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Abstract. Tests of PV panels efficiency follow IEC 61215, which defines optimal conditions of irradiation, temperature 

and ventilation for these procedures, resulting always in values tending to the optimal that difficultly are achieved in 

real conditions of use. Therefore, it was developed a solar simulator to provide the study and evaluation of PV efficiency 

under adverse climatic conditions, emphasizing the impact of temperature on their performance. The solar simulator 

was developed based on the following criteria: the use of artificial lamps with spectrum similar to the sun, adjustment 

of environment temperature and control of irradiation and its spreading homogeneity on PV surface. However, after 

performing some tests was observed that the irradiation homogeneity on the surface was worse than desired, with high 

values of irradiation in the center and low values in the peripheral areas, encouraging some redesigns of the apparatus 

until a more homogeneous distribution of irradiation was achieved. After this, the solar simulator was considered 

suitable for the desired proposal, which is the study and evaluation of future technological solutions aimed to increase 

PV efficiency by control or reduction its temperature.  
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1. INTRODUCTION  

 
Photovoltaic (PV) efficiency tests follow the international standard IEC 61215 and are conducted in climatic chambers 

at 25 ° C, air mass of 1.5 and irradiation of 1000	��
��. The radiation is generated by a solar simulator usually using 

xenon lamps, whose spectrum has larger amplitudes in the range of more efficient power conversion and lower amplitudes 
in the infrared band, just to avoid the temperature rise on PV panels. Thus, the efficiency of the manufacturers are always 
a value tending to the optimal, whose similar results are hardly achieved in real conditions. In order to decrease the 
discrepancy between the PV efficiency in real conditions and in climate chambers, a new standard was established called 
NOCT (Nominal Operating Cell Temperature), with radiation tilt 45 °, ambient temperature of 20 ° C, wind speed of 
1	��

�	 and irradiation of 800	����. Although this allows an approximation of the standard tests under actual operating 
conditions in Europe, in Brazil the difference is increased, since the ambient temperature and irradiation in this country 
are even higher then NOCT values (VILLALVA e GAZOLI, 2012) (BLOEM, 2008) (WEISS, AMARA e MENEZO, 
2012) (REIS, 2011) (TIEPOLO, 2011). 

Differently from the tests carried out by manufacturers, experimental studies aimed at improving the PV efficiency 
are performed under real conditions, influenced by climatic adversities such as the different conditions of irradiation 
during the day and position of the sun during the year partial shadows because of the clouds, variation of ambient 
temperature and wind speed. According to (SKOPLAKI and PALYVOS, 2009), these features require special attention 
in the prediction of PV efficiency (PÓ, 2011) (WEISS, AMARA e MENEZO, 2012).  

According to (PO, 2011), in a controlled environment (indoor) for testing and evaluation of PV panels, the possibility 
of controlling the temperature and irradiation reduces the uncertainties about the results. While evaluations  in  an 
uncontrolled environment (outdoor) can only be performed reliably when its temperature during the measurements have 
not vary by more than 2 K and irradiation and wind speed are virtually constant. These implications result in the need for 
a large amount of data acquisitions to determine important parameters of PV panels in an outdoor evaluation, whereas 
this could be simplified in an indoor environment where there is less uncertainty about the measures. 
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In this context, was developed an indoor environment for experimentation, evaluation and comparison of proposals 
aimed at increasing the PV efficiency by controlling or decreasing its temperature, using some of thermal and radiative 
properties. In Figure 1, (Weiss et. al., 2012) proposes the model of a photovoltaic panel highlighting for its thermal 
properties and some constructive. This environment, which is called solar simulator, was developed in climatic chamber 
of the Thermal Systems Laboratory (LST) of the Pontifical Catholic University of Paraná (PUCPR) where is possible to 
control the ambient temperature, ventilation and irradiation.  

 
Figure 1. Thermal and radiative properties of a PV cell 

 
 
2. DEVELOPMENT 

 
The main objective of this project was to propose and construct a solar simulator using the climated chamber of LST-

PUCPR, for testing and evaluation of  PV panels under adverse weather conditions, in which the most important parameter 
is the influence of temperature on their efficiency. 

The development of the solar simulator was performed into two main objectives: design and development; and 
definition of lamps. 
 
2.1 Design and development of solar simulator 

 
The solar simulator was built with the following dimensions: 1250 x 1850 x 2100 mm (width x length x height) so 

that it could fit most PV panels available commercially. Irradiation is generated by lamps arranged as a 4 x 6 array, 
totaling 24 lamps (Fig. 2). This amount of lamps is to be no large gaps between them, which can generate regions with 
low irradiation on the panel surface. 

 
 

 Figure 2. Design and development of solar simulator structure 
 

The circuit was connected to a 220 V voltage source to prevent significant losses of power by Joule effect in the 
conductors and reduce spending on oversizing of conductors and protective devices, and it was connected to a power 
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controller (dimmer) using PWM (pulse-width modulation) with a maximum voltage and 220V-12kW for the purpose of 
controlling the lamp power and therefore the irradiation on the surface of PV panels (Fig. 3). 

 

 
 

Figure 3. Dimmer to control the irradiation on PV panels 
 

The solar simulator was mounted within the climated chamber of the LST, which has the following characteristics: 
• dimensions (3000 x 3000 x 3000) mm; 
• temperature range: -10°C a 65°C; 
• humity range: 10 a 95%. 

 
2.2 Definition of lamps 

 

The choice of lamps was an important step in the construction of solar simulator. At this stage the following 
requirements have been established: 

• the lamp spectrum should be as close as possible to the solar radiation spectrum, with one band being transformed 
into electrical energy and the other into thermal energy; 

• the lamp power should be sufficient for: 
o cause significant heating in the PV panel; 
o result in an irradiation bigger or equal to a 1000 ����. 

After a research comparing the spectrum of different lamps commercially available, it was decided to use halogen 
lamps as irradiation source, because of its similar spectrum to the solar radiation. In Fig. 3 are compared the spectrum of 
the halogen lamp with the spectrum of solar radiation and others lamps. 

 
 

Figure 3. Comparison between the halogen lamp spectrum and: solar spectrum (left side); others incandescent lamps 
spectrum (right side) (ZEISS, 2015). 

 
An apparatus was constructed to examine the ability of the halogen lamp to generate energy in a PV cell and at the 

same time, heats it. This apparatus (Fig. 4 - left) consisted of a base containing, on one side, a 500 W halogen lamp, and 
on the other hand, a PV cell. The distance between the lamp and the cell was 1 meter. In addition to this apparatus, we 
used a voltmeter and a thermal camera to check the capacity of power generation and thermal energy in the cell. 

After testing, it was found the generation of electricity and thermal energy by the cell, resulting in an increase in 
temperature of 19.2 °C to 33.3 °C. 
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Figure 4. Apparatus to evaluate the generation of electricity and heat by halogen lamp (left side) and thermal imaging of 
PV cell (right side). 

 
To define which power of lamps should be used in the solar simulator (300 W or 500 W), there were two more specific 

evaluations: the heat generated in PV cell and the intensity of irradiation at a distance of 1 meter. 
The evaluation of heating generated in PV cell was carried out in the LST chamber with temperature stabilized at 25 

°C. This evaluation consisted in measuring the temperature of the PV cell, using a T-type thermocouple, when irradiated 
by 300 W and 500 W lamp. During the evaluation the whole temperature inside the chamber was also recorded (Fig. 5). 

 

 
 

Figure 5. Comparison between the heat generated by a 300W e 500W lamp. 
 

Considering the use of 24 halogen lamps in the solar simulator for irradiating an area of approximately 2,3 ��, it was 
concluded that both lamps have power enough to cause a significant increase in the temperature of the PV cell. Therefore, 
the choice of lamp power was decided only in the evaluation of irradiation. 

Using the same apparatus, the PV cell was replaced by a CMP calibrated pyranometer model 6 - Kipp & Zonen 
(sensitivity of 12,24 μ�����	 and impedance of 43 Ω) to evaluate the irradiation. After the acquisition of the radiation 
generated by the lamps of 300 W and 500 W were plotted graphs of Fig. 6. 
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Figure 6. Irradiation of halogen lamps 300 W (left) and W 500 (right). 
 

According to the Figure 6, it was possible to observe that, although the 500 W lamp has presented much higher 
irradiation, the irradiation of approximately 110 ���� generated by the lamp 300 W reaches the requirements, since, as 
mentioned above, the conceptual design of the solar simulator expect the utilizations of 24 in an area of only 
approximately 2,3 ��. 

 
3. RESULTS 

 
Several tests of the solar simulator were carried out in order to evaluate: 
• ability to control the irradiation intensity on the PV surface; 
• spreading of irradiation homogeneously on the panel surface. 

Before performing the tests, the surface of the solar simulator to be irradiated was divided in the form of a 10 x 7 array 
(row x column), resulting in 70 quadrants. The columns were labeled with the letters "A" to "G" and the lines with the 
numbers "1" to "10". 

The pyranometer was placed in the center of the simulator (D5 quadrant) and the irradiation power was adjusted using 
the dimmer, until it reaches the irradiation of approximately 1000 ����. 

After adjusting the irradiation, was measured the irradiation intensity in each of quadrants of solar simulator surface. 
All irradiation values were collected and stored by data acquisition equipment Agilent 34970A, which was configured to 
perform the pyranometer readings at 10 seconds. 

Three modifications and improvements have been made in the solar simulator based on the results obtained during 
the tests, which modifications are described below as case A, B and C. 

 
3.1 Case A 

 
In the Case A Fig. 7 was generated containing irradiation in each of quadrants of the simulator. In this figure is evident 

the poor distribution of irradiation generated on the surface of the solar simulator. The irradiation in the central quadrant 
was close to the desired value (999,01 ����), but in border regions the irradiation value was much lower than the 
desired, reaching values of only 33.72% of  D5.  
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A) B) 
 

Figure 7. a) configuration of the lamps in the solar simulator (Case A); b) irradiation spreading on the surface of the 
solar simulator. 

 
In this Case A we conclude that: 
• the solar simulator was able to adjust the irradiation on the surface with satisfactory precision, with a variation 

of only 0.1% below the desired value; 
• irradiation in each quadrant of the simulator surface is strongly influenced by the side lamps (neighborhood), 

and this has influenced in the peripheral areas of the simulator, making its surface with low homogeneity of 
irradiation. 

This problem of non-homogeneity in the simulator can generate the same effect occurred in panels with partial 
shading. That is, some cells generate electrical currents more intense than others and can negatively polarize cells that 
generate less current, significantly affecting the performance of the entire panel (DOLARA, LAZAROIU, et al., 2013), 
(LOPES, 2013) (ISHAQUE, 2011). 
 
3.2 Case B 
 

Because of the problem occurred in the Case A, it was executed the redesign of the solar simulator in which the 
solution found to fix the problem of bad spreading of irradiation was to surround the perimeter of the simulator with a 
reflective surface (95% reflection), creating virtual images in all sides of the simulator, as shown in Fig. 8, to increase the 
irradiation mainly in the peripheral regions.  
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Figure 8. a) solar simulator without the reflective surface on the sides; b) solar simulator surrounded by reflective 
material creating virtual images on the sides. 

 
This modification improves significantly the spreading of radiation on the simulator surface (Fig. 9). However, it can 

be observed several values reaching less than 900 ���� (90% of the desired irradiation), exclusively in the peripheral 
regions of the simulator. 



W. Osaka, L. Moura and W. Dancini 
Sun simulator devolpment to PV evaluation 

 

 
 

Figure 9. irradiation spreading on the surface of the solar simulator (Case B). 
 
3.3 Case C 

 
In the Case C, in order to increase the irradiation in the peripheral areas of the simulator, it was investigated the use 

of the reflective surface and, and the replacement of peripheral lamps of 300 W for 500 W (Fig. 10a). 

 

 
A) B) 

 
Figure 10. a) configuration of the lamps in the solar simulator (Case C); b) irradiation spreading on the surface of the 

solar simulator. 
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Figure 10b indicates an improvement in the irradiation spreading on the surface of the solar simulator. Even though 

the results indicate the presence of a quadrant (A1) with irradiation below 900 ����. 
 

4. CONCLUSIONS 

 
Assuming the dependence of PV efficiency in relation to operating temperature, ambient temperature, irradiation, and 

wind speed, a solar simulator was proposed for testing and evaluations of the photovoltaic panel efficiency through 
adverse conditions. 

In the development of solar simulator, irradiation spectrum and the homogeneity of the surface are essential 
prerequisites to perform the PV evaluations with the desired fidelity. 

To simulate sunlight, halogen lamps have a spectral distribution with satisfactory levels of correlation, carrying a band 
with wavelength greater than 1.15 ��, heating the panel, and a band above this value, responsible for the formation of 
electron-gap pair, resulting in electric current. 

Provide the uniformity of irradiation on the panel surface is a more complex requirement because the solar simulator 
has 24 different irradiation points. Even though IEC 60904-9 standard defines that the variation of irradiation on the 
surface must be less than ± 2% in manufacturer efficiency evaluations, which applies only a flash irradiation in a short 
period of time, it is important to emphasize that this project has a different purpose, which include heat the panel and 
simulate several real operation conditions. Considering this, the result shown in the Case C of the solar simulator was 
considered satisfactory for this purpose. 

Some improvements may be used to improve the distribution of irradiation in the solar simulator, such as the use of 
ambient lighting software or neural networks to help decide on the best placement of reflectors, in which the main 
objective is to create conditions to promote the development of new technological solutions to increase PV efficiency by 
decreasing or controlling its temperature (SCHNEIDER, 2008). 
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