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Abstract. Many researches on the low-cost solar simulators for PV module performance
testing have been carried out. However, it was found that the previous designs require
improvements to address the needs of PV module performance test equipment
specifically for dust impact experiments. As the dust material attaching on the surface of
PV module is removed easily during experiments, module position should be kept to face
upwards. This study reported results of a solar simulator developed for testing
characteristics of PV modules including those contaminated with dust. Test results
showed that the solar simulator worked well. Voltage input and distance of halogen
lamps can be adjusted to produce various light intensities received by the examined PV
module. Relative difference of maximum power output (Pmax) of an examined PV
module exposed to the Sun and the developed solar simulator was about 33%. The large
difference was likely contributed to human errors and non-standard equipment applied
during the study.
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1 Introduction

A sun simulator is a controllable device that provides artificial solar irradiance
referring to the standard spectrum i.e. air mass 1.5 used for the testing of solar cells [1]. By
deploying a solar simulator, some disadvantages of natural sunlight-based experiment such as
unstable weather conditions and low reproducibility of measurements can be addressed.
Nevertheless, artificial light produced by a solar simulator is not precisely similar to solar
irradiance. It still shares some defects when input voltages are changed, as a result the
spectrum and the distribution of light intensity are not uniform over the available collector test
area [2].

Halogen is a type of lamps that has been widely applied as a solar simulator light
source [1-4]. In addition to its low price, the use of the type of the lamp is based on its
characteristics which shares similar spectrum to sunlight [5]. Material of the filament of
halogen is different to other type of lamps, it contains specific gas to increase light intensity
and service life [6,7].

Grandi et al [8] in a research investigated the performance of a solar simulator using
hybrid light emitting diodes and halogens. Results of the experiments applying three different
light guidelines showed that the simulator unit can achieve a Class C uniformity over an area
of 10x10 cm. The estimated total cost of the proposed solar simulator module was around 250
€, including the cost of lamps as much as 115 €.
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Salam et al [9] designed and explored a laboratory-scale solar simulator for a
university. The solar simulator was built from halogen lamps as the light source. The research
was focused on the effects of temperature of halogen lamps which usually heat up quickly.
The development of this solar simulator was then tested to obtain the characteristics of current
and voltage of a 3 W and a 5 W PV module. The test results showed the current and the output
voltage of the solar panels were still in the range issued by the manufacturers.

Yandri [10] in a work developed a halogen based solar simulator. The simulator came
up with two main parts — a structure to support PV module and the halogen light source. In
order to reduce interference of light from outside hitting the surface of the tested objects, the
examined PV module was placed facing down to the source of light. The results showed that
intensity of light reflected by a halogen lamp was maximum toward the center of a
perpendicular surface and become non-uniform to the edge of the surface. The optimal
distance between source of light of the simulator and the tested module was 32 cm, giving a
maximum uniformity of 9.7%. This value was still within the limits recommended by the
British Standards for solar simulator experiments.

Literature showed that many researches have been conducted on solar simulators.
However, it was found that the designs required improvements to address the needs of PV
modules’ characterization specifically for dust impact testing. As the dust material attaching to
the surface of a PV module is removed easily during experiments, the PV module’s position
inside the solar simulator should be kept to face upwards. Another thing is that the previous
solar simulators were not equipped with proper cover to avoid the intervention of light from
outside.

This study aimed to develop a solar simulator dedicated for PV modules characteristics
testing including those contaminated with dust. The developed solar simulator deploying
halogen lamps connected in parallel as a source of light.

2 Experimental methodology

Solar simulator developed in this study referred to the work of Yandri [10]. The
equipment applied halogen lamps connected in parallel and supplied by a 220 volts electric
source. To allow the simulator to be used for dusty PV testing, the lamps were mounted on the
top of the simulator and facing down, while the PV module support was located on the bottom
and facing up. In addition, all four sides of the simulator were covered so that there was no
outside light intervention. The design and the appearance of the developed simulator are
shown in Fig. 1.

Characteristic of the light produced by the lamps and received by PV module was
tested at various distance. The test results were used as a reference for PV performance
investigation. Electrical specification of the examined PV module is depicted in Table 1.
Current, voltage, and power output were the parameters recorded for PV performance
assessment. Electrical circuit of the PV performance test is shown in Fig. 2. In addition to the
indoor measurement, PV performance was also investigated outdoor by exposing the module
to the sunlight. The test diagram is shown in Fig. 3. Electrical parameter values obtained both
inside and outside experiments were then plotted to illustrate 1-V and P-V curves of the PV
module.

To find out how similar the light of solar simulator and sunlight were, the results of
indoor and outdoor PV performance measurements were compared. The comparison was



carried out after the values of the electrical parameters of the PV module recorded in both

measurement conditions were converted to standard condition using the following equations

[11]:
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where, subscript 1 and 2: real operating condition (ROC) and standard test condition (STC)
values respectively; | and V: current (A) and voltage (V), respectively of I-V characteristic
data pairs; G: in-plane irradiance (W/m?); T: module back side temperature (°C); o: current
temperature coefficient (A/°C); B: voltage temperature coefficient (V/°C); Rs: the internal
series resistance of the test specimen (Q); k: curve correction factor (Q/°C); Pmax: maximum
power (W); ls: short circuit current (A); Voc: open circuit voltage (V).
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Fig. 1. Design of the solar simulator and its close-up appearance
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Fig. 2. Electrical circuit of indoor PV performance test




Table 1. Technical specification of the examined solar panel

Parameters mc-Si
Maximum power (Pmax) mnow
Voltage @ Pmax (Vmp) 1783V
Current @ Pmax (Imp) 0.56 A
Short circuit current 0.61 A
Open circuit voltage 2175V
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Fig. 3. Electrical circuit of outdoor PV performance test

Research methodology described in this section was summarized and depicted in Fig. 4.
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Fig. 4. Summary of the experimental methodology




3 Results and discussion

3.1 Light characteristic of the developed solar simulator

Tests were carried out on several distance of the source of light and PV module to determine
the amount of light achieving the surface of the module. The results are shown in Table 2.

Tabel 2 Light intensity measurement results based on distance
Distance (cm)  Light intensity (W/m?)

4 1121

6 1007

9 938
10.5 902
12.5 857

From these results it can be seen that the intensity of 1000 W/m? beam occurred at a distance
of about 6 cm. This value was then used to characterize the performance of the examined PV
module.

3.2 Characteristic of solar module indoor and outdoor experiments

This section discusses the electrical parameter values of PV module investigated using solar
simulator and under the Sun. Test results on various intensity and temperature conditions of
indoor and outdoor measurements were then converted to the standard values. The results of
the conversion are listed in Table 3.

Table 3. Conversion results of electrical parameters of the examined PV module

Sunlight Solar simulator
R(Q) Voltage Current Power Voltage  Current Power
V) (A) (W) V) A W
0 0 0.67 0 0 0.36 0.00
10 20.80 0.55 11.44 21.74 0.34 7.39
20 20.82 0.52 10.83 21.93 0.29 6.36
30 21.08 0.49 10.33 22.20 0.24 5.33
40 21.21 0.45 9.54 22.31 0.19 4.24
50 21.24 0.39 8.28 22.35 0.14 3.13
60 21.41 0.34 7.28 22.39 0.09 2.02
70 21.57 0.29 6.26 22.42 0.04 0.90
80 21.68 0.24 5.20 22.44 0.02 0.45
90 21.87 0.19 4,16 22.46 0.005 0.11
100 22.03 0.00 0.00 22.48 0 0.00

It can be seen that there are differences in the value of the measurement results on
various load levels (R). At the same light intensity and temperature, the value of the solar
simulator test results was smaller than the one tested under the Sun. This is caused by



differences in the spectra of halogen lamps and sunlight. The values of I, V, and P in the Table
3 were then plotted and the result is shown in Fig. 5.

Fig. 5 shows that the maximum power output of the module exposed to the Sun is
11.44 W and 7.55 W when it was measured indoor using the simulator. Relative difference of
the values was 33.9% (((11.44-7.55)/11.44)x100). Based on these results, it is known that the
difference in the measurement results of the maximum power output values of the solar
module is 33.9%. The large percentage could be attributed to the human errors and the
application of non-standard measured equipment. Therefore, further research is needed to
address the problem.
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Fig. 5. I-V and P-V curves of the examined PV module

4  Conclusion

This study reported results of solar simulator designed for testing characteristics of PV
modules including those contaminated with dust. Test results showed that the solar simulator
worked well. Voltage input and distance of halogen lamp as the light source can be adjusted to
produce various light intensities received by the examined PV module. Relative difference of
maximum power output (Pmax) of an examined PV module measured outdoor under the Sun
and indoor by deploying a solar simulator was about 33%. The large difference was likely
contributed to human errors and non-standard equipment applied during the study. Therefore,
further research is needed by deploying standard equipment for more accuracy results.
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