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Abstract: The paper presents the results of study of the temperature coefficients of
amorphous and polycrystalline silicon photovoltaic modules under real operating condi-
tions in 10 kWp roof installed grid connected photovoltaic power plant in Technical Uni-
versity of Gabrovo, Bulgaria. Computer processing and rearranging of the monitoring data
are carried out to separate the measurements into groups of approximately equal amounts of
solar radiation. Graphical representation of the power, voltage and current as a function of
the temperature at same level of solar radiation for the two types of modules are given.
Change of power, voltage and current as a function of the temperature were obtained using
linear regression functions. Operating temperature coefficients of amorphous and polycrys-
talline photovoltaic modules based on analytic functions have been established and com-

pared with the nominal. Analyzes and conclusions of the research were made.
Keywords: amorphous and polycrystalline silicon photovoltaic modules, tempera-
ture coefficients, temperature dependence, linear regression analysis.

1. INTRODUCTION

The production of electricity through photo-
voltaic conversion has been one of the growing
technologies in recent years. Qualitative design and
operation of photovoltaic power plants requires good
knowledge of the specific characteristics of the pho-
tovoltaic modules. Temperature dependence of the
conversion efficiency of solar energy into electricity
by the photovoltaic modules is usualy given by
producers as temperature coefficients on current,
voltage and power under standard test conditions
(STC): irradiation 1000 W/mz, temperature 25°C,
AM (Air Mass) 1.5. Actual operating conditions are
different from the STC, which leads to a change of
temperature coefficients. The character of this
change varies for different technologies of photovol-
taic modules. Many scientists have undertaken re-
search on changes of temperature coefficients [1-6].

The present work represents the study of the
temperature coefficients of amorphous and polycrys-
talline silicon photovoltaic modules under real oper-
ating conditions in 10 kWp grid connected photovol-
taic power plant in Technical University of Gabrovo,
Bulgaria— Figure 1 [7].

" Corresponding author: plamen@tugab.bg

Figure 1. Grid connected photovoltaic power plant on the
roof of the Rectorate of Technical University of Gabrovo

The photovoltaic power plant was installed on
the roof of the Rectorate building in 2005. It consists
of three subsystems. The first and the second subsys-
tems with single installed power of 3.42 kWp are
identical, each containing 12 polycrystalline silicon
PV modules, type ASE-250 DG-FT/MC. The third
subsystem with power of 3.22 kWp is built from a
field of 100 amorphous silicon PV modules
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type ASE-F 32/12. A monitoring system performs
regular measurement and storage of the following
data [8]: global solar radiation; solar radiation in the
plane of PV modules; temperature of the two types
of PV modules; temperature of the silicon reference
cell; ambient temperature; current, voltage and pow-
er of the DC side of three subsystems; DC and AC
energy produced by three subsystems; total energy
produced.

2. STUDY OF TEMPERATURE COEFFI-
CIENTS

The main task of the present study isto inves
tigate the change of temperature coefficients of two

of the most common technologies for photovoltaic
modules - polycrystalline and amorphous silicon at
different levels of solar radiation and module tem-
peratures in real working conditions of roof installed
grid connected photovoltaic power plant.

The first stage of the study is rearrangement
of the measured and collected data using the moni-
toring system of the working grid connected photo-
voltaic power plant with amorphous (a-Si) and poly-
crystalline (p-Si) silicon photovoltaic modules sub-
systems. The monitoring system keeps records of
minimum, maximum and average values of each
measured parameter for each 10-minute period of
operation of the electrical power plant. The data on
one calendar year is processed using the integrated
functions of Microsoft Excel — Figure 2.

Figure 2. Processing and rearrangement of the collected data in Microsoft Excel

Figure 3. Polycrystalline PV modul es temperature change
during the time of the day

Figure 4. Amorphous PV modul es temper ature change
during the time of the day
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The temperature of the photovoltaic modules
is measured with platinum thermo-resistors Pt100
fastened with heat conductive paste on their back
side. Temperature change during the time of the day
for polycrystalline and amorphous photovoltaic

modules are shown in Figure 3 and Figure 4 respec-
tively. Figure 5 shows the calculated conversion
efficiency of solar energy into electrical depending
on PV modules temperature.

Figure 5. Conversion efficiency of solar energy into electrical depending on PV modules temperature

The one year data is distributed in 10 groups
with similar solar radiation level Gi with difference
up to 100 W/m? in the following way: the first group
named “Gi ~ 1000 W/m?" contains all records with
the measured values of Gi from 1050 to 950 W/m?,

in the group named “Gi ~ 900 W/m?' there are all
records with the measured value of Gi from 950 to
850 W/m?, etc. — Table 1. The percentage of annual
measurements that fall into each group with a given
range of solar radiation is also shown in the table.

Table 1. Measured data distribution in the groupswith similar solar radiation level

Solar radiation

group,
W/m?

1000 900 800 700

600 500 400 300 200 100

Range of measured
solar radiation,
W/m?

750 to
650

1050 to
950

950 to
850

850to
750

350to
250

250to
150

650 to
550

550 to
450

450to

350 150to 50

Percentage of the
annua measure-
ments, %

6.2 8.2 8.0 7.3

7.0 7.0 8.3 9.9 13.7 245

Graphical representation of the power, voltage
and current as a function of the temperature at the
same level of solar radiation for the amorphous and
polycrystalline photovoltaic modules are made sepa-
rately for 10 different levels of solar radiation Gi.
Using linear regression functions, the trends of
change of power Pa, voltage Va and current la as a

function of the temperature Ta were obtained. Fig-
ures 6, 7, 8, 9, 10 and 11 show a part of graphical
dependencies for levels of solar radiation
Gi = 1000 W/, Gi = 500 W/m? and Gi = 100
W/m? for the two sub-systems with tested types of
photovoltaic modules.

Figure 6. Va=f(Ta), la=f(Ta) and Pa=f(Ta) under Gi~1000W/n?¥ for sub-systemwith a-S PV modules
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Figure 7. Va=f(Ta), la=f(Ta) and Pa=f(Ta) under Gi~1000W/n¥ for sub-systemwith p-S PV modules

Figure 8. Va=f(Ta), la=f(Ta) and Pa=f(Ta) under Gi~500W/n? for sub-systemwith ¢-S PV modules

Figure 9. Va=f(Ta), la=f(Ta) and Pa=f(Ta) under Gi=500W/n? for sub-systemwith p-S PV modules

Figure 10. Va=f(Ta), la=f(Ta) and Pa=f(Ta) under Gi~100W/nv for sub-system with -3 PV modules

Figure 11. Va=f(Ta), la=f(Ta) and Pa=f(Ta) under Gi~100W/n? for sub-system with p-S PV modules

Based on linear regression, analytic functions
shown in figures are established for operating temper-
ature coefficients of amorphous and polycrystalline
photovoltaic modules. Derived current o, voltage 3
and power y temperature coefficients under real oper-
ating conditions in absolute measurement units for all

10 solar radiation levelsare givenin Table 2.

Variation of the current a, voltage  and power
vy temperature coefficients in absolute measurement
units depending on the level of solar radiation is
shown graphically in Figure 9.
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Table 2. Derived current o, voltage 5 and power y temperatur e coefficients in absol ute measurement units

Sub-system Sub-system
Solar radiation with polycrystalline silicon PV modules with amorphous silicon PV modules
[W/m’] o [APC] | B _[VIFPC] | v [W/IC] o [AFC] B [V/°C] y  [W/°C]
p-Siy p-Sis p-Sis aSis aSis aSi
1000 £50 -0.0175 -1.1849 -16.487 0.0278 -1.0024 -1.6581
900 £50 0.0042 -1.4833 -10.720 0.0362 -0.9848 1.8509
800 £50 0.0106 -1.5162 -7.3251 0.0396 -0.9992 4.1034
700 £50 0.0111 -1.6124 -6.2914 0.0380 -0.9827 4.7536
600 £50 0.0096 -1.4900 -4.6739 0.0370 -0.9837 5.6600
500 £50 0.0081 -1.3715 -3.2868 0.0327 -0.8776 5.9713
400 £50 0.0065 -1.3240 -2.5727 0.0250 -0.8067 4.8018
300 £50 0.0063 -1.2820 -1.3758 0.0206 -0.7951 42784
200 £50 0.0064 -1.1110 0.2216 0.0154 -0.6629 3.6307
100 +50 0.0090 -0.9319 2.3442 0.0121 -0.4630 3.4187

Figure 9. Variation of the current, voltage and power temperature coefficients in absol ute measurement

units depending on the level of solar radiation

Table 3. Calculated current a, voltage f and power y temperature coefficientsin %/ °C

o Sub-system Sub-system
Solar radlzatlon with polycrystalline silicon PV modules with amorphous silicon PV modules
[Win] o [%°C] | B _[%W°C] | v _ [%°C] | o [%F°C] | B _ [%°C] | v _ [%°C]
i p-Sis p-Sis p-Siy aSis aSh aSi

Nomin

a STC 0.10 -0.38 -0.47 0.08 -0.33 -0.20
1000 £50 -0.183 -0.331 -0.482 0.290 -0.298 -0.515
900 +50 0.044 -0.414 -0.313 0.377 -0.293 0.575
800 +50 0.111 -0.423 -0.214 0.413 -0.297 1.274
700 £50 0.116 -0.450 -0.184 0.396 -0.292 1.476
600 +50 0.101 -0.416 -0.137 0.385 -0.293 1.758
500 +50 0.085 -0.383 -0.096 0.341 -0.261 1.854
400 +£50 0.068 -0.370 -0.075 0.260 -0.240 1.491
300 +£50 0.066 -0.358 -0.040 0.215 -0.237 1.329
200 +50 0.067 -0.310 0.006 0.160 -0.197 1.128
100 £50 0.094 -0.260 0.069 0.126 -0.138 1.062

For amore correct analysis and in order for the
obtained values of a, B and y to be compared with the

nomina values given by the producers of photovol-

taic modules, temperature coefficients are converted
into relative units: % / °C. The calculated values of

temperature coefficients in real working conditions

and the nominal valuesat STC in %/ °C are given in
Table 3.

Graphical presentation of the variation of the
temperature coefficients in % / °C depending on the
level of solar radiation is shown in Figure 10.
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Figure 10. Variation of the temperature coefficients in % / °C depending on the level of solar radiation

3. ANALYSIS

During analysis, the studies should take into
account that they are made under real operating con-
ditions and results depend not only on the physica
characteristics of PV modules, but also on the
weather conditions at the given location, type of
installation of the modules and the influence of the
parameters and devices used in electrical part of the
photovoltaic power plant. The inverters used for
sub-systems with polycrystalline and amorphous
photovoltaic modules are exactly the same, but be-
cause of different volt-ampere characteristics of the
two technology modules, their maximum power
point trackers work with different electrical parame-
ters.

The analysis of the results of the present stu-
dies to investigate the change of temperature coeffi-
cients of polycrystalline and amorphous silicon pho-
tovoltaic modules at different levels of solar radia-
tion and module temperatures in real working condi-
tions of roof installed grid connected photovoltaic
power plant located in the center of Bulgaria, leads
to the following discussion:

— The working temperature during the time
of the day changes from —12.4 °C to +63.3 °C with
the annual average value of 25.6 °C for polycrystal-
line silicon PV modules (Figure 3) and from —11.5
°C to +70.1 °C with annual average value of 28.9 °C
amorphous silicon PV modules (Figure 4);

— Obtained operating temperature coeffi-
cients have a significant change with a different
trend for the two technologies of photovoltaic mod-
ules depending on the level of solar radiation. For
polycrystalline silicon PV modules, power tempera-
ture coefficient at Gi=1000W/m? is negative
Vs~ —0.482 %/°C and very close to nominal at STC

Vossrs ~ 0,47 %/°C, despite the bigger differences
in current and voltage temperature coefficients (Ta
ble 3 and Figure 10). With a decrease in the level of

solar radiation, Vg is amended to zero and positive

at levels below Gi=200 W/m?, as on the levels below
Gi=800 W/m? the trend is close to linear. (Tables 2
and 3 and Figures 9 and 10). For amorphous silicon
PV modules, power temperature coefficient at
Gi=1000W/m? is negative v 4= —0.515 %/°C and
bigger in absolute value than the nominal at STC
Vg src= 0.20 %/°C, as the difference is caused

mainly by the bigger current temperature coefficient
o (Table 3 and Figure 10). With a decrease in the

level of solar radiation below Gi=900 W/m?, Vg

rapidly becomes positive and increases significantly
in absolute value, as the trend is not linear. (Tables 2
and 3 and Figures 9 and 10). The maximum value of
V.o~ +1.854 %/°C is obtained at the level of solar

a
radiation Gi=500 W/n.

4. CONCLUSIONS

After the analysis, it is established that in real
operating conditions polycrystalline silicon PV
modules work 62 % of the time with negative power
temperature coefficient, lower than the nominal at
STC as an absolute value, whereas amorphous sili-
con PV modules work 94 % of the time with rela
tively big positive power temperature coefficient,
although their nominal power temperature coeffi-
cient at STCis negative (Table 1 and 3, Figure 10).

For polycrystaline PV modules about 20%
reduction of calculated conversion efficiency of
solar energy into electrical is obtained when increas-
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ing temperature of the modules from —10 °C to +60
°C, while for the amorphous PV modules the change
isnegligible (Figure 5).

These final conclusions could serve to in-
crease the efficiency of the photovoltaic power
plants during their design by optimizing the selec-
tion of a suitable PV module technology for a given
location and type of installation of photovoltaic
modules in terms of opportunities to influence their
temperature control.
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FOR

NCIIMTUBAKBE TEMIIEPATYPHUX KOEOUITMIEHATA AMOP®HUX
U TIOJIMKPUCTAJIHUX CUJIIMKOHCKUX ®OTOHAIIOHCKNUX MOAVYIJIA
Y CTBAPHUM PATHUM YCJIIOBUMA

Caxerak: Y pagy Cy TNpeICTaBJbEHH pE3YNITaTH HCUTHBAaKma TEMIIEPaTypHHUX
koepuIUjeHaTa aMOP(QHUX M MOJHKPHUCTAIHHX CHJIMKOHCKHX (DOTOHAIIOHCKHX MOAYyJa Y
CTBapHUM PAJIHUM yclioBUMa y GoToHanoHckoj exekrpanu oa 10 KWp, MpexHo moBe3aHoj
W MHCTaIMpanoj Ha kpoBy TexHuukor yHuBep3utera y ['abpoBy, Byrapcka. Kommjyrepcka
oOpama u mpepacnofjena nojgaraka npahema CrIpoBeACHHU Cy J1a OM ce pa3iBojuiia Mjepema
y TpyIie IpHOIMKHO jeTHAKUX M3HOCA CYHYEBOT 3padema. Jlat je rpadudku mpuKa3 cHare,
HaIlOHA U CTpyje Kao QyHKIHje TeMIlepaType Ha MCTOM HHBOY CYHUEBOT 3paveciha 3a JIBHje
BpcTe moayia. [IpomjeHa cHare, HaroHa U CTPyje Kao GyHKIHja TeMIlepaType o0ujeHa je
yInoTpeOoM JIMHEapHUX perpecMoHuX (yHKIUja. YCTaHOBJbEHH Cy KOS(DUIMjEHTH palHe
TemIeparype amMop(@HHUX U HOJMKPHCTAIHUX (OTOHANOHCKMX MOJyJa Ha OCHOBY
AQHAIUTUYKUX (QYyHKIHMja ¥ ynopel)eHu ¢ HoMuHaNHMM. M3BpIICHA je aHAM3a U JOHCLICHH

3aKJbYYILIA UCTPAKUBAHA.
Kibyune pujeun:

aMOp(l)HI/I U  TOJIMKPUCTAJIHU CHUJIIMKOHCKHU Q)OTOHaHOHCKI/I

MOJYJH, TEMIEPAaTypHH KOe(UIMjEeHTH, TeMIepaTypHa 3aBUCHOCT, JITHEApHA perpecuoHa

aHalJin3a.



