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Introduction

Though the photovoltaic effect has been known for almost two centuries, its practical ap-
plication began in the late 1950s in satellites and space travel. During the energy crisis of the 
1970s, photovoltaic technology was recognized as a potential source of energy for non-space 
applications [1-3]; but the price of silicon solar cells was very high. To solve this problem, two 
main ideas were proposed, the first was to make cheap modules using thin film and the other 
way was to use concentration [2,4].

Concentration is divided into three categories according to the concentration ratio, the 
low concentration category with a concentration ratio lower than 10, the medium category 
with a concentration ratio of 10 to 100, and the high concentration with a concentration ratio 
of above 100. Conventional monocrystalline silicon cells and panels can be used in systems 
with low concentration ratios. These cells are more efficient than polycrystalline cells, so it 
is economical to focus on them. On the other hand, multi-link cells are more efficient but still 
expensive, so they are mostly used in the aerospace industry and systems with high concen-
tration ratios. Low-concentration solar cells do not require advanced cooling and are now 
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Abstract
During the last three decades, renewable energies have been under consideration for replacing fossil 
fuels. The main obstacle in doing so is the relatively higher price for renewable energies. Solar energy is 
the major source of renewables. The main problem with solar energy is its low intensity, especially when 
photovoltaics is considered. To increase the specific power and hence decrease the cost of the power 
output of photovoltaics, concentrating systems may be used. Systems with concentrating ratio of less 
than 10 are of great importance due to the usage of normal monocrystal solar cells with no complicated 
cooling systems. In the present research, the performance of a monocrystal photovoltaic panel under 
concentrated sunlight was both experimentally and numerically investigated. A two-diode model 
was devised and validated by experimental data. Then variations in open circuit voltage, short circuit 
current, and output power were simulated with changes in radiation intensity and panel temperature. 
The simulation results resemble the experimental results very well. In the experiments, concentrating 
sunlight was achieved by flat mirrors. Effects of change in radiation intensity and cell temperature are 
reported. By using the concentrating system, the power output of the solar panel was increased up to 1.9 
times under standard conditions.
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more widely used due to the simplicity of the design of low-concen-
trations in these systems.

In the present research, in addition to laboratory work, mod-
eling of solar cell performance has been performed in which the 
parameters of radiation intensity and temperature are received as 
input, and current-voltage and power-voltage diagrams are drawn 
in the desired conditions.

Modeling

Modeling of solar cells and modules is required to design and 
evaluate the performance of photovoltaic systems. In modeling 
these systems, the physical parameters are calculated using the 
values measured by the manufacturers, which are available on the 
module specifications page. This information includes short circuit 
current, open-circuit voltage, maximum power, voltage and current 
at maximum power, module efficiency, and temperature coeffi-
cients. These values are determined at a reference temperature of 
25°C for module operation and under air-mass (AM) conditions of 
1.5 with 1000 watts per square meter of solar radiation [5]. The 
solar cell can be modeled as a current source parallel to a diode, 
known as the Ideal model, single-diode model, and two-diode mod-
el. In the following, only the two-diode model is developed but 
some results for the other two models are also presented.

Figure 1: Equivalent circuit of a solar cell (two-diode 
model).

The current source produces the IPH photoelectric current, 
which is directly related to the radiation intensity, When there is no 
light to produce current, the solar cell acts as a diode. As the intensi-
ty of the light emitted into the cell increases, a current proportional 
to the intensity of the incoming light is generated by the solar cell 
[6-10]. This current is divided between the variable resistance of 
the diodes and the charge, in a ratio that depends on the charge 
resistance and the intensity of the radiation. In order to achieve a 
better presentation of the electrical behavior of the solar cell, the 
material resistance and the resistant losses due to the connection 
surfaces are considered. This loss is provided by the series resis-
tance of the Rs, in the equivalent circuit. In the two-diode model, the 
leakage current losses with parallel resistance RP are also consid-
ered. Only one diode is considered without considering Rs and RP in 
the Ideal model. In the single diode model, one diode is considered 
without considering RP. The equivalent circuit of a solar cell in the 
two-diode model is shown in Figure 1 and its current equation is as 
follows (Figure 1):
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The parameters in equation 1 are defined as follows:

 IPH: Photoelectric current (A)

 I0: Saturation flow in no light conditions (A)

 IS1: Magnetic saturation current due to scattering (A)

 IS2: Magnetic saturation current due to electron-hole pair for-
mation in capacitance layer space (A)

 RS: Cell series resistance (Ω)

 RP: Parallel cell resistance (Ω)

 n1, n2: Ideal coefficients (quality) of the diode

 q: Electric charge 1.6×10-19 C

 k: Boltzmann constant 1.38×10-23J/K

 T: Solar cell temperature (K)

In this model, there are seven unknowns, which include IPH, 
IS1, IS2, n1, n2, RS, and RP, and seven equations are needed to cal-
culate these unknowns. In many cases, the value of n1 is equal to 
one and the value of n2 is equal to two, in which case the number 
of unknowns reduces to five. For the remaining unknowns, three 
equations can be written for short-circuit points, the open-circuit 
voltage, and the maximum power point. The fourth equation is the 
derivative at the maximum power point, where the power deriv-
ative is zero relative to the voltage. For the last equation, the de-
rivative can be used at one of the points of short circuit current or 
open-circuit voltage. To solve this system of nonlinear equations, 
the Newton-Raphson method or other methods can be used. The 
values of I01 and I02 are considered equal and are calculated accord-
ing to equation 2. Based on the results obtained, the value of n1 is 
equal to 1.0 and the value of n2 is greater than or equal to 1.2.
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In order to determine the unknown parameters in this model 
and plot the I-V diagrams, a program was written in MATLAB. RS 
and RP parameters are calculated by the iteration method. To do 
this, first, the initial values for these two parameters are consid-
ered, and then, having all the unknowns, the current-voltage values 
are calculated and the maximum power is found. The value of this 
power is then compared with the maximum power of the panel, 
which is available in the spec sheet. The value of parallel resistance 
is obtained from Equation 3 [11]:
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The initial values for each of the resistors are given below.
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To calculate the parameters for the standard conditions, the 
value of IPH can be considered equal to Isc, or in each step, its value 
can be calculated using equation 5 with the appropriate resistance 
parameters.
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Table 1: specifications of the 10-watt monocrystalline sil-
icon solar panel.

Values provided in STC condi-
tions Solar Panel Parameters

A 0.61 Short circuit current (ISC)

V 22.41 Open circuit voltage (VOC)

A 0.56 Current at maximum power (Imp)

V 17.9 Voltage at maximum power (Vmp)

%/℃ 0.01 Short circuit current temperature 
coefficient

%/℃ -0.38 Open circuit voltage coefficient

The specifications of the 10-watt monocrystalline silicon solar 
panel made by Santek China, is given in Table 1. Based on the above 
equations, the program was implemented. Table 2 summarizes the 
values calculated by these models for the effective parameters.

Table 2: Calculated parameters from solar cell modeling 
for standard conditions.

Double Diode Single Diode Ideal  Models

0.61206 0.61018 0.61 IPH

1.83194 E-11 9.62369 E-8 2.43979 E-6 I01

1 1.55 1.949325 A1

1.2 - - I02

1.83194 E-11 - - A2

3.05 1.459 - RS

902.69 4966 - RSH

Figure 2: Current-voltage diagram of the solar panel 
obtained from three models under standard condition.

Figure 3: Power-voltage diagram of the solar panel 
obtained from three models under standard condition.

By calculating the parameters of the models, the current and 
power diagrams in terms of voltage can be plotted for the solar pan-
el (Figure 2 & 3).

The Effect of Temperature and Radiation Intensity 
on the Performance of the Solar Panel

Solar cell voltage and current values depend on the intensity 
of radiation on the cell surface and the operating temperature of 
the cell. The following relationships show the effect of these two 
parameters on the values of short circuit current and open-circuit 
voltage [5,12].

SC SC,STC I STCI I (1 k (T T ))= + −                    (6)

OC OC,STC V STCV I (1 k (T T ))= + −                     (7)

SC SC,STC STCI I (G / G ))=                                 (8)

OC OC,STC S T STCV V N V log(G / G )= +       (9)

In the above relations, T and TSTC are the cell operating tempera-
ture and standard temperature (usually 25 degrees Celsius), re-
spectively, G and GSTC are radiation intensity on the cell surface and 
standard radiation intensity, respectively, kI and kV are temperature 
coefficients for current and voltage (available from the solar pan-
el specifications), and NS is the number of cells connected to each 
other in series. Equation 10 is used for the saturation current of the 
diode that changes with temperature [13-15].

3
STC A

0 0,STC
STC

T qEg 1 1I I ( )   exp
T Ak T T

  
= −  

  
            (10)

Where Eg is the semiconductor bandwidth energy and I0,STC is 
the diode saturation current under standard test conditions. Anoth-
er equation that can be used for saturation current with respect to 
temperature changes is as follows [16,17]:
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The effect of temperature

An increase in temperature increases the resistance and de-
creases the voltage in the silicon cells and thus reduces the efficien-
cy. Hot climates require higher voltage photovoltaic modules than 



4

Peer Rev J Sol Photoen Sys       Copyright © Alemrajabi AA

PRSP.000530. 2(1).2022

cold climates. In cold weather, the resistance decreases, and the 
voltage increases. The effect of temperature on the performance of 
a 10-watt panel is shown in Figure 4 & 5, which are the current-volt-
age and power-voltage diagrams of the solar panel, respectively. As 
can be seen, the change of open-circuit in voltage of the panel was 
greater than the change in temperature, while the radiation inten-
sity of the panel’s short circuit was slightly different.

Figure 4: Temperature affects the Current-voltage 
diagram of Solar panel.

Figure 5: Temperature affects the Power-voltage diagram 
of Solar panel.

In general, an increase in temperature causes a decrease in the 
amount of open-circuit voltage of the panel and an increase in the 
amount of short circuit current of the panel.

The effect of radiation intensity

The average intensity of solar radiation outside the Earth’s at-
mosphere (before passing through the atmosphere which is called 
air-mass zero, AMZ=0) is 1361 watts per square meter. The inten-
sity of solar radiation decreases after passing through the atmo-
sphere due to reflection by particles such as carbon dioxide, wa-
ter vapor, and ozone, and its amount reaches approximately 1000 
watts per square meter. These values are calculated at solar noon. 
Modules can generate some electricity even when there is no direct 
sunlight. Shade is also a very important factor in reducing system 
efficiency. It should be noted that even if a cell from a module is 
shaded, the output of the entire module is affected and significantly 
reduced. The presence of shadow in some single modules (such as 
amorphous silicon and cadmium toluene) does not have much ef-
fect on their overall efficiency. It is best to avoid overshadowing the 
system as much as possible.

Figure 6: Radiation intensity affects the Current-voltage 
diagram of solar panel.

The effect of radiation intensity on the performance of a 10-
watt panel is shown in Figure 6 & 7. To investigate the effect of ra-
diation intensity on panel performance, the operating temperature 
of the panel is considered constant and the radiation intensity on 
the panel surface is changed from 200 to 1000 watts per square 
meter. As can be seen in Figure 6 & 7, changes in radiation inten-
sity on the panel surface have the greatest effect on the amount of 
short-circuit current, and with an increase in radiation intensity, 
the amount of short-circuit current has also increased while the 
amount of open-circuit voltage of the panel did not change much 
with the change in the amount of radiation intensity on the panel 
surface. In general, an increase in the intensity of radiation at a con-
stant temperature increases the power of the solar panel.

Figure 7: Radiation intensity affects the Power diagram 
of solar panel.

Comparing the Model and Experimental Result

Figure 8: The ideal model results compared with the 
experimental results.
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Figure 9: The ideal model results compared with the 
experimental results.

Here, the results of testing a 10-watt panel under sunlight are 
compared with the results of modeling, Figure 8-11. As it can be 
seen in Figure 10 & 11, the two-diode model has good accuracy and 
consistency compared to the experimental results. The ideal and 
single-diode models are slightly less accurate in predicting the pan-
el performance [18].

Figure 10: Prediction of current-voltage diagram for two-
diode model compared to experimental values.

Figure 11: Prediction of power-voltage diagram for two-
diode model compared to experimental values.

Result for Concentrated Sunlight 
To test the solar panel under the intensified sunlight, a concen-

trating system was designed and built using conventional flat glass 
mirrors. This intensifier consists of 4 mirrors that reflect sunlight 
evenly on the solar panel. The solar panel has 36 monocrystalline 
silicon cells with dimensions of 6.25×7 2.7cm which were connect-

ed in series and had an approximate efficiency of 16.5%. A radi-
ometer was used to measure the intensity of the radiation and a 
non-contact thermometer was used to measure the temperature of 
the solar panel. In order to measure the current and voltage, a PRO-
VA200 solar panel test device was used, Figure. 12 & 13.

Figure 12: The solar panel, radiation meter, thermometer 
and solar panel test device.

Figure 13: The PROVA200 solar panel test device.

The concentrating system was used to produce different inten-
sities of sunlight. The results of different radiation intensities were 
measured and the current and power diagrams vs. voltage were 
plotted. According to the results, the cell voltage decreases with in-
crease in temperature. The cell fullness coefficient also decreases 
with increase in temperature from 71.87% to 57.18%, which may 
be caused by the increase in ohmic losses due to the high resistance 
of the panel series. The power output of the panel increases with 
increase in radiation intensity from 9.1 to 19.09 watts. The exper-
imental results indicated that with increasing radiation intensity, 
the panel temperature increases and also with increasing tempera-
ture, the efficiency of the solar panel decreases from 14.84 to 10.34. 
If the cell temperature is kept constant, the efficiency of the panel 
may increase with increasing the radiation intensity. Therefore, in 
the case of concentrating sunlight, one may use a cooling system to 
prevent the decline in the panel efficiency. Jakhar et al. simulated a 
concentrating photovoltaic system and reported that the maximum 
concentrating photovoltaic temperature can go up to 416 °C at 3 
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Suns without any cooling, while with cooling it is reduced down to 
85.28 °C [19].

Figure 14: Current-voltage diagram of the solar panel at 
44oC and radiation intensity of 1012W/m2.

Figure 15: Power-voltage diagram of solar panel at 44oC 
and radiation intensity of 1012W/m2 and temperature 
44oC.

Figure 16: Current-voltage diagram of the solar panel at 
radiation intensity of 2500W/m2 and 82 oC .

Current-voltage and power-voltage diagrams for the specified 
radiation intensity and cell temperature were investigated using 
the single-diode model for 44, 59, 65, 75 and 82 ℃, and the values 
obtained by from the experiments (Figure 14-17 are shown as typ-
ical for 44 and 82 ℃). As it can be seen from these figures, the dif-
ference between the theoretical and experimental values is greater 
at points close to the maximum power, which is due to the increase 
in series resistance with the increase in temperature. However, by 
modeling the resistors, it is revealed that these values are equal to 
the values of series and parallel resistors of the solar panel under 
standard conditions. Therefore, the closer the test conditions are to 
the standard conditions, the smaller are the difference between the 
values obtained from the modeling and the experimental results, as 

can be seen in Figure 16 & 17, which are the closest to the standard 
conditions.

Figure 17: Power-voltage diagram of solar panel at 
radiation intensity W/m2 2500 and 82 oC .

Overall, the experimental results confirm the validity of the 
models. These models can also be used in different conditions of 
radiation intensity and cell temperature.

Conclusion

To model the performance of solar cells, two diodes mode was 
developed. The results and their comparison with experimental 
values at the corresponding temperature and radiation intensity 
show that the model resembles the current, voltage, and power 
output very well and may be used to evaluate the performance of 
the solar panels at different radiation intensities and temperatures. 
A low focus ratio system was also used to evaluate the performance 
of the solar photovoltaic panel under concentrated solar radiation. 
A two-diode model was proposed to model the performance of the 
panel under concentrated sunlight. The results show that the pow-
er output of the solar panel increases with increasing radiation in-
tensity. The power output of a 10W panel increased up to 19.09W, 
which is approximately 1.9 times the power output under standard 
conditions. As the ratio of concentration and intensity of radiation 
increases to higher levels, the operating temperature of the panel 
also increases, so that the panel may need to be cooled. As the tem-
perature increases, the efficiency of the solar panel decreases. The 
efficiency of the cell increases at an almost constant operating tem-
perature of the cell as the intensity of the radiation increases. The 
cell voltage and the fullness coefficient of the cell decrease with an 
increase in temperature. This decrease in fullness coefficient, from 
71.87% to 57.18%, may be the result of an increase in ohmic losses 
due to the high resistance of the panel series. Using a concentrating 
system with a low concentration ratio increases the intensity of ra-
diation, temperature, and power of the solar panel.
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