wavelength (more than 50 % of transmittance) 305—2800 nm

Figure 21 Pyranometer
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6. RTD PT100
The RTD PT100 is used for measuring module temperature and ambient

temperature. The specifications of thermocouple are shown in Table 11.

Table 11 The specifications of thermocouple

Type RTD PT100
Temperature range (°C) -40-80°C
Accuracy (°C) +/-0.5°C

Method data measuring

The measured output power and other parameter are tabulated as three
systems, each systems have three types of photovoltaic technology. The experiment
and a flow chart of data measuring have been shown in Figure 22 and 23, respectively.
The methodology is as follows: 7

1. The date of the module temperature, solar incident irradiance, output
power of the module which has nominal output power of 1 kW, and the wind speed
we can measured by an anemometer.

2. The following steps are repeated for the data measured every 10 minutes
from 8:00 — 16:00, the data with irradiance higher than 0.15 kW/m? were used in this
dissertation because from literature review [36] found that there is typically less than
a 5% change in the voltage coefficients over a tenfold change in irradiance 150 W/m2
to 1000 W/m?> which the voltage values are assumed to be independent of the solar

irradiance level and air mass and effect to the power output from PV module.
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Data analysis

In this section, the technical performance of PV will be evaluated such as

Energy produced by PV and Module temperature
1. Energy produced by the PV array (E4)

Energy produced by PV array is the energy that produced by photovoltaic
array can be calculated by the equation

E, =1V, (kWh) (5)

2. Temperature of the solar cell

The parameters that effect to power output are solar radiation, ambient

temperature, wind velocity and module temperature.

So that The power of the photovoltaic system is a function of solar

radiation, ambient temperature, wind velocity and module tem perature.

AP0 s\ S(G.T W) (6)

In module temperature case. The parameters that effect to module
temperature are solar radiation, ambient temperature and wind velocity. Which

different in a type of module technology.

So that the module temperature is a function of solar radiation, ambient

temperature, wind velocity.

@) « f(G.1,.V,) (7)

The working temperature of the solar cell (7,) depends exclusively on

the irradiance, (G) wind speed (¥, ) and on the ambient temperature (7' ) according to

the linear relation [25].

®)
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Where

a,b are module dependent parameters in investigation field.

G,, = Solarirradiation. (W/m?)

Ve = Wind speed. (m/s)

3. Module temperature and modeling techniques
The published module temperature models in the past were based on linear
and nonlinear models. In this study, Simple linear regression and multiple linear
regressions became the tool to develop the simple linear and multiple linear models
respectively. Thus, this section will try to highlight the strength, weakness and
significance of applying the modeling techniques in terms of model input, model
simplicity and prediction accuracy.
3.1 Simple Linear Regression
Simple Linear Regression is the simplest computation and basic
regression technique to rerate only one independent variable with dependent variable.
Simple Linear Regression technique can be excited using commonly used software
such as Microsoft office excels software. Simple Linear Regression has been applied
in energy and environment works [26]. The approach of developing a Simple Linear
Regression module temperature model demonstrated in this thesis serves as
a fundamental approach in developing any Simple Linear module temperature model
from PV system that has been installed.
3.2 Multiple Linear Regressions
Multiple Linear Regressions are statistical techniques that capable of
analyzing the relationship between a criterion variable and a set of predictor’ variable.
Multiple Linear Regressions have the advantage of simple computation and easy
implement [26]. Multiple Linear Regressions are frequently used as a tool to fulfill
three objectives [27, 28].
3.2.1 Finding the best prediction equation for a set of variable; i.e.,

given X and Y (the predictors), what is Z (the criterion variable)?
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3.2.2 Controlling the confounding factors to evaluate the
contribution of a specific variable or set of variable; i.e., identifying independent
relationships.

3.2.3 Finding the structural relationships and provide explanations
for seemingly complex multivariate relationships.

In this thesis, Multiple Linear Regressions are used to develop module
temperature model with the set of standard variable as: ambient temperature, solar
irradiance and develop power output models with the set of standard variable as;

module temperature, solar irradiance.

Mathematical model for the power output evaluation of PV tracking system
There are 2 main mathematical models which will develop in this part as
following:
L. Purray is a function of solar radiation and module temperature.
From the basic equation of multi regression-analysis “Y = agg+a; X +a,X>”.
After the data were evaluated, the mathematical model of PV arrays can be developed.
In additional, mathematical model of PV arrays of this study can be written in form of
“Pamay = agt ajIRR + a;Ty,,”. From the matrix method, the a0, al, a2, was found by
using linear regression from curve fitting tool of the MATLAB program License from
Naresuan University (License Number: 660086).
2. Tmodute is 2 function of solar radiation and ambient temperature.
From the basic equation of multi regression analysis “Y = agg+a;X;+a,X5”.
After the data were evaluated, the mathematical model of PV arrays can be developed.
In additional, mathematical model of PV arrays of this study can be written in form of
“Pamay = ag+ a)IRR + a;T,”. From the matrix method, the a0, al, a2, was found by

using linear regression from curve fitting tool of MATLAB program.

Software developing for the power output evaluation of PV tracking system

simulation program

As I mention before in the objective to develop the program to accurately
estimate the power output of photovoltaic module on tracking system power plant in

large scale and investment cost optimization. This Simulation program is used
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software such as Microsoft Office Excels2007 License from Nakhon Sawan Rajabhut
University (Agreement ID : V102591 1) by using the mathematical model of power
output, module temperature form the second part and the economical formula will be
helpful for interested users to evaluate the performance and economics of PV tracking

system power plant for any location of Thailand.

This thesis will develop the program by using the mathematical model from
later mythology to develop the program to estimate both of technical performance in

power production and module temperature.

Performance —— Energy Production

In economical part this program will estimate in the unit cost per unit (COE),
The annuity corresponds to the average annual cash flow and The net present value of
the investment equals its value at the time of investment in solar tracking power plant

system in the large scale for Helps in the decision of the investor.

Economic =)  IRR, COE, Payback period
Net Present Value, NPV

The internal rate of return
The internal rate of return is a rate of return used in capital budgeting to
measure and compare the profitability of investments. It is also called the discounted

cash flow rate of return.

NPV,

The internal rat, t = rn+—"a—
e internal rate of return ™t NPV, NPV,

(n,—x)

Where:
r,, 'y =  lower and higher discount rate
t = the time of cash flow

n = the planning horizon, year
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The cost per unit, COE
The cost per unit (COE: Baht/kWh) driven by the PV system according to the

following parameters:

COE = Zww (10)

Where:
A = the total annuity, Baht/year

Q. = the energy consumption, kWh/year

The Payback period
The payback period is the time in which the initial cash outflow of an
investment is expected to be recovered from the cash inflows generated by the

investment. The Payback period can define by the following equation:

tial I
Rk boriold o= Initia nvestmcnt. an
Cash Inflow per Period

Net Present Value, NPV
The net present value of the investment equals its value at the time of
investment, because the investment takes place at the beginning of the planning

horizon (t =0).

NPV = > NCE(l+i)" (12)
n=0

Where:

NCF; = the net cash flow at a time

t = the time of cash flow

n = the planning horizon, year



CHAPTER IV

RESULTS AND DISCUSSION

In this chapter, experimental results will be mentioned in three main sections.
Firstly, the effect of Temperature on power output of photovoltaic module and
performance of photovoltaic module in tracking and fixing system under Thailand hot
climate conditions were evaluated. Secondly, the mathematical models for evaluating
the effect of temperature on power output of photovoltaic module in tracking system
were developed. Finally, the program to accurately estimate the power output of
photovoltaic module on tracking system power plant in large scale and investment cost

optimization were developed.

Sections 1 The effect of temperature on power output of photovoltaic module and
performance of photovoltaic module in tracking and fixing system under
Thailand hot climate condition

This topic presents the result of relationships between the operation
parameters to the performance of PV. Figure 2447 shows the relationships between
Solar irradiance, power output, module temperature and operate time in tracking and
fixing system on three different technologies of PV.

From Figure 24-27, the graphical relationship between the solar irradiance of
amorphous PV on each system and power output at an operating time in three seasons
shown that the high Power output of amorphous technologies is summer, winter and
rainy season respectively this trend is similar by the three seasonal. On fixed system
the rise of power output is deepened by the solar irradiance increasing. In summer
season, the percent of power on operate time in summer and winter season rise than
rainy season are 22.26%, 9% respectively. The percent of the solar irradiance on
operate time in summer and winter season rise than rainy season are 29.90%, 13.36%
respectively. On ]-axis system the rise of power output is deepened by the solar
irradiance increasing in summer season. The percent of power on operate time in

summer and winter season rise than rainy season are 20%, 4.37% respectively.
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The percent of the solar irradiance on operate time in summer and winter season rise

than rainy season are 26.70%, 7.71% respectively. On 2-axis system the rise of power

output is deepened by the solar irradiance increasing in summer season. The percent of

power on operate time in summer and winter season rise than rainy season are 22.26%,

12.20% respectively. The percent of the solar irradiance on operate time in summer

and winter season rise than rainy season are 28.71%, 17.00% respectively.
2 p ¥

From Figure 27, the graphical shown that the first high power output of

amorphous technologies is 2-axis system. The second is 1-axis system and the last are

fixed the system. The average percent of power rise than the fixed system of all

seasons are 21.72%, 7.87% and the average percent of the solar irradiance on operate

time of all seasons are 26.56%, 9.30% respectively.
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Figure 28 shows the comparison of module temperature, ambient temperature
and power output on each system with amorphous silicon PV. The result from
graphical shown that the difference module temperature rise in operate time the first
high is 2-axis system. The second is l-axis system and the last is fixed system.
The percent of module temperature on operate time of 2-axis and 1-axis are rise than

a fixed system approximate 9.38%, 2.98% respectively.
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Figure 29 The power output and irradiation of mono crystalline silicon PV

on fixed in three seasons

From Figure 29-31, the graphical relationship between the solar irradiance of
mono crystalline silicon PV on each system and power output at an operating time in
three seasons shown that the high power output of mono crystalline silicon
technologies are summer, winter and rainy season respectively this trend is similar by
the three seasonal. On fixed system the rise of power output is deepened by the solar
irradiance increasing. In summer season, the percent of power on operate time in
summer and winter season rise than rainy season are 15.48%, 10.37% respectively.
The percent of the solar irradiance on operate time in summer and winter season rise

than rainy season are 34.72%, 23.45% respectively. On l-axis system the rise of
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power output is depened by the solar irradiance increasing in summer season. The
percent of power on operate time in summer and winter season rise than rainy season
are 14.86%, 12.06% respectively. The percent of the solar irradiance on operate time
in summer and winter season rise than rainy season are 30.89%, 24.96% respectively.
On 2-axis system the rise of power output is deepened by the solar irradiance
increasing in summer season. The percent of power on operate time in summer and
winter season rise than rainy season are 15.10%, 14.50% respectively. The percent of
the solar irradiance on operate time in summer and winter season rise than rainy

season are 30.51%, 28.92% respectively.
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Figure 30 The power output and irradiation of mono crystalline silicon PV

on l-axis in three seasons

From Figure 32, the graphical shown that the first high power output of mono
crystalline silicon technologies is 2-axis system. The second is 1-axis system and
the last are fixed the system. The average percent of power rise than the fixed system
of all seasons are 12.00%, 8.30% and the average percent of the solar irradiance on

operate time of all seasons are 23.40%, 15.18% respectively.
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Figure 33 The comparison of the power output and module temperature

on mono crystalline silicon PV in three systems

Figure 33 shows the comparison of module temperature, ambient temperature
and power output on each system with mono crystalline silicon PV. The result from
graphical shown that the difference module temperature rise in operate time the first
high is 2-axis system. The second is l-axis system and the last is fixed system.
The percent of module temperature on operate time of 2-axis and 1-axis are rise than a fixed

system approximate 9.71%, 6.54% respectively.
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Figure 36 The power output and irradiation of poly crystalline silicon PV

on 2-axis in three seasons

From Figure 34-36, the graphical relationship between the solar irradiance of
poly crystalline silicon PV on each system and power output at an operating time in
three seasons shown that the high power output of poly crystalline silicon technologies
is nearly between summer and winter. The worst is rainy season. This trend is similar
by the three seasonal. On fixed system the rise of power output is not only deepened
by the solar irradiance increasing. In summer season, the percent of power on operate
time in summer and winter season rise than rainy season are 10.28%, 8.34%
respectively. The percent of the solar irradiance on operate time in summer and winter
season rise than rainy season are 30.42%, 1.03% respectively. On 1-axis system
the rise of power output is the same trend with the fixed system. The percent of power
on operate time in summer and winter season rise than rainy season are 10.19%,
9.60% respectively. The percent of the solar irradiance on operate time in summer and
winter season rise than rainy season are 29.36%, 22.07% respectively. On 2-axis
system the rise of power output is the same trend with the fixed system. The percent of

power on operate time in summer and winter season rise than rainy season are 10.60%,
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12.18% respectively. The percent of the solar irradiance on operate time in summer
and winter season rise than rainy season are 30.63%, 27.97% respectively.

From Figure 37, the graphical shown that the first high power output of poly
crystalline silicon technologies is 2-axis system. The second is 1-axis system and the
last are fixed the system. The average percent of power rise than the fixed system of
all seasons are 11.76%, 8.51% and the average percent of the solar irradiance on

operate time of all seasons are 33.89%, 25.61% respectively.
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Figure 37 The power output and irradiation of poly crystalline silicon PV

three systems

Figure 38 shows the comparison of module temperature, ambient temperature
and power output on each system with poly crystalline silicon PV. The result from
graphical shown that the difference module temperature rise in operate time the first
high is 2-axis system. The second is 1-axis system and the last is fixed system.
The percent of module temperature on operate time of 2-axis and 1-axis are rising than
a fixed system approximate 11.25%, 2.17% respectively. The result shows that the
module temperature of poly crystalline silicon PV have effect to the power output

more than the amorphous and mono crystalline silicon technology because
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the increase solar irradiance can not convert to all of electricity but it convert to the

heat of module temperature too and it have effect to electricity decreasing.
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Figure 38 The comparison of the power output and module temperature

on poly crystalline silicon PV in three systems

The comparison data of power output in a ficld test result from Thailand
climate regions were shown on Table 12 from the table show that the power output of
the 1-axis is higher than the fixed average 8% and the 2-axis is higher than the fixed average

12-22% because the 2-axis was track to the sun all time.

Table 12 The comparison data of power output in field test result from Thailand

climate regions

a-Si m-Si p-Si
1-axis 2-axis 1-axis 2-axis 1-axis 2-axis
Condition rise than  risethan risethan risethan  rise than rise than
fixing fixing fixing fixing fixing fixing
(%) (%) (%) (%) (%) (%)
Power output (Winter) 5.43 2408 9.6 14.88 9.38 14.26
Power output (Summer) 8.08 20.55 7.36 10.38 8.03 10.67
Power output (Rainy) 10.11 20.54 7.95 10.74 8.12 10.35

Power output Average 7.87 21.72 8.30 12.00 8.51 11.76
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The values from table 13 shown that The amorphous silicon on 1-axis and 2-axis
have percent difference between winter, summer, rainy seasons and the fixed system are
2.47%, 3.31%, 3.12% and 10.67%, 9.07%, 8.40% respectively. The mono crystalline
silicon on 1-axis and 2-axis have percent difference between winter, summer, rainy seasons
and the fixed system are 7.96%, 5.41%. 6.25% and 12.44%, 7.96%, 8.71% respectively.
The poly crystalline silicon on 1-axis and 2-axis have percent difference between winter,
summer, rainy seasons and the fixed system are 2.80%, 4.71%, 1.60% and 13.57%, 10.91%,

9.28% respectively in field test result from Thailand climate regions.

Table 13 The comparison data of the module temperature in field test result from

Thailand climate regions

a-Si m-Si p-Si

1-axis 2-axis 1-axis 2-axis 1-axis 2-axis
Condition risethan  rise than risethan  risethan rise than  rise than

fixing fixing fixing fixing fixing fixing

(%) (%) (%) (%) (%) (%)
Module Temperature (Winter) 2.47 10.67 7.96 12.44 2.8 13.57
Module Temperature

3.31 9.07 5.41 7.96 4.71 10.91
(Summer)
Module Temperature (Rainy) 3.12 3.4 6.25 8.71 1.6 9.28
Module Temperature Average 298 9.38 6.54 9.71 2.17 11.25

On the other hand this research, analyzing how both module temperature and
solar irradiation is a paramount importance for further understanding the effect of
module temperature for power production of PV module. Figure 3947 illustrate
the variation of power with both solar irradiation and module temperature of a-Si,

m-Si and p-Si on fixed, 1-axis and 2-axis respectively.
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Power

Tm RR

Figure 39 Effect of solar irradiance and module temperature on power
productions of fixed a-Si PV module

Notably from Figure 39 is shown that the power production of a fixed PV
module has direct effects to solar irradiance. But the temperature was less effects to
power production of a-Si PV module. The maximum power production occurs at high
solar irradiance and low module temperature as shows in the dark red color. And the

dark blue color shows the minimum value of the power production of PV module.

Tm IRR

Figure 40 Effect of solar irradiance and module temperature on power

productions of 1-axis a-Si PV module
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Notably from Figure 40 is shown that the power production of I1-axis PV
module has direct effects to solar irradiance. But the temperature was less effects to
power production of a-Si PV module. The maximum power production occurs at high
solar irradiance and low module temperature as shows in the dark red color. And the
dark blue color shows the minimum value of the power production of PV module.

Tm IRR

Figure 41 Effect of solar irradiance and module temperature on power

productions of 2-axis a-Si PV module

Notably from Figure 41 is shown that the power production of 2-axis PV
module has direct effects to solar irradiance. But the temperature was less effects to
power production of a-Si PV module. The maximum power production occurs at high
solar irradiance and low module temperature as shows in the dark red color. And the

dark blue color shows the minimum value of the power production of PV module.
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Tm IRR

Figure 42 Effect of solar irradiance and module temperature on power
production of fixed m-Si PV module

Notably from Figure 42 is shown that the power production of a fixed PV
module has direct effects to solar irradiance. But the temperature was more effects to
power the production of m-Si PV module. The maximum power production occurs at
high solar irradiance and low module temperature as shows in the dark red color. And
the dark blue color shows the minimum value of the power production of PV module.

Tm IRR

Figure 43 Effect of solar irradiance and module temperature

on power productions of 1-axis m-Si PV module
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Notably from Figure 43 is shown that the power production of 1-axis PV
module has direct effects to solar irradiance. But the temperature was more effects to
power the production of m-Si PV module. The maximum power production occurs at
high solar irradiance and low module temperature as shows in the dark red color. And
the dark blue color shows the minimum value of the power production of PV module.

Paower

Tm IRR

Figure 44 Effect of solar irradiance and module temperature on power

production of 2-axis m-Si PV module

Notably from Figure 44 is shown that the power production of 2-axis PV
module has direct effects to solar irradiance. But the temperature was more effects to
power the production of m-Si PV module. The maximum power production occurs at
high solar irradiance and low module temperature as shows in the dark red color. And

the dark blue color shows the minimum value of the power production of PV module.
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Tm IRR

Figure 45 Effect of solar irradiance and module temperature on power
productions of fixed p-Si PV module

Notably from Figure 45 is shown that the power production of a fixed PV
module has direct effects to solar irradiance. But the temperature was more effects to
power the production of the p-Si PV module. The maximum power production occurs
at high solar irradiance and low module temperature as shows in the dark red color.
And the dark blue color shows the minimum value of the power production of PV
module.

Tm IRR

Figure 46 Effect of solar irradiance and module temperature on power

production of 1-axis p-Si PV module
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Notably from Figure 46 is shown that the power production of 1-axis PV
module has direct effects to solar irradiance. But the temperature was more effects to
power the production of the p-8i PV module. The maximum power production occurs
at high solar irradiance and low module temperature as shows in the dark red color.
And the dark blue color shows the minimum value of the power production of PV
module.
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Figure 47 Effect of solar irradiance and module temperature on power

production of 2-axis P-Si PV module

Notably from Figure 47 is shown that the power production of 2-axis PV
module has direct effects to solar irradiance. But the temperature was more effects to
power the production of the p-Si PV module. The maximum power production occurs
at high solar irradiance and low module temperature as shows in the dark red color.
And the dark blue color shows the minimum value of the power production of PV
module.

In conclusion, it was found that the power of the p-Si and m-Si modules
depended almost only on a module temperature, while that of the a-Si was little effect
of module temperature. The behaviors were reasonable considering from the operating
mechanisms of PV modules. These results demonstrate that solar irradiance is a
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reasonable and useful index to describe the module temperature for evaluating the

power production and the performance of PV modules each PV technology.

Sections 2 The mathematical models for evaluating the effect of temperature on
power output of photovoltaic module in tracking system

From the results of the first part, parameters, which have affected to the PV
array power output, were solar irradiance and module temperature. Therefore, bringing
together all parameters that affected to the PV array power output to develop
the mathematic model as showed in this section. After the data were evaluated,
the mathematical model of PV arrays can be developed. From the multiple linear

regression models with & predictor variables, it is shown in Equation 4.1

y=a,tax +a%, +...+q.x,

4.1)

Let each of the k predictor variables, x;, x,,..., x¢, have n levels. For example

Y1, Y2 ... yarecorded for each of these # levels can be expressed in the following

N =G oy T Xy, Tt ax, (4.2)
Yy =Gy Xy, F Xy Fot Xy, (4.3)
yn = ao "= alxnl T a2xn2 ol a}cxnfc (4.4)

The system of »n equations shown previously can be represented in matrix

notation as follows:

ypewg 4.5)



62

M I x Xi3 X

b ) I x, xy, Xog
y= X =

..y""_ __I xnl an xnk_
Where:

a,

a,

The matrix in Equation 4.8 is referred to as the design matrix. It contains
information about the levels of the predictor variables at which the observations are
obtained. The vector “a” contains all the regression coefficients. To obtain the

regression model, “a” should be known. “a” is estimated using least square estimates.

The following equation is used:

a=(x%"xy

(4.6)

‘ ; -l .
Where represents the transpose of the matrix while represents the matrix

inverse. Knowing the estimates, ¢, the multiple linear regression model can now be
estimated as:

4.7)
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The estimated regression model is also referred to as the fitted model. The

observations, y;, may be different from the fitted values »# obtained from this model.
The difference between these two values is the residual, e;. The vector of residuals, e,

is obtained as

e=y-Jy (4.8)

In additional, mathematical model of PV arrays of this study can be written in
form of “Power = ag+ a;xIRR + a, .T,,". From the matrix method, the ay, a,, a;, was
found by using linear regression from equation 4.6 or curve fitting tool of MATLAB
program. Thus the mathematical model of PV arrays with respect to solar irradiance
and module temperature to predicting the power output of a-Si PV array, m-Si PV

array and p-Si PV array on three systems as shown in equation 4.9-4.17 respectively.
Pa.si, Fixed =2.161+(0.0399 x IRR) + (-0.09667 x Tr,) (4.9)
vPa-sL laxis = 2.256 +(0.04029 x [RR) + (-0.1043 x Ty,) (4.10)
Pasi2axis = 9.341e-017+ (0.03902 x IRR) + (-0.04773 x Tp) (4.11)
Pr.siFixed = -0.0002007 + (0.05483 x IRR) + (-0.02951 x Tr,) (4.12)
Posit-axis = -0.06943 + (0.05396 x IRR) + (-0.0159 x Tp,) (4.13)
Pr.si2-axis = 0.4412 + (0.05478 x IRR) + (-0.0328 x Ty,) (4.14)
Pp.si, Fixed =-4.708e-013+ (0.06162 x IRR) + (0.2397 x Tr,)  (4.15)

Posi toaxis = 24.76 +(0.09653 x IRR) + (-0.5987 x Tr) (4.16)
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Po-si. 2-axis =35.42+(0.1104 x IRR) + (-0.9015 x Tp) (4.17)

Therefore, mathematical models were used to calculate power output of three
different types of PV technology and their accuracy also need to be validated.
A previous topic of this study was used to validate these mathematical models.

The results of output power are shown in Figure 48-56 respectively.

The parameters that have affected to the module temperature of PV arrays
were solar spectrum irradiation, ambient temperature, humidity and wind speed.
However, solar irradiation and module temperature have higher affected on
the module temperature of PV arrays than wind speed and humidity. Therefore,
bringing together all parameters that affected to the PV arrays performance to develop
the mathematical model as shown in following section.

From the basic equation of multi regression analysis “Y = ag+a; X ;+a:X>”.
After the data were evaluated, the mathematical model of PV arrays can be developed.
In additional, mathematical model of PV arrays of this study can be written in form of
“Tmy = agt+ a1xTa + a; xIRR. From the matrix method, the ag, a;, a;, can be calculated
by using excel program. Thus the mathematical model of PV arrays with respect to
solar irradiation and ambient temperature for predicting module temperature of a-Si

PV array, m-Si PV array and p-Si PV array as shown in equation 4.18-4.26

respectively.
Tma-si Fixed = -0.3162+ (0.02896 x IRR) + (1.001 x T,) (4.18)
Trnasi, 1,,;is =-0.3376 + (0.02893 x IRR) + (1.004 x T,) (4.19)
Tma-si,2-axis =-0.2080 + (0.02898 x IRR) + (1.002 x T) (4.20)
Teom-si,Fixed =-0.7229 +(0.03958 % IRR) + (1.007 x Ty) (4.21)

Tamsi. 1-axis = - 0.7778 + (0.03959 x IRR) + (1.014 x T,) (4.22)



Timmsi 2:0s = - 0.7178 + (0.03963 x IRR) + (1.013 x T,)
TmpsiFixea =-4.7500+ (0.03334 x IRR) + (1.275 x T,)
Tmasi 1ais =~ 1.6140 + (0.03654 x IRR) + (1.029 x T)

Tmasi,2-ads = - 0.6277 + (0.04061 x IRR) + (1.010 x Ty)

(4.23)

(4.24)

(4.25)

(4.26)
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Therefore, mathematical models were used to calculate power output of three

different types of PV technology and their accuracy also need to be validated.
For accuracy the mathematical models also need to be validated. The first

models was used to validate with the specific experiment was carried out in January,

March and November 2010, the results of a-Si, m-Si and poly-Si power output on three

systems are shown in Figure 48 - 56 respectively.
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Figure 48 Comparison of simulated and experimental results of fixed a-Si PV

power output

From Figure 48, the comparison of simulated and experimental results of a-Si

PV technology on fixed system showed that the PV power production at any time is

nearly similar by analyzing the data; it was found that the majority of the simulation
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results by mathematical model are a bit greater than the experiment results. The
maximum difference between experimental and simulation results approximately
+0.17%, this difference is based on the experimental results.
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Figure 49 Comparison of simulated and experimental results of 1-axis a-Si PV

power output

From Figure 49, the comparison of simulated and experimental results of
a-Si PV technology on a 1-axis system showed that the PV power production at any
time is nearly similar by analyzing the data; it was found that the majority of
the simulation results by mathematical model are a bit greater than the experiment
results. The maximum difference between experimental and simulation results
approximately +5.06%, this difference is based on the experimental results.
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Figure 50 Comparison of simulated and experimental results of 2-axis a-Si PV
power output
From Figure 50, the comparison of simulated and experimental results of
a-Si PV technology on a 2-axis system showed that the PV power production at any
time is nearly similar by analyzing the data; it was found that the majority of
the simulation results by mathematical model are a bit greater than the experiment
results. The maximum difference between experimental and simulation results

approximately +2.52%, this difference is based on the experimental results.
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Figure 51 Comparison of simulated and experimental results of fixed m-Si PV

power output
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From Figure 51, the comparison of simulated and experimental results
of m-Si PV technology on fixed system showed that the PV power production at any
time is nearly similar by analyzing the data; it was found that the majority of the
simulation results by mathematical model are a bit greater than the experiment results.
The maximum difference between experimental and simulation results approximately

+0.71%, this difference is based on the experimental results.
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Figure 52 Comparison of simulated and experimental results of 1-axis m-Si PV

power output

From Figure 52, the comparison of simulated and experimental results of
m-Si PV technology on a 1-axis system showed that the PV power production at any
time is nearly similar by analyzing the data; it was found that the majority of the
simulation results by mathematical model are a bit greater than the experiment results.
The maximum difference between experimental and simulation results approximately

+0.69%, this difference is based on the experimental results.
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Figure 53 Comparison of simulated and experimental results of 2-axis m-Si PV
power output
From Figure 53, the comparison of simulated and experiment results of
m-Si PV technology on 2-axis system showed that the PV power production at any
time is nearly similar by analyzing the data; it was found that the majority of
the simulation results by mathematical model are a bit greater than the experiment
results. The maximum difference between experimental and simulation results

approximately +0.74%, this difference is based on the experimental results.
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Figure 54 Comparison of simulated and experimental results of fixed p-Si PV

power output
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From Figure 54, the comparison of simulated and experimental results of
p-Si PV technology on fixed system showed that the PV power production at any time
is nearly similar by analyzing the data; it was found that the majority of the simulation
results by mathematical model are a bit greater than the experiment results.
The maximum difference between experimental and simulation results approximately
£0.72%, this difference is based on the experimental results.

‘ =PV power production  ==—Simmulation value

100
i % ‘ N\ i
| 80 - '“-.\ ‘;’{'i-jf-i\ i -
| \ | \ A I\ " A

= 7 N q i W; y )

- D\\V | \/ i1 1 L\ AUl v JY 1TV
B i ina W IV A
Ry e= | | \ (V¥
| | \/ « / J |

Figure 55 Comparison of simulated and experimental results of 1-axis p-Si

PV power output

From Figure 55, the comparison of simulated and experimental results of
p-Si PV technology on a 1-axis system showed that the PV power production at any
time is nearly similar by analyzing the data; it was found that the majority of
the simulation results by mathematical mode] are a bit greater than the experiment
results. The maximum difference between experimental and simulation results
approximately +6.42%. The miss match percents have more than the other type has
cause by the other parameter such as wind speed and humidity. This difference is

based on the experimental results.
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Figure 56 Comparison of simulated and experimental results of 2-axis p-Si PV

power output

From Figure 56, the comparison of simulated and experimental results of psi
PV technology on a 2-axis system showed that the PV power production at any time is
nearly similar by analyzing the data. From Table 14, the results show that the majority
of the simulation results by mathematical model are a bit greater than the experiment
results. The maximum difference between experimental and simulation results
approximately +7.09%. The miss match percents have more than the other type has
cause by the other parameter such as wind speed and humidity. This difference is

based on the experimental results.

Table 14 The power output comparison between mathematical model and field

test data

a-Si m-Si p-Si
Condition fixed l-axis 2-axis fixed l-axis 2-axis fixed l-axis  2-axis
(%) (%) (%) (%) (%) (%) (%) (%) (%)
Error form

Measuring (%) #0.17 #5.06 252  20.71 069 074 2072 642 £7.09
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Sections 3 The program for accurate estimation of the photovoltaic module
power output of tracking system power plant in large scale and investment cost
optimization

The mathematical models in the developing were used to calculate the module
temperature, power output of three difference types of PV technology and three
systems as; Fixed, 1-axis and 2-axis tracking for use in the simulation program with
Microsoft Office Excels 2007 in this section and compare with the commercial program.

Performance Analysis

The result of the Development PV program in energy production term when
compare with the PVsyst V5.41 Program license from the School of Renewable
Energy Technology (Customer ID: 30051902). The module temperature was calculated
from 4.18-4.26 equation and the energy production was calculated from 4.9-4.17
equation and convert to the 1 MW when the other loss in a system such as; the
mismatch, soiling loss and DC loss were calculated by each system. This comparison
was used the solar irradiance and the ambient temperature in Phitsanulok province,

Thailand. Figure 57 shows the solar irradiance are 1,756 kWh/m?eyear.
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Figure 57 The solar irradiance at Phitsanulok province, Thailand
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Figure 58 The simulation block diagram with input and output parameter

When calculate th(.a energy production the loss in a system of 1 MW power
plant is used data depend the PVsyst 5.21 Program. In amorphous silicon the mismatch,
soiling loss and DC loss are 1.5%, 2.5% and 1.5% respectively. The mono crystalline
silicon are 1.5%, 5% and 1.5% respectively. The poly crystalline silicon are 1.5%,
5% and 1.5% respectively. Figure 58-60 the graphical show the amorphous silicon PV
on fixed system Electrical Energy Production (kWh/year) of the development program
is 1397.20 kWh/year and the PVsyst 5.21 Program is 1429.06 kWh/year. The percent
difference between the deve.lopment program and the commercial program is 2.80%.
The amorphous silicon PV Electrical Energy Production on l-axis system of the

development program is 1590.71 kWh/year and the PVsist 5.21 Program is 1652.09
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kWh/year. The percent difference between the development program and the
commercial program is 4.22%. The amorphous silicon PV Electrical Energy
Production on 2-axis system of the development program is 1718.45 kWh/year and the
PVsist 521 Program is 1846.07 kWh/year. The percent difference between the
development program and the commercial program is 7.78%. The electrical energy
production of the development program is decrease than the commercial program. It’s
cause of the module temperature and the other environmental parameter has an effect

to the electrical energy production this result is based on Thailand climate regions.
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Figure 59 Comparison in energy production between development program

and PVsyst program on 1 MW a-Si fixed PV system
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Figure 60 Comparison in energy production between development program and

PVsyst program on 1 MW a-Si 1-axis PV system
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Figure 61 Comparison in energy production between development program and

PVsyst program on 1 MW a-Si 2-axis PV system
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From Table 13, the finding has shown that the environment parameter has an
effect to the power output of the power plant in Thailand hot climate. The energy
production of a-Si PV 1 MW on fixed, l-axis and 2-axis system less than the
commercial program which is approximately 2.80%, 4.22% and 7.78% respectively,
The energy production of m-Si PV 1 MW on fixed, 1-axis and 2-axis system less than
the commercial program are approximately 8.83%, 9.91% and 11.09 % respectively.
The energy production of p-Si PV module on fixed, 1 axis and 2 axis system less than
the commercial program are approximately 7.05%, 12.15% and 13.49% respectively.

This difference is based on the experimental results.

Table 15 The comparison between the development program and the commercial

program in 1 MW power plant

a-Si m-Si p-Si

Condition

fixed 1-axis 2-axis fixed I-axis 2-axis fixed 1-axis 2-axis
Development
Program
(kWh/year) 1397.2 1590.71 1718.81 1271.62 1410.2 1582.95 1269.57 13452 152349
Pvsyst Program
kWh/
( year) 1429 06 1652.09 1846.07 1392.84 1564.15 1778.15 1361.24 15382 1733.68
Difference

percent from
the commercial
program (%) 2.8 422 7.78 8.83 9.91 11.09 7.05 12.15 13.49

Economic Analysis

In this section, the objective is to calculate and evaluate the economics of
three PV systems as fixed, 1-axis and 2-axis of a grid connected PV system by using
equation 9 - 12 from chapter IIl. The evaluation uses the data of Performance analysis
in the electrical energy production and calculate depend the condition as;

1. Calculate and evaluate the electricity power plant 1 MW

2. Calculate and evaluate in three PV module technology as; 40Wp
amorphous silicon (a-Si), 7SWp mono crystalline silicon (m-Si) and 120Wp poly
crystalline silicon (p-Si).

3. 7.35% Discount Rate by not consider the effect of the Inflation Rate. [30]



4. 14 years working life of grid connected inverter

3. -0.5% per year for rate of PV module efficiency
6. 1.3%, 1.94% and 2.36% for O&M on fixed, 1-axis and 2-axis respectively

[31-33]
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7. Price of PV module as 30, 41 and 42 Baht/watt in a-Si, m-Si and p-Si

respectively [33-34]

8. Price of inverter is 10 Bath/watt

9. 25 years working life of the system

10. 6.16 Bath Feed-in Tariff for 25 years [35]

Table 16 The economic results of grid connected a-Si PV system between the data

from Development program and the Commercial program [31,32]

PV system cost 1 MW

Cost (Development Program)

Cost (Commercial Program)

No. Lists
Fixing 1-axis 2-axis Fixing 1-axis 2-axis
1 PV amorphous silicon 30,000,000 30,000,000 30,000,000 30,000,000 30,000,000  30,000.000
2 Cost of PV structure* 10,119,400 19,000,000 19,000,000  10,119.400 19,000,000  19,000.000
3 Foundation* 809,552 2,000,000 2,000,000 809,552 2,000,000 2,000,000
4 Azimuth tracking system* - 5,000,000 5,000,000 - 5,000,000 5,000,000
5 Altitude tracking system* - - 2,000,000 - 2,000,000
6  Inverter 10,000,000 10,000,000 10,000,000 10,000,000 10,000,000 10,000,000
7 Others* 1,950,000 3,900,000 3,900,000 1,950,000 3,900,000 3.900,000
Investment Cost 52,878,952 69,900,000 71,900,000 52,878.952 69,900,000  71.900.000
Electrical Energy Production
(kWh/year) 1,397,203 1,590,711 1,718,807 1,429,057 1,652,098 1,846,068
Net Present Value
(NPV:THB) 28,867,348 17,204,030 19,900,877  29,797.924 21,299,528 28,391,188
Cost per Unit (THB/kWh) 425 5.16 5.09 423 497 4.74
Pay Back Period (year) 9.87 12.33 12.46 9.97 11.87 11.60
Internal rate of return (%) 13.42 10.17 10.51 13.60 10.82 11.79

Note: The marker data (*) base on the literature review in Thailand
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From Table 16 shows the evaluation of 1 MW power plant when compare
between the data of development program and the commercial program. The result
shows that the benefit per cost ratio of development program is the same trend with
the commercial program result of the fixed system has more interest in the benefit per
cost ratio and found that the COE of the development program are higher cost than
the commercial program of fixed, 1-axis and 2-axis as; 0.42%, 3.86% and 7.40%
respectively. The Internal rate of return in the development program differs than the
commercial program on fixed, 1-axis and 2-axis are approximate -1.37%, -5.94% and
-10.87% respectively and the payback period in the development program differs
than the commercial program on fixed, 1-axis and 2-axis are approximate -0.99%,
3.86% and 7.40% respectively. Which results present that the real PV installation on
fixed, 1-axis and 2-axis have more payback period than the program simulation. In the
mono crystalline silicon and poly crystalline silicon are the same trends with the
amorphous silicon. Thus the project evaluation should give the weight of the
environmental parameter such as the ambient temperature and module temperature

because the rise of module temperature has effect to decrease the energy production.



CHAPTER V

CONCLUSION AND RECOMMENDATION

Conclusions

This thesis was separated into three sections. The first section is the effect of
Temperature on power output of photovoltaic module and performance of photovoltaic
module in tracking and fixing system under Thailand hot climate conditions were
cvaluated. The second section is to develop the mathematical models for evaluation
the effect of temperature on power output of photovoltaic module in tracking system.
And the third section is to develop the program to accurately estimate the power
output of photovoltaic module on tracking system power plant in large scale and
investment cost optimization.

Sections 1 The effect of Temperature on power output of photovoltaic
module and performance of photovoltaic module in tracking and fixing system
under Thailand hot climate condition.

This topic presents the result of relationships between the environmental
parameters to the performance of PV described as following;

The relationship between PV power production and three difference types of
PV technology and three systems as; Fixed, 1-axis and 2-axis tracking each seasonal
of the year, which it was found that in Thailand condition when we compare the power
output from each system tracking and fixed on varied technology in amorphous
silicon has signal of most power raising between 2-axis tracking on winter season but
1-axis tracking most power raising on rainy season. In mono crystalline silicon was the
most power raising both 1-axis and 2-axis tracking when compare with fixing system
on winter season. In poly crystalline was same trend with mono crystalline silicon
module technology. When comparing in term of module temperature. The result’
shown that on summer season was highest module temperature for all technologies.
From these results can confirm that the efficiency of PV array is not only depending

on solar irradiance but also depending on the module.
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In conclusion, it was found that the power of the poly-Si modules depended
almost only on a module temperature, while that of the a-Si and m-Si was little effect
from module temperature. The behaviors were reasonable considering from the
operating mechanisms of PV modules. These results demonstrate that solar irradiance
is a reasonable and useful index to describe the module temperature for evaluating the
power production and the performance of PV modules each PV technology.

Sections 2 The mathematical models for evaluating the effect of
temperature on power output of photovoltaic module in tracking system.

In the part of the parameters that affected to the PV arrays power output was
solar irradiation and module temperature, which that affected to the PV arrays power
output to develop the mathematic model is described as follow:

The mathematical model of PV arrays with respect to solar irradiation and
module temperature for predicting the power output of a-Si PV array, m-Si PV array

and p-Si PV array on three systems as shown in equation:

Pasifixed = 2.161 + (0.0399 x IRR) + (-0.09667 x Ti)
Pasitaxis  =2.256 +(0.04029 x IRR) + (-0.1043 x T,,)
Pasizaxs = 9.341e-017+ (0.03902 x IRR) + (-0.04773 x Tyy)
Prsifixed = -0.0002007 + (0.05483 x IRR) + (-0.02951 x Tj,)
Prsitads  =-0.06943 +(0.05396 x IRR) + (-0.0159  T)

Pm.sizaxis = 0.4412 + (0.05478 x IRR) + (-0.0328 x Tm)

Ppsipied  =-4.708e-013+ (0.06162 x IRR) + (0.2397 x T,,)

Pp-si,1-axis =24.76 +(0.09653 x IRR) + (-0.5987 x Ty,)

Ppsizads = 35.42+ (0.1104 x IRR) + (-0.9015 x Ty)
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The mathematical model of three PV technologies and three system Tracking
with respect to solar irradiance and module temperature for predicting the power
output of the maximum difference between experimental approximately +7% from

field test data.

The mathematical model of PV arrays with respect to solar irradiation and
ambient temperature for predicting module temperature of a-Si PV array, m-Si PV
array and p-Si array on three systems as shown in equation:

Tmsipixea =-0.3162 + (0.02896 x IRR) + (1.001 x Ty)

Tmasi 1-axis = - 0.3376 + (0.02893 x IRR) + (1.004 x T,)

Tmasi2.axis = - 0.2080 + (0.02898 x IRR) + (1.002 x T,)

Tm msiFixea == 0.7229 +(0.03958 x IRR) + (1.007 x T,)

Tm m.si, 1-axis = - 0.7778 + (0.03959 x IRR) + (1.014 x Ta)

Tm m.si, 2-axis = - 0.7178 + (0.03963 x [RR) + (1.013 x n

Tm psifixed = -4.7500 + (0.03334 x IRR) + (1.275 x T4

Tm i, 1-axis = - 1.6140 + (0.03654 x IRR) + (1.029 x Ta)

Tmasi 2-axis = - 0.6277 +(0.04061 x IRR) + (1.010 x Ta)

Through, the maximum difference between experimental and simulation
results are = 2.22 °C or approximately + 5% from the average module temperature,
this difference is based on the experimental results.

In conclusion, the mathematical models that have been developed, it can use

for predicting the module temperature and output power of 3 different PV technologies

on the tracking system under Thailand climatic conditions. These mathematical
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models consist of parameters as following; solar irradiance, module temperature and
ambient temperature. In our study found that the solar irradiance and module
temperature was the most important factors that influence the power output of three
different PV technologies on the tracking system.

Sections 3 The program for accurately estimate the power output of
photovoltaic module on tracking system power plant in large scale and
investment cost optimization.

The program simulation from mathematical model of three PV technologies
and three systems Tracking with respect to solar irradiance and module temperature
for predicting the power output on 1 MW scale. The difference between the
development program and the commercial program are approximately 3-13% of the
development program have less than the commercial program. In the poly crystalline
technology and poly crystalline technology has more difference than the amorphous
silicon This results show that the environment parameters like a temperature has an
effect to. the energy output of the power plant in Thailand hot climate. On the
economic evaluation find that the development program has a more COE than
evaluation of the commercial program and the payback period is used more time than
the commercial program. Both of the program present in the same trend that the fixed
system are more interesting than the tracking system because the high system cost of
tracking as; installation structure and O&M is so expensive than the fixed system.
The program simulation to predicting for performance and economic results for PV
system to choosing and deciding that proper in technology in the future PV system

installation in Thailand was developed.

Recommendation

The recommendations for The effect of Temperature on power output of PV
module and performance of photovoltaic module in tracking and fixing system under
Thailand hot climate conditions are listed as follows;

1. For accurate data to predict the power production should have more data
record for long term.

2. The various economic scenarios are determined, as many parameters such

as investment cost, O&M and discount factor, etc., the cause of the optimal result.
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Absmrace

This article describes a methodology to find the temperature dependence coefficients of amorphous silicon. poly
arystalline and Heterojunction Intrinsic thin layer photovoltaic (PV) module There are measured vader Thailand
Operating Condition. This study present three technologies of photovoltaic modules using 3.67 KWp (68 modules)
of Amorphous Silicon Solar Cell (a-Si) 3.60 kWp (45 modules) of Poly Crystalline Sihicon Solar Cell (p-$1) and
2.88kWp (16 modules) of Heterojunction Intrinsic Thin Layer (HIT). There were installed at Energy Park. School of
Renewable Energy Technology. Naresuan University (north latitude 16°47", east longitude 100 °167). The 10 kW PV
povver station: data have been recorded since vear 2008 January to 2009 December, It is analvzed bv linear repression
technique. In addition. an average solar irmdiance value in 2008 was 660 Winr and 640 Wom® in the year 2009,
Upon analysis, the study will show the Temperature coefficient of cusreat. voltage. power and efficiency on arrav
temperature abtained from liner regression. These findings of feld test mvestigation found that the temperature
coefficient valve of PV amay different from the factory vamme and the remperature coefficients in the vear 2009 is
higher than the vear 2008. These results have an impact on systems design and sizing in sumilar climate regions.
Thus, recommended that design and sizing of PV system in Tropical climate regions of the world take due address to
these results.
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LIntroduction

In the present day. the global markets of photovoltaic cell system {PV') and production technology
have amerphous thin film medule (a-S1) and crvstalline silicon module are mainly world market share. In
hot weather. amorphous thin film is more popular than another type of PV module. Moreover. several
tesearches studies apply PV for use. In several parts about efficiency of photovoltaic cell and behaviour
of photovolraic cell are different in type of photovoltaic module. which a-Si and crystallme module have
been found in several paper [1-3]. Installanon PV has temperature coefficient to be an mportant
parameter for determine and evaluate appropriateness of use for each climate. The weather of installation
site has different value each PV module types. Temperatre coefficient values in field test have different
with measured at standard test condmion (STC: irradiation 1008 Wim. Air mass 1.5 and a module
temperature of 25°C). which can found m several research and various of weather 1 the world [4-8.15]
but in hot hunud weather that sinularly Thailand is verv hard to be found. This study 15 one of work that
studred specific issues with temperarire coefficients of PV module system in hot humid weather, The
result of this found has been useful to determine about deployment of solar cells technology . design.
sizing and mvestment m PV power svstem in hot humid climate similarly Thailand regions. This paper
presents method and summary of result abour temperature coefficient of photovoltaic cell type a-S1, p-S1
and HIT PV module m filed test on 10kW solar power system under condition of hot and humid weather
n Thailand.

2. Materials and Methods
2.1. Materials and Svstams insteilarion

In this field test. three different types of stand-alone photovoltaic power systems were installed usmg
the: amorphous thm film (a-S1) 3672W of 34W, 68 modules are connected into 17 strings. 4 modules
cach. Second. polycrystalline (p-S1) 3600W of 80 W, 45 modules are connected into 3 strings, 15
modules each and the last 1s Heterojunction Intrmsic thin layer (HIT) 28S0W of 180 W, 16 modules
connected into 2 strings. § modules each .the modules facing due South and tilted at 16° from the
horzontal. There modules were installed i 10Kw power station system on the Energy Park at the
School of Renewable Energy Technology (SERT) in Naresuan University. Phitsanulok Province. The
power conditioning system is composed of three grid-connected mverter (GI) 3.5 KW each. and three bi-
directional mverter (BI) 3.5 kW The energy storage system is 100 kWh batteries. 2V 2000Ah 24 cells [9].
The schematic block circuit diagram of the 10 kWp stand-alone PV power system is shown in Fig. 1 .This
system has been mstalled and operated smce June 2005. The sizing parameters and temperature
coefficient 15 shown 1n Table 1.

Table 1. Summary of the sizing parameter of field test PV from the marufacturer” spacifications

Parameters Unn Photoveltaic Module Technology
a-St o-S1 HIT
Maximumn power (W) Wp 4 S0 180
Open circuit voltage (Voc) % 612 449 455
Short circuat current {Isc) A 114 5.7 549
Maxtmum power voltage (Vpm) < 48 382 36.5
Maximum power current Ipmy) 4 0.83 511 403
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2.2 Monitormg Svsiems

The 10Kw monitoning system 15 fully assessed the potential of PV technology and performance of the
system. The monttoring system was designed depend on IEC 61724 standard [10] and the Internatonal
Energy Agency Photovoltaic Power System (IEA PVPS) Program task 2 [11-13]. For the general data
recorder. a multi-function measunng device measures the parameters

pre—— )

}.“.__.

[ e e———

Fig 1 Schemanc block curcwt diagram of the PV system

2.3. Experimenial Technigues

The values of parameters that effect to module temperature are solar radiation and ambient temperature,
which is different each type of solar panel.
So. module temperature is a function of solar radiation and ambient temperarure.

(T e [(G., T (I}

For this study. we used the refationship berween module temperatures differential and solar irradiance
to find the temperature dependence models is given as: [14]

In=I.+kG: ()

Where:

T, =Module Temperature (°C)

T, = Temperarre surroundmg (°C)

G, = Solar iradiance (kWm™)

% =Relanonship Coefficient (°Cm’* /W)
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In addition of the current. voltage and power dependences on temperature are often presented as [15]:

AVAT = +amd/°C t3)
AVCAT = -fimV>C r4)
AP/AT = plIeC (3)

Where:

AL AV, AP and AT are the augmentation m current (mA} voltage (m\). power (W)} and
temperature under module (°C) respectively . a . /7 and ;' are coefficients value that depend on medule
temperature,

From equation 3-5 was presented electrnic current. voltage and power that vanies depends on module
temperature of solar panel. Only electric current has a positive temperature coefficient but voltage and
power have negatrve coefficients [15].

In this field test study. these data are srudied and analyzed to obtain information with useful to
performances based on temperature impact using specific hot and humid as Thatland field data.

3. Results and Discussion

The 10 kW PV power station data have been recorded since January 2008 to December 2009. The data
of electric current. voltage and power were used to analyze n this study. In addition. an average solar
irradiance value in 2008 and 2009 were 660 Wim- and 640 Wim® respectively. which thrs solar irradiance
value 1s the average in 2008 and 2009 at $.00-16.00 pm.

From this data. we can plots graphical data of Thailand field test of -solar irradiance . operating
temiperature and surrounding temperature of PV systems in this field test are shown in Fig. 2.
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Fig. 2. The Averaged of solar imadiance, module temmperatures and surrounding temperarure for 10kw PV system from January
2008 to December 2009
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As shown 1n Fig. 2. the solar mradiance had maximum value at 11.00-13.00. This trend has related to
module remperature three types of PV cell and ambient remperature. which effect ro power outputs are
very close. From consideration. the power outputs doesn’t resemble with ambient temperature trend.
which reached peak values at 13.00-16.00 pm. The maximum average of solar irradiance was 764 Wim-.
The maximum average module temperature of a-Si . P-S1. HIT and ambient temperature were 58.6°C.
58.3°C. 55.7°C and 32.5¢C respectively,

3.1. Relationship benveen currenr and operarin g femperarure

In this part. graphical relationship between arravs current and operating temperature was analvzed by
regressions technique. This plot shown i Fig. 3. which shown scatter plots average of array current
about a-Si. p-S1 and HIT and operating temperature by usmg data range of solar wradiance 660 W/m =3%

and 640 Wim® =3% ( The Expected accuracy for daily sums of CM11 pyrometer is =3%) in 2008 and
2009 respectively.
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Fig. 3. Graphical plot between array current and operating temperature for three type PV system from Jan2008-Dec2009

From the relationships of Fig. 3 was shown in Table 2. These values in 2008 presented that the
generated array current per degree increase in operating temperature of array. The first high nise value is
a-S1 amay. The second 15 HIT array and last is p-Si as 71.6 mA©C. 23.6 mASC and 35.8 mASC
respectively.

In 2009. trend has similar result in 2008 but increasing of current per degrees 1s reducing than 2008
for all three types of systems,

Table 2. Summary of Enear models for amay cwrent and operating ATTay temperature.

Phorovoltaic Linear model (mAPC)

system 2008 2009 : 2008 2009

a-Si T, =0.0716x+6.3506 Tog = 0.0419x+ 7.2942 716 4.1
R* =00444 R =0.9941

p-Si T, =00236x+7.5508 Tpg =0.0121x + 7.9092 236 12.1
R =09675 R* =00945

HIT Teer=00338x + 47517 Tir=00113x+5.7585 358 113

R =09911 RF =09763
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's voltage and operating temperature was analyzed by

scatter plots average of array voltage
N M . v 2

ature by usmg data range of solar irradiance 660 Wm =3%

From the relationships of Fig. 4 was shown in Table 3. These values in 2008 presented that the
generated array voltage per degree decrease in operating temperarure of array. The first high reduce value
1s p-Si array. The second is HIT array and last is a-Si as —40.5 mV°C, -117.9 mV/°C and -71.6 mV°C

respectively.

In 2009. trend has simular result m 2008 but decreasing of voltage per degrees 15 rise than 2008 for all

three types of systems.

Table 3. Summary of linear models for array voltaze and operatine arrav temperatire.
3 ); z T 2 AT

Photovoltaic Linear model (mVeO)

s¥stem 2008 2009 2008 2009

2-5: Vo =-0.495x + 241 41 Vs =-0.7793x + 257 85 485 27783
R* =00854 R: =09970

p-Si Vs =-1.1799x - 300,15 Vs =-12363x + 304 03 -117.8 -123.9
RY =00997 R* =0.0082

HIT ’ Var = -0.7163x - 2967 Voar= -0.8641x - 306.19 -71.8 864
R =08764 BF = 08972

3.3, Relationship berween power output and operaring temperature

In this part. graphical relationship between arrays power and operating temperature was analyzed by
Tegressions technique. This plot shown in Fig.5. which shown scatter plots average of amay voltage
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about a-S1. p-S1 and HIT and operating temperature by using data range of solar irradiance 660 Wim=3%
and 640 Wim’® =3% 1n 2008 and 2009 respectivelv.

From the relationships of Fig. 5 was shown in Table 4. These wvalues m 2008 presented that the
generated amay voltage per degree nse m operating temperature of array  a-Si and HIT but reduce in
p-S1. The first high reduce value 1s p-S1 array. The wereasing value of a-Si array and HIT amrav are
0.0076 W*C and 0.0040 W*C respectively and the decreasing value of p-$1 array is -0.0054 W *C.

In 2009. trend has sumular result in 2008 in 3-S1 and p-S1 array bur the value per degree has difference
trend in HIT array as reducing m year 2009,

| migosas
® 2008 33
s || erenees
- 2006 p-5i
=
=
= | 2005w T
r
|
z
=
e
£
2
1% 4
N G £ 1 WL o T e 753>
RT9301s
13 ’ =
30 £ 40 45 50 55 e i b

Gperating Temperature (°C)
Fig, 5. Graphical plot between array power and operating temperanwe for three rvpe PV system from Jan2008-Dec2009

Table 4. Summary of Llmear models for array voltage and operating amay temperature.

Photovoleaic Linear model WeCy

svstem 005 7609 2505 7009

a-51 Pus =0.0104x + 16521 Pos =00031x - 1972 0.0104 0.0031
R =005 R =0.8761

p-Si Pra =-0.0048x - 25414 Pps =-0.0077x + 24423 -0.0048 -0.0077
RY =05746 R =009934

HIT P =0.0026x+ 1 4748 Py =-00027x -1 7883 0.0046 -0.0027
R* =025013 R* =09¢32

4. Conclusion

From this study found that the coefficients depend on module temperature parameter of a-Si. p-51 and
HIT m field test have difference from standard test (STC: irradiation 1000 W/m. Air mass 1.5 and a
module temperature of 25°C), which specified m PV medule from production company. The evaluation
from standard test was used three stand-alone 10Kw photovoltaic power systems and recorded values in
Thailand's hot and humid weather condmion. Using linear regression technique to analyze the relationship
between array current, voltages. power and operating temperature and determine temperature coefficient.
The summary of study 1s shown i Table 5.
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The values from Table 5 shown thar a-Si module has been received effect from nsmg of medule
femperature 1n negative part less than HIT module and p-Si module respectively. So that a-S1module has
been best signal significantly i term of current generated -voltage . power outpurs and lowest negative
coefficients for long term mstallation in Thailand's hot and humid chmate. Thus result has been beneficial
for determune to design. sizing and investment m PV power system m hot and humid climate like
Thailand m another part of the world,

Table 5. Summary of fleld test result from Thailand climare regions

Parameter Unit a-5i p-Si HIT
2008 2000 2008 2000 2008 2009
Cuwrers coeffcient  mA°C 716 8] 236 124 358 113
(%50 gasan 033198 016845 008181 036308 011460
Voltage coefficient  mV°C 205 7793 1179 1239 16 894
(%°C) 002298 003592 -0.04948 -0.05185 002763 0034
Power coefficient  WC 0.0104 0.0031 00048 0.0077 (.0046 -0.0027
£%°CT  0.00048 £.00015 -0.00023 -0.00038 0.00027 -0.00016
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