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Abstract- Operating parameters of a KA58 Amorphous Silicon (a-Si) photovoltaic module is investigated as a function of
solar irradiation and atmospheric conditions using current-voltage curves taken for a year from April to May at Mugla Sitki
Kocman University PV Outdoor Test Site. Single diode model is proposed to explain the current-voltage curves of thin film
solar cells and modules. It is observed that the operating parameters of a KA58 a-Si photovoltaic module exhibit significantly
different response to the changes in solar radiation and weather conditions in a period of 12 months. Correlations between
internal parameters, namely Rs, Rp, I, 1o and a (modified ideality factor) of module and solar irradiation and atmospheric data
is investigated.
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1. Introduction

Photovoltaic (PV) systems offer an environmentally
friendly way to meet growing electricity demand. The
cumulative installed capacity of all PV systems around the
world at the end of 2009 grew to 22,878 MWp. The
cumulative capacity was 480MWp in 1995, 1428MWp at
2000 and 6956MWp at the end of 2006 [1,2].Cumulative
installations of PV cells and modules around the world have
been growing at an average annual rate of more than 30%
since 1995 and it is raised by 45% up to 22,9GWp in 2009 .
For the solar production industry, global annual installation
of PV modules is projected to rise from 22.9 GWp in 2009 to
more than 179 GWp in 2030 [2].

Silicon is the basic material required for the production
of solar cells based on crystalline technology. 93% of the

world market is based on crystalline silicon and the share of
thin film technology based solar cells is round 6% at the end
of 2006. It is expected to gain a much larger share of the PV
market in the future. EPIA expects a growth in the thin film
market share to reach about 20% of the total production of
PV modules by 2010 and 40% by 2030 [1,2].

Thin film modules are constructed by depositing
extremely thin layers of photosensitive materials onto a low-
cost backing such as glass, stainless steel or plastic. These
results in lower production costs compared to the more
material-intensive crystalline technology, a price advantage
which is currently counterbalanced by substantially lower
efficiency rates. Three types of thin film modules are
commercially available at the moment. These are
manufactured from amorphous silicon (a-Si), copper indium
diselenide (CIS, CIGS) and cadmium telluride (CdTe).
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Among the three commercially available thin film
technologies, a-Si is the most important in terms of
production and installation. Some analytical and numerical
methods are developed for the characteristics of solar cells
[3,4].

The performance parameters of PV modules are
optimized at some reference condition, usually at standard
test conditions (STC) of 1000 W/m? of irradiance, 25 °C cell
temperature and air mass 1.5 global spectrums. And internal
parameters of PV modules are always given at these
conditions by manufacturers. However, these conditions
rarely occur outdoor and thus variations of electrical
parameters of PV devices need to be investigated and
modeled. There are a few models, both in numerical and
analytical, in the literature for simulating the behavior of PV
devices for specific irradiance and temperature conditions
[5,6].

The purpose of this study is to evaluate the effect of
seasonal changes in the operating parameters of a KAS58
Amorphous Silicon (a-Si) thin film module as a function of
solar irradiation and atmospheric conditions.

2. PV Model and Methodology

The electrical power available from a PV cell/module
can be modeled with the circuit shown in Fig. 1 [6]. Single
diode (single exponential) model is considered as the
equivalent PV model. Five parameters must be known in
order to determine the current and voltage, and thus the
power delivered to the load. These parameters are I, the
light generated current or photovoltaic current, Io , dark
saturation current, Rg , series resistance, Rgy or Rp , shunt or
parallel resistance and , is a coefficient called as modified
ideality factor. Herein, the modified ideality factor is
calculated as @ = N-;nkzT-/q ; herein, Ncs represents

number of the solar cells or PV modules, n represents diode
ideality or quality factor, ks represents Boltzmann constant, q
represents electron charge and T represents temperature of
the solar cell or PV module in Kelvin [6].

The following Equation may be written for the current
flowing through the circuit at any chosen point according to
current rule of Kirchoff. Wherein, I_ represents the light
generated current by in the solar cell or a PV module, Ip
represents diode current and Iy represents leakage currents.

L=1, -1, -1g, 0

When Igy and Ip is inserted in Eq.1 the current-voltage
relationship at a fixed cell/module temperature and
irradiation for the circuit will be expressed as:

v +IR) V+IR
=1, -1 exp{—s}—l}——s )
) O{ a Rsh

Where V is the voltage across the load. Dark saturation
current (lIo) depends on band gap and temperature of the
material used in manufacturing the solar cell [7].

0 ©

Fig. 1. Equivalent circuit of a solar cell or a PV module.

Series resistance (Rg) and shunt or parallel resistance
(Rgy ) can be determined by defining Ry, around open
circuit voltage and Rg,o around short circuit current with

the help of gradients of the current-voltage curve around
open circuit voltage and short circuit current.

dav
Ren = — 3
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dv
Reo = — — 4
SHO (dl} ()

I=lgc

A set of equations is obtained by arranging Eq.2, which
is given for the current, around open circuit voltage, short
circuit current and the maximum power point at which
maximum power is obtained from the device to determine
five important parameters for the solar cell or PV module.
Certain assumptions are required to be made to solve the five
parameters analytically from the obtained Equation set [8,9].

V I..R
Because exp(ﬂj >>exp(Mj and Ry <<Rg, in
a a

. . R
the obtained equations, then 14+ ——~1. Thus, such
SH
parameters of a solar cell or a PV module, R, I, lIo and a
may be calculated as seen below:
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Then, the five important parameters for a solar cell and
PV module can be calculated by using a single current-
voltage curve. A value is assigned for series resistance (Rs)
as initial value. After parallel resistance value (Rgy) and
modified ideality factor (a) given by Equation (8) are
calculated, current generated by light (1) is calculated by
using the Eq.6 and RS , which is expressed by Eq.5 is re-
calculated. The new calculated value of RS is used in Eq.7 to
find the dark saturation current (lp). Thus, all required
parameters for a solar cell or PV module are determined.

2.1. Measurement System

A multi-channel measurement system in Mugla Sitki
Kocman University Clean Energy Resources Research and
Development Center (MUTEK R&D) developed by
Aescusoft can scan the whole current-voltage curve of a solar
cell or photovoltaic module in 20 seconds [10]. Voltage of
solar cell or PV module under test is scanned at 80 points
from the value around short circuit current (0V) to the open
circuit voltage (Voc) and current value corresponding to each
voltage value is measured and saved in a file. These
measurements are performed in a 2 minute period and made
available during a day. Variations in the internal parameters
of the solar cell or PV module can be observed within a day
or between seasons by using the obtained current-voltage
curves. Fig.2 shows the connection box of the multi-channel
measurement system. 4 points measurement method is used
(2 cables for load and 2 cables for sense) for the current and
voltage measurements of the tested PV modules.

Fig. 2. Connection box of the multi-channel measurement
system.

Parameters of solar cell and PV module vary under
operating conditions and lower performances are obtained
compared those given under STC. These conditions combine

solar irradiation on a clear summer day, temperature of solar
cell or photovoltaic module on a clear winter day and solar
spectrum on a clear spring day. However, these conditions
are encountered rarely. High irradiation levels occur on
surfaces of PV modules exceeding 1000 W/m? in summer
months; however, because ambient temperature is high,
operating temperatures of PV modules may reach up to 60-
70 °C. In winters, although ambient temperature and the
consequent operating temperature of PV modules are lower
(it is close to 35 °C at noon time), solar irradiation, which
can bze obtained on surfaces of PV modules, is below 1000
W/m*.

2.2. KA58 Amorphous Silicon (a-Si) Photovoltaic Module

Electrical power conversion efficiency of the KA58
Amorphous Silicon (a-Si) Photovoltaic Module, whose
performance has been observed since April in Mugla Sitki
Kocman University’s photovoltaic test area, is defined as
6.62% under STC. The manufacturer’s electrical values for
the KA58 a-Si photovoltaic module with power of 58W
under STC are given in Table 1.

The tested PV module consisting of 100 series-
connected a-Si solar cells covers an area of 0.876m’.
According to the data provided by the manufacturer, the
potential power, which can be generated at the maximum
power point, decreases by 0.34 - 0.49% for an increase of
1°C in temperature depending on operating conditions.
Ideality factor of the KA58 a-Si photovoltaic module under
STC is given as 2.21. Table 1 shows values of some physical
parameters and coefficients for variation of current and
voltage depending on temperature.

Table 1. Parameters of KA58 Amorphous Silicon (a-Si)
Photovoltaic Module under STC

Isc | Voc | Impp | Vmer | Rs Rsw lo,ref uVoc ulsc
A 1TMIEA MO © | @0©A) ]| @mVPC) | (mAC)

1.10 | 85.0 | 0.92 | 63.0 | 8.39 | 1050 | 229 -331 0.8

3. Results and Discussion

For establish the current-voltage curve of the
photovoltaic module, 80 voltages and the corresponding
currents values taken with the help of electronic load in 10-
20 s were measured. Short circuit current (lsc), open circuit
voltage (Voc), the current at the maximum power point (lypp)
and the voltage at the maximum power point (Vypp) Were
determined for the PV module under test. New current values
corresponding to the measured voltage values were
calculated by using Blas Model based on single diode model.
Although small variation exist between the values calculated
by using Phang model and empirical values obtained for the
KAS58 a-Si PV module, it is seen that Blas model is in good
correlation with empirical values for the PV module (Fig. 3
and Fig.4).

12" day of July that was a clear day was chosen to
represent behavior of the KA58 a-Si PV module in summer
season. On that day, 1090W/m? plane of array irradiation is
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measured at noon and temperature of the PV module raised
up to 61°C. Fig. 3 shows variation in current-voltage for four
different irradiation levels for the KA58 a-Si photovoltaic
module.

As seen in Fig. 3, currents measured at noon are higher
than those provided by the manufacturer under STC. The
reason is the fact that irradiation is higher than that in STC
by 9% as well as temperature of the PV module is measured
as 36°C, higher than 25°C.

12 =

P=58W -
STC:G=1000W/m’

T.=25C

A.M=150

08 .
<
£ 06 .
e
=
>
O o4t .
G=202W/m", T =30°CT =27°C, A.M=3.13, 08.08
P=12.32W
02 - g
o Experimental
* Phang Model
Blas Model
00 I 1 1 " " 3 1
0 20 40 60 80

Voltage (V)

Fig. 3. The current-voltage characteristics of the photovoltaic
module at 12" of July

The measured open circuit voltage is lower that provided
by the manufacturer under STC because temperature
coefficient of open circuit voltage is negative. It was
calculated that power of 47.79W could be drawn from the
photovoltaic module on 12nd of July at 13.24 during noon
time in which the highest irradiation was measured. This is
17% below the value provided by the manufacturer under
STC.

8th of January that was a clear day was chosen to
represent behavior of the KA58 a-Si photovoltaic module in
winter season. It is seen that the experimentally measured
current-voltage values are correlated with the obtained values
by the used models (Fig. 4).
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Fig. 4. The current-voltage characteristics of the photovoltaic
module at 8" of January

Although the PV module temperature measured under
the highest irradiation is very close to the value obtained

under STC, the generated current is low due to the variance
in the solar spectrum. Therefore, power, which might be
generated from the PV module under 950W/m? plane of
irradiation, is also low. In fact, it is only half of the value
provided by the manufacturer under STC.

As seen in Fig. 3 and Fig.4, because the values, which
are obtained by using Blas method, are consistent with the
empiric values under winter and summer conditions,
parameters for the solar cell and PV module may be
calculated by using Equation sets from Eq.5 to Eq.9 closer to
the values under the operating conditions.

3.1. Variations in Series Resistance

Series resistance values for the KA58 a-Si thin film PV
module decrease logarithmically according to Eq.10 with

irradiation. Herein, rg, and Iy, are coefficients representing
variation in series resistance, which vary depending on
months (I, is calculated as positive only for January).

Rs =I5y + 15, xIn(G) (10)

Lower values are preferred for series resistance.
Therefore, series resistance value decreases under high
irradiation levels with the contribution of the increasing
temperature of the PV module and the increasing irradiation
contributes to performance of the PV module. Fig. 5 shows
variation of series resistance with irradiation calculated on
the selected clear days during a year for the KA58 a-Si PV
module. The series resistance values higher than 10Q were
calculated under low irradiation levels up to 500W/m?. In the
KA58 a-Si PV module, the series resistance values, which
were calculated under irradiation values higher than
300W/m?, are lower that (8.39Q) provided by the
manufacturer (Table 1).

For the KA58 a-Si PV module, the coefficients given in
Eqg.10 vary depending on months according to the result of
the regression analysis conducted by using the least-square
method for the values given in Fig.5; the general expression
was calculated as the following.

Rg =57.658—7.558xIn(G) (11)

25 T T T T T
o Experimental
Calculated

Series Resistance, RS ()

200 400 600 800 1000 1200
POA Irradiance G (W/m’)

Fig. 5. Irradiation dependencies of the measured and
calculated series resistance values
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3.2. Variations in Series Resistance

Parallel resistance (Rsy) expresses leakage currents in a
solar cell or photovoltaic module and they are parameters
affecting performance. Departing from the gradient of
current-voltage curve around the short circuit current, the
parallel resistance value may be calculated by using Eq.9. It
is seen according to the calculations made under different
conditions that the gradient of current-voltage curve around
the short circuit current decreases as parallel resistance value
of the photovoltaic module increases. Because leakage
currents are not desired in a solar cell or a photovoltaic
module, parallel resistance should be kept higher as much as

possible. Rg,, = oo is accepted for an ideal solar cell. It is

seen in the photovoltaic module under test that the parallel
resistance, Rsy, depends on the irradiation level G and
temperature of the solar cell/module, Tc , logarithmically
according to Eq.12.

Rsh = fsh1 +Tsn2 X In(G) (12)

Herein, ry,, and I, are coefficients representing

variation in parallel resistance, which vary depending on
months. Variation of parallel resistance value is seen on
current-voltage curve more clearly. In the KA58 a-Si
photovoltaic module, a decrease occurs in voltage as soon as
the current at the maximum power point increases and the
place of this point moves toward lower voltages and a bit
higher currents on the current-voltage curve.

In the KA58 a-Si photovoltaic module, the calculated
resistance values are in the interval of 400-1700Q. It is in the
calculations made up to irradiation level of 400W/m? that
parallel resistance values are calculated between 900 and
1300Q while they are lower than 700Q for the irradiation
higher than 600W/m?. The manufacturer’s parallel resistance
value for the KA58 a-Si photovoltaic module is 1050Q
(Table 1). Fig. 6 shows variation in the values calculated
under different irradiation levels during a year. The highest
values for parallel resistance were calculated in August in
which ambient temperature elevated to 40°C and temperature
of the photovoltaic module reached to 70°C. They increase
up to 1700Q under low irradiation levels.

1800 T r T r

o Experimental

1600 - © Calculated |
o ]
1400 - ® -
o
1200 |- -
° e o

1000

800

600

Parallel Resistance, R_(Q)

400

200 4

1 1 1 1
200 400 600 800 1000 1200
POA Irradiance, G (W/m’)

Fig. 6. Irradiation dependencies of the measured and
calculated shunt resistance values

It is determined according to the calculations that the
general Equation showing variation of parallel resistance
value with irradiation in Eqg.13 for the KAS58 a-Si
photovoltaic module.

Rgy = 2455.18 - 280.31xIn(G) (13)

3.3. Variations in Modified Ideality Factor

Modified ideality factor (@) is one of the important
parameters affecting performance of a solar cell and PV
module. Modified ideality factor may be calculated by using
Eq.8 with the help of current-voltage curve. Variation in
modified ideality factor does not change short circuit current
of the solar cell or PV module; however, open circuit voltage
vary linearly with modified ideality factor.

According to the calculations made for the KA58 a-Si
PV module, the modified ideality factor intends to increase
with the irradiation level (Fig. 7). According to the monthly
regression analysis, it is seen that variation of modified
ideality factor with irradiation level is consistent with Eq.14

provided that coefficients of &, and a, take different values
depending on months.
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POA Irradiance, G (W/m’)
Fig. 7. lIrradiation dependency of the measured and
calculated modified ideality factor
a2><G

a=a)xe (14)

However, in the analysis conducted for a period of 12
months, the general expression of the modified ideality factor
with irradiation for the KA58 a-Si PV module is expressed in
Eg.15 and irradiation dependency is shown in Fig.7.

a2><G
a=ag—aqxe (15)

a=11.083-6.174xe

Modified ideality factor for the KA58 a-Si PV module
was calculated as 5.72 at 25°C by using the diode ideality
factor provided by the manufacturer as 2.21 under STC. The
modified ideality factor value varies between 4 and 14 during
the test period of 12 months. Fig. 7 shows its variation with
the irradiation. It decreases with the irradiation in December,
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January, March and April (@, <0) while it increases in other
months ( a, >0).

3.4. Variations in Dark Saturation Current

Variation in dark saturation current does not change the
short circuit current in a solar cell or a PV module; however,
it causes the solar cell or PV module to work at lower
voltages. The voltage on the maximum power point and the
open circuit voltage decreases. As the dark saturation current
increases, the maximum power point moves toward lower
voltages; consequently, fill factor (FF), which equals to the
maximum power over the product of short circuit current and
open circuit voltage, decreases.

Temperature dependency of the PV module depends on
the solar cell material as given in Eq.17. Dark saturation
current (lp), of a solar cell or a PV module is given as the
following according to the data provided by the manufacturer
under STC.

m
T
lo _| Tc xexp Ee {1— C"ef] 17
I O, ref TC ref Aref TC

Herein, it is T e~=25°C solar cell/module temperature,
lore 1S the dark saturation current under STC and Eg is the
band gap of the semi-conductor of which the solar cell is
made and m is a coefficient, which might take values
between 2 and 4 and shows temperature dependency of dark
saturation current [11].

According to the calculations, dark saturation current is
within different intervals between 297 and 303 K in summers
and winters. Table 2 shows the values obtained for the KA58
a-Si PV module.

Very high dark saturation current was calculated for the
KA58 a-Si PV module compared with that provided by the
manufacturer under STC. This may increase up to 1 mA in
winter while the value provided by the manufacturer under
STC is 222 nA that is approximately 1/5000 of the calculated
value.

Table 2. Calculated dark saturation current interval values in
summer and winter months for KA58 a-Si module at 297-
303K

December, January, June, July, Value at
February August STC
0.1-1.0 mA 5.0-29.0 pA 229 nA

3.5. Variations in Light Generated Current

Light generated current, I, is proportional to irradiation
level on the solar cell/module. Operating temperature of the
PV module, T¢ , and the air mass (AM) due to its effect on
solar spectrum. Light generated current under STC may be
calculated at any irradiation G and operating temperature T¢
as [12]

lei[l Loref +415C(TC =T, ref )| (18)

Short circuit current and open circuit voltage of the PV
module will increase with increasing light generated current.
Because open circuit voltage depends on the current
logarithmically; an increase in open circuit voltage will be
lower than that in the short circuit current. Light generated
current values for different irradiation levels for the KA58 a-
Si PV module was calculated and the variation is shown in
Fig. 8 for 12 months test period.
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Fig. 8. Irradiation dependency of light generated current

Because the light generated current is directly
proportional to irradiation level, the photovoltaic module’s
short circuit current and open circuit voltage will increase.

Effects of seasons on the KA58 a-Si PV module are very
clear as seen in Fig. 8. There are differences up to 40%
between light generated currents under same irradiation
levels but different operating temperatures. Values calculated
in September represent upper part of the distribution in Fig. 8
while those calculated in January represents lower parts.

In this study, it is shown that the single-diode model is
successfully applicable to PV modules consisting of
amorphous silicon thin film solar cells successfully with the
help of modified ideality factor, which is known as curve
parameter including temperature. Variations of the
parameters affecting performance of the KA48 a-Si thin film
PV modules measured during a period of 12 months with
irradiation were determined.

4. Conclusion

The current-voltage curves of an a-Si module are taken
for a year from April to May at the Mugla Sitki Kocman
University PV Outdoor Test Site. Single diode model is
proposed to explain the current-voltage curves of thin film
solar cells and modules. The relationship between the
environmental seasonal variations and internal parameters
were analyzed. The following points were clarified:

1. In summer season the calculated power of the
selected power of the tested module is lower than the value
given at STC because of the high operating temperature.
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2. The series resistance values higher than 10Q were
calculated under lower irradiation levels up to 500W/m? In
the KA58 a-Si photovoltaic module, the series resistance
values, which were calculated under irradiation values higher
than 300W/m;,, are lower that (8.39Q) provided by the
manufacturer.

3. In the KA58 a-Si photovoltaic module, the
calculated resistance values are in the interval of 400-1700Q.
It is in the calculations made up to irradiation level of
400W/m? that parallel resistance values are calculated
between 900 and 1300Q2 while they are lower than 700Q for
the irradiation higher than 600W/m? The manufacturer’s
parallel resistance value for the KAS58 a-Si photovoltaic
module is 1050Q.

4. The modified ideality factor for the KAS58 a-Si
photovoltaic module was calculated between 4 and 14 during
the test period of 12 months.

5. Very high dark saturation current was calculated for
the KA58 a-Si photovoltaic module compared with that
provided by the manufacturer under STC. Calculated values
are in mA scale while the given value is in nA scale.

6. There are differences up to 40% between light
generated currents under same irradiation but different
operating temperatures.
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