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Abstract: A behavioral model of polycrystalline solar module ET-P660230WW applying semi-
empirical approach is presented. The model equations are coded in Matlab. The simulation results are 
verified against the data provided in the data sheet of the module. 

1.  INTRODUCTION 

World demand for energy is forecasted to double 
by 2050 and to triple by 2100. Incremental 
improvements in existing energy networks will not be 
adequate to supply this demand in a sustainable way. 
Finding sufficient supplies of clean energy for the 
future is becoming a global issue.  

Renewable energy sources are prospective area for 
efficient and environmental mass energy production. 
Photovoltaics (PV) are already well recognized as 
efficient renewable energy source as they are 
converting light (photons) to electricity (voltage). 
Given the enormous potential of solar energy, 
photovoltaics may well become a major source of 
clean electricity in the future. However, for this to 
happen, the electricity generation costs for PV 
systems need to be reduced and the efficiency of 
converting sunlight into electricity needs to increase. 

2.  SOLAR CELL MODEL  

Correct simulation results in the PV design process 
when using system level design tools are obtained 
when developing high level models of the solar cells 
that can be used with the other electrical models in the 
electric circuits simulations. 

2.1. Modeling Approach 

Analog and mixed digital-analog hardware 
description languages (HDLs) allow for creating 
models of analog and mixed signal circuits at high 
level of abstraction by defining electrical equations 
 

for the nodes and branches. They can be used to create 
models of elements or entire system using differential 
and algebraic equations (DAE). These models are 
defined in order to describe the device electrical 
characteristics and to be used in commercial CAD 
tools such as Cadence, Synopsys, mentor graphics, 
etc.  

To ensure correct simulation results in the PV 
design process when using system level design tools, 
it is very important to have high level models of solar 
cells that can be used in concert with the other 
electrical models in the simulated electrical circuits.  

At the stage of model optimization, the general-
purpose Matlab environment might be used for 
simulation of model equations. The high speed 
calculation in Matlab is also quite useful for extraction 
and optimization of model parameters. 

In this paper, we present a simplified behavioral 
model of state-of-the-art commercial PV module 
operating in real conditions. The model consists of 
semi-empirical equations coded in Matlab. The results 
are compared to data given in the product data sheet. 

 

2.2. Model Formulation 

The solar cell model is presented in Fig. 1. The 
inputs of the solar cell are the solar irradiation (G) and 
the ambient temperature (Ta). The outputs are the 
short circuit current (Isc), open circuit voltage (Voc), 
power at maximum power point (MPP) (Pm), cell 
temperature (Tcell), current at MPP (Im), voltage at 
MPP (Vm). 
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Fig. 1. Block diagram of solar cell in Matlab. 

The behavioral model equations are semi-
empirical. The short-circuit current and the open 
circuit voltage are derived from [7]. Below we list 
them in the syntax used in Matlab [8] and [9]. 

 Isc =  
 (Jscr*A*G/1000) + DIFJscT*(Ta -Tr) (1) 

where Jscr – current density, A – area of the module, 
DIFJscT – temperature coefficient of short circuit 
current, Tr –reference temperature. 

Tcell = ((NOCT - 20)*G/800) + Ta  (2) 

where NOCT – nominal operating conditions 
temperature. 

For Voc the equations are as follows: 

 Vocc = log((Isc)/(Iscr))  (3) 

 Voc = Vocr +Vocc.*(Vt*(Ta +273))  (4) 

Vt – thermal potential; Vt is calculated at the cell 
temperature Tcell.  

The vo parameter below is the normalized value of 
the open circuit voltage to the thermal potential Vt: 

 FFo = (vo -log(vo +0.72))/(1 +vo)  (5) 

The series resistance Rs can be calculated from the fill 
factor: 

 Rss = (Vocr/Iscr)  (6) 

 rs_znam = Iscr.^2  (7) 

 Rs = Rss -(Pmr/(FFo*rs_znam))  (8) 

The current at MPP is calculated in the same 
manner as Isc: 

 Im = Imr*(G/Gr) + DIFJscT*(Ta -Tr) (9) 

For the voltage at MPP is used 

 Vmro = log( Im/(Imr))  (10) 

 Vm = Vmr +Vmro.*(Vt*(Tcell+273))  (11) 

From here, we obtain for fill factor – FF: 

 Fm = Vm.*Im  (12) 

 Fsoc = Voc.*Isc  (13) 

 FF = Fm/Fsoc  (14) 

Finally the maximum output power Pm is 

 Pm = Vm.*Im  (15) 

2.3. Reference Data 

The reference data against which the simulation 
results are verified are taken from the ET-
P660230WW 230W solar cell module data sheet [6]. 
The module is chosen as typical product for 
commercial use. 

3.  SIMULATIONS  

Simulations of the output current and voltage 
versus incident radiation on the solar cell surface at 
constant ambient temperature are performed in 
Matlab. The reference data for the solar cell are taken 
from solar cells’ product data sheet [6]. The area if the 
experimental cell is 1 cm2. 

The radiation intensity is varied from 300 W/m2 to 
1000 W/m2. Fig. 2 shows the short-circuit current ISC 
as a function of radiation intensity of the incident light 
at 298 K. The short-circuit current increases with the 
radiation intensity [6]. The behavior is close to linear 
in the given radiation interval (and this is confirmed in 
simulations, cf. Fig. 3). Almost identical to ISC is the 
line representing maximum power point (MPP) Pmax. 

Fig. 2 also plots the dependence of the VOC on 
radiation intensity at 298 K. It can be seen that VOC 
increases between 300 to 700 W/m2 and it saturates 
above 700 W/m2.  

The values of ISC, VOC and Pmax on Fig. 2 are in 
percent because they are given as ratio between the 
magnitude at given irradiance divided to the value at 
irradiance at 1000 W/m2. 
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Fig. 2. Irradiance dependence of ISC , VOC and Pmax at 
temperature of 298 K. 

These three characteristics are simulated by our 
model. First we give the simulation of the short-circuit 
current ISC as a function of radiation intensity of the 
incident light at 298 K (Fig. 3). 

 

 

Fig. 3. Simulation of short-circuit current ISC , as a function 
of radiation intensity at temperature of 298 K. 

For calculation of the simulation accuracy we have 
compared the reference data to the simulation results 
of ISC at radiation intensities of 400 W/m2, 600 W/m2, 
800 W/m2, and 1000 W/m2 – Fig. 4 and Fig. 5. 

 

 

 

 

Fig. 4. Comparison of reference data vs. simulation of 
short-circuit current ISC as a function of radiation intensity 

at temperature of 298 K. 

The average accuracy is 1.25 % (Fig. 5). 

 

Fig. 5. Accuracy of simulation of the dependence of short-
circuit current ISC versus radiation intensity at of 298 K; 

average accuracy: 1.25 %. 

Next, we are giving the simulation results for 
open-circuit voltage VOC as a function of radiation 
intensity of the incident light at 298 K (Fig. 6). 

 

Fig. 6. Simulation of open-circuit voltage VOC as a function 
of radiation intensity at temperature of 298 K. 
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The accuracy of simulation is again calculated by 
comparing the reference data to the simulation results 
of VOC at radiation intensities of 400 W/m2, 600 W/m2, 
800 W/m2, and 1000 W/m2 – Fig. 7 and Fig. 8. 

 

Fig. 7. Comparison of reference data vs. simulation of 
open-circuit voltage VOC as a function of radiation intensity 

at temperature of 298 K. 

The average accuracy is 1.01 % (Fig. 8). 

 

Fig. 8. Accuracy of simulation of the dependence of open-
circuit voltage VOC versus radiation intensity at of 298 K; 

average accuracy: 1.005 %. 

 

Fig. 9. Simulation of maximum power point (MPP) Pmax as 
a function of radiation intensity at temperature of 298 K. 

Below we show the simulation results for 
maximum power point (MPP) Pmax as a function of 
radiation intensity of the incident light at 298 K 
(Fig. 9).  

Simulation accuracy is calculated by comparing 
the reference data to the simulation results of VOC at 
radiation intensities of 400 W/m2, 600 W/m2, 
800 W/m2, and 1000 W/m2 – Fig. 10 and Fig. 11. 

 

Fig. 10. Comparison of reference data vs. simulation of 
maximum power point (MPP) Pmax as a function of 

radiation intensity at temperature of 298 K. 

The average accuracy is 7.50 % (Fig. 11). 

 

Fig. 11. Accuracy of simulation of the dependence of 
maximum power point (MPP) Pmax versus radiation 

intensity at of 298 K; average accuracy: 7.5 %. 

From Figures 5, 8 and 11 it is observed that is 
getting better with the increase of irradiation G. 

In Fig. 12 we give the data sheet curves (reference 
data) of temperature dependence of ISC, VOC, and Pmax 
from the cell temperature.  

In Fig. 13 is given the dependence of ISC vs. Tcell. 
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Fig. 12. Cell temperature dependence of ISC , VOC and Pmax. 

 

Fig. 13. Simulation of short-circuit current ISC , as a 
function of cell temperature. 

 

Fig. 14. Comparison of reference data vs. simulation of 
short-circuit current ISC as a function of cell temperature. 

Simulation accuracy is calculated by comparing 
the reference data to the simulation results of ISC at 
cell temperatures of 0 C, 25 C, 50 C, and 75 C. 

The average accuracy is 2.37 % (Fig. 15). 

 

Fig. 15. Accuracy of simulation of the dependence of short-
circuit current ISC versus cell temperature; average 

accuracy: 2.37 %. 

In Fig. 16 is the dependence of VOC vs. Tcell. 

 

Fig. 16. Simulation of open-circuit voltage VOC, as a 
function of cell temperature. 

 

Fig. 17. Comparison of reference data vs. simulation of 
open-circuit voltage VOC as a function of cell temperature. 
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The average accuracy is 5.197 % (Fig. 18). 

 

Fig. 18. Accuracy of simulation of the dependence of open-
circuit voltage VOC versus cell temperature; average 

accuracy: 5.197 %. 

4. CONCLUSION 

The presented behavioral model of the ET-
P660230WW 230W polycrystalline solar cell is open-
coded in Matlab enabling its cross-platform usability. 
Simulation results demonstrate the validity of the 
model as they are within the manufacturer provided 
tolerances. Moreover, the fact that we simulate a state-
of-the-art product available on the market prove the 
applicability of the model to real design tasks. 

The model very well predicts the behavior of the 
solar cell in real environmental conditions. The 
simulation results accurately match the experiment: 
the accuracy of the short circuit current and open 
circuit voltage is under 4 %. 
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