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Abstract. This article is focused on the original photo-
voltaic panel model identification method. The method is 
based on the measured characteristics i = f(v) for given 
irradiation. The system can automatically create a mathe-
matical model for a particular panel and a specific 
temperature. Attention is paid to the approximation error 
progress, which is at minimum in the Maximum Power 
Points (MPP). During the application of well-known 
Shockley’s equation to the entire panel the nonlinear and 
parametric power losses are corrected. This approach 
provides an accurate approximation with good agreement 
with measured data. The method can be applied to any 
measured photovoltaic panel. The model identification 
procedure and its use are demonstrated on the example of 
a particular panel. A detailed methodology for application 
is presented for users of the MATLAB environment. 
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1. Introduction 
The share of photovoltaic power in total electricity 

production continually increases. These renewable energy 
sources often consist of many hundreds or thousands of 
photovoltaic panels. The panels are made up of dozens of 
basic photovoltaic cells, usually connected in series for 
higher output voltage. Also from the technical point of 
view, quite lot of attention is given to the problem. 
Research teams deal with both technology research, and 
measurement and creation of standards (in the Czech 
Republic, for example, ČSN EN 60904-1, ed. 2, ČSN EN 
60891, ed. 2). We will not repeat already known informa-
tion. The issue is abundantly published, see e.g. [1-6], [11] 
and the Internet. 

This article describes the original method for the 
mathematical model of a photovoltaic panel (PV) for 
a given temperature. Knowledge of such a model is very 
important for quality of computer experiments, design and 
optimization [1], [7], [10], [14], [15]. For the supply of a.c. 
loads, the operating points of panels are regulated by con-
verters in order to deliver maximum available power 
(Maximum Power Point Tracker – MPPT method), see [2 
to 6], [8] [9], [12], [13]. The proposed method is 
consistently based on the measured output i = f(v) 

characteristics for given solar irradiation. The essence of 
the approximation task is the simplified Shockley’s 
equation and consistent nonlinear and parametric correction 
of power losses within the panel. The output is a particular 
mathematical model with very good agreement with 
measured data. The model identification algorithm is 
programmed in MATLAB [16]. The article also includes 
the analysis of approximation errors and their sources. 

2. Basic Idea of Approximation 
Modeling of photovoltaic cells is based on the well-

known Shockley’s equation. Its simplification and moving 
to the 1st quadrant gives us the function: 
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where I0 is a current through a photodiode in reverse direc-
tion, VT is thermal voltage, and Ik is a short-circuit current 
which depends on the irradiation q. Simplification of 
equation (1) causes an error, which, however, does not 
exceed 0.1% [17]. 
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Fig. 1. Approximation of measured data. 

As mentioned above, equation (1) well approximates 
the progress of i = f(v) characteristic of one ideal photo-
voltaic cell. Fig. 1 shows the application of (1) to entire 
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photovoltaic panel which is operated in our department. It 
consists of 36 cells connected in series. Concrete values of 
Pmpp1 and Pmpp2 were obtained from lower graph in Fig. 1 
(measured and simulated powers in MPP point). 

A simple multiplication of voltage by 36 obviously 
does not provide good results. The reason is the existence 
of a number of resistance losses in each cell. Their meas-
urement is more complicated and often technically impos-
sible in practice. The panel under test has nominal power 
Pn= 53 W. In Fig. 1, there are two irradiations q [Wm-2] 
used as a parameter. We will distinguish the curves by 
relative power Pr= Pmpp/Pn[-] instead of solar irradiation. It 
is more practical way, with regard to measuring. Fig. 1 
clearly shows the dependence of the approximation error, 
which is the largest around MPP maximum power points. It 
is clear that power loss ΔP is distributed along the axis of 
voltage, nonlinear and parametrically: ΔP = f(v,Pr). For 
example in case of the upper power curves, the following 
was found: Pmpp1= 49.4230 W and Pmpp2= 56.3153 W. 
Then, it is possible to calculate the absolute and the relative 
power error Pmpp: ΔPmpp= Pmpp2 - Pmpp1= 6.8924 W, 
δPmpp= 100ΔPmpp/Pmpp1= 13.95 %. For the voltages other 
than vmpp and other relative powers Pr there are different 
values, of course. The curve of absolute errors in the 
measured points is shown in Fig. 2. The curves are not 
normalized to maintain the visual similarity with Fig. 1. 
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Fig. 2.  Absolute power error along the voltage axis. 

If the entire photovoltaic panel is at disposal, it is 
more suitable to approach the approximations from above 
which means to begin with practical measuring. On the 
basis of their results, the automatic approximation system 
is built. Its output is then a functional model with suffi-
ciently small deviations from the measured data. The basic 
idea of the described approach is in maintaining of the 
positive approximation dependence of the equation (1), and 
in nonlinear and parametrical correction of current and 
power on the basis of the measured data. It implies the 
main approximation method strategy: 

 corrcorrcorrfin Kiviiii ..,   (2) 

where icorr  is the nonlinear and parametrical correction of 
the basic characteristic. From this it can be deduced: 
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where ΔPmpp is an absolute error of the maximum power 
for given Pr, vmpp is voltage in the maximum power point. 

The first term of (3) is then the maximum power relative 
error. By comparing equations (1), (2) and (3), we can 
write down the final approximation equation of the whole 
method:  
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The approximation application leads to determination of 
the vector cappr[Ik, I0, VT, Kcorr] for the particular panel, 
relative power Pr and temperature. The approximation task 
system, which we designed, then consists of these steps: 

 The i = f(v, Pr) characteristic measurement for a par-
ticular panel and several irradiations, or relative 
powers. 

 Automatic determination of partial approximation de-
pendences. 

 Automatic identification of the entire panel model.  

2.1 Photovoltaic Panel Model Identification 

As was mentioned before, the basic assumption is 
a series of measured i = f(v, Pr) characteristics for several 
relative Pr powers.  

 

 

 

 

 

 

 

 

 

 

 
 
 

Fig. 3. Identification of model from the measured data. 

These data are prepared as an output matrix of the en-
tire system. To create a global panel model, it is necessary 
to identify the system. In our case, it means to determine 
the approximation equations Ik, I0, Pmpp, V1, I1 = f(Pr) ac-
cording to section 3.3 and Fig. 6. The [V1, I1] coordinates 
determine the point on the basic characteristic behind the 
MPP point for the correct determination of the equation 
(1); see (5), (6) and [17]. The user then appoints only the Pr 
relative power for which the approximation is to be used.  

All the equations mentioned above are automatically 
calculated by the system without interferences by the user, 
see Fig. 6. The measured data are sufficient for it. If the 
equations are known, the system then creates the general 
model of the panel in agreement with (4), which means that 
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it calculates the Ik, I0, VT, Kcorr constants. Thus, the power 
losses along the voltage axis are effectively corrected. The 
whole progress is shown in Fig. 3. 

Finding the equations mentioned above and the con-
stants is necessary for the correct application of (4). The 
panel is explicitly identified by this process. As can be seen 
below, most of the partial equations are parabolas, see 
Fig. 6. Their identification explicitly defines a particular 
photovoltaic panel.  

3. Illustrative Example 
In our department, we operate two photovoltaic sys-

tems. As we mentioned before, one of them is a panel with 
the nominal power Pn= 53 W. It consists of 36 cells con-
nected in series, see Fig. 4.  

 
+ 

- 

  

  

 
Fig. 4. Approximated panel topology. 

Each cell has approximately the following parame-
ters: V01= 0.535 V, Ik1= 0.544 A by the temperature 
T = 45°C and for the given relative power. 

3.1 Measured Data 

In agreement with previous reading, we measured 
a network of i = f(v, Pr), T = const. characteristics, see 
Fig. 5. The number of measured values – 15 – is relatively 
low. We want to prove that also in this case the 
approximation system provides fully usable results. 
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Fig. 5. Measured i, p = f(v, Pr) characteristic for the panel 

Pn= 53 W. 

3.2 Partial Functions Definition 

In agreement with previous reading, the system now 
calculates the basic equations Ik, V0, Pmpp, V1, I1 = f(Pr), see 
Fig. 3. The results are shown in Fig. 6. Displayed points 
were measured and interpolated by using quadratic equa-
tions because of the smallest approximation errors. The 
dependences are necessary for the correct definition of 
Ik, I0, VT, Kcorr constants in (4). Let us emphasize that the 
equation is not applied on a cell, but on the entire panel. 
That is the main difference from the other approaches. 

The equations for each function are automatically 
generated by the system. We limited the number of the 
displayed decimal place in order to save space. The pre-
sented outputs are valid for a particular measured panel and 
its temperature. 

3.3 Entire Model Identification 

If the dependences according to Fig. 6 are known, 
then for the known irradiation q, or the Pr relative power, 
these needed constants can be defined including the one in 
equation (3): 
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The derivation of the equations was published e.g. in 
[17] for the constant temperature. 

 
Fig. 6. Fragmentary equations definition for the panel 

description. 
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The vector of the independent variable is defined on 
the interval: v  0;V0 for each relative power.  
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Fig. 7. Approximated dependences for Pr = 0.555 [-]. 

As it was mentioned, the system tends to define the Ik, 
VT, I0, Kcorr constants for the application of (4). It is the 
final model of the particular photovoltaic panel for the 
given temperature. For example, in case of constant power 
Pr = 0.555 [-] the constants are as follows: Ik= 1.930 A, 
V0= 22.335 V, Pmpp= 29.265 W, I0= 6.58910-7 A, 
VT= 1.500 V, Kcorr =6.07210-3 V-1. 

Fig. 7 shows a new-drawn final approximation of the 
characteristic for the calculated constants (red). The ana-
lytical version of the equation is in Fig. 8 at the bottom. 

The calculated Ik, I0, V0, Kcorr constants are then put to 
(4) and the functions of i = f(v, Pr) and p = f(v, Pr) are 
drawn. These target constants are determined by a particu-
lar panel and temperature.  

We designed an application in the MATLAB system, 
with the working title Photovoltaic_Model_01. It consists 
of about 280 lines in a single script. The application is 
autonomous; it requires only a network of measured char-
acteristics according to Fig. 5 and defined Pr relative 
power. Its output are the above mentioned constants for 
each irradiation, or Pr. Except that, it produces a number of 
textual information, for example, the particular form of 
fragmentary equations and the final approximation func-
tion, see Fig. 8. 

The output text information is quite extensive and 
carefully formatted by sprintf command. The user defines 
only the irradiation, or the relative power. Except for that, 
the user can also define the value of the panel load RL and 
observe its coordinates on the appropriate characteristics. 
The system leads the user by presenting of the real load 
limits. 

Fig. 9 shows the network of panel characteristics 
approximated by the described system. 

 
Fig.8. Partial textual transcript of the Photovoltaic_Model_01 

application. 
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Fig. 9. Approximated panel characteristics network. 

3.4 Approximation Errors Evaluation 

In connection with the approximation method 
described above, it is necessary to answer two questions 
about approximation errors, particularly their limits: 
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 Main error sources identification. 
 General approximation error limits evaluation. 

The potential sources of errors can be the simplifica-
tion of the equation (1) discussed in section 2, and the ac-
curacy of the fragmentary Ik, I0, Pmpp, V1, I1= f(Pr) equations 
identification that leads to the general model establishment. 
The error is not caused by final accuracy of basic charac-
teristics measurements because the described method ap-
proximates the input data whether they are credible or not. 
When calculating, the program works with double preci-
sion full data accuracy. We will not present theoretical 
considerations about uncertainty. Instead, we present 
Fig. 10, which shows a relative error of the function of 
δP = f(v), Pr= 0.9349 [-]. In the upper graph, there is com-
parison of both measured and approximated dependences. 
It can be said that the relative error did not exceeded 
δP  0.12 [-]. Given that this limit was calculated for the 
largest relative power of the entire panel (measurement), 
this limit can be seen as potentially the greatest relative 
deviation approximation method. This boundary includes 
all the influences on accuracy. For smaller values of Pr the 
error is always smaller. We believe that these results fully 
demonstrate the applicability of the described approxima-
tion method. 

The largest error occurs around the open-circuit volt-
age, however, near the Pmpp power it approaches zero. This 
argument is important with regard to the working point of 
photovoltaic panels in practice, when the transducers seek 
to keep output power close to maximum.  
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Fig.10. Approximation relative error evaluation. 

4. Conclusion 
The article presets the original method of approxima-

tion of i = f(v, Pr) and p = f(v, Pr) photovoltaic panel char-
acteristic and one particular temperature. The input values 
are measured i = f(v, Pr) characteristics and particular value 
of Pr relative power. The output is a mathematical model of 
a particular panel. The advantages of this method are the 
orientation on the practical measurements and minimal 

approximation error in Pmpp points. The approximation 
application was created in the MATLAB environment and 
consists of a single script. The entire system was tested 
with practical experiments in our department. 

Acknowledgements 
The research work has been supported by the Grant 

Agency of the Czech Republic (project No. 102/09/0013) 
and University of Defense MATLAB Group (UDeMAG). 

MATLAB® is the registered trademark of The Math-
Works, Inc. 

References 
[1] LEUCHTER, J., BAUER, P., RERUCHA, V., BOJDA, P. Dc-Dc 

converters with FPGA control for photovoltaic system. In 13th 
Power Electronics and Motion Control Conference (EPE-PEMC 
2008). Poznan (Poland), 2008, p. 422 - 427. ISBN 978-1-4244-
1741-4. 

[2] YUVARAJAN, S., SHOEB, J. A Fast and accurate maximum 
power point tracker for PV systems. In Proceedings of the 23th 
Applied Power Electronics Conf. and Exposition (APEC 2008). 
Austin (USA), 2008, p. 167 - 172. ISBN 978-1-4244-1873-2. 

[3] YANGJING, O., CHENGHUA, W., FENG, H. A Variable step 
maximum power point tracking method using Taylor mean value 
theorem. In Proceedings of the Power and Energy Engineering 
Conference (APPEEC 2010). Chengdu (China), 2010, p. 1-4. 
ISBN 978-1-4244-4812-8. 

[4] SERA, D., TEODORESCU, R., HANTSCHEL, J., KNOLL, M. 
Optimized maximum power point tracker for fast changing 
environmental conditions. In Proceedings of the IEEE 
International Symposium on Industrial Electronics (ISIE 2008). 
Cambridge (UK), 2008, p. 2401 – 2407. ISBN 978-1-4244-1665-3. 

[5] PATEL, H., AGARWAL, V. Maximum power point tracking 
scheme for PV systems operating under partially shaded 
conditions. IEEE Transactions on Industrial Electronics, 2008, 
vol. 55, no. 4, p. 1689-1698. ISSN: 0278-0046. 

[6] WU, L., ZHAO, Z., ZHENGMING, L., JIANZHENG, L., SHU, 
Y. L. Modified MPPT strategy applied in single-stage grid-
connected photovoltaic system. In 9th International Conference on 
Electrical Machines and Systems (ICEMS 2005). Nanjing (China), 
2005, p. 1027 - 1030. ISBN 7-5062-7407-8. 

[7] PATEL, H., AGARWAL, V. MPPT scheme for a PV-fed single-
phase single-stage grid-connected inverter operating in CCM with 
only one current sensor. IEEE Transactions on Energy 
Conversion, 2009, vol. 24, no. 1, p. 256 - 263. ISSN 0885-8969. 

[8] FEMIA, N., PETRONE, G., SPAGNUOLO, G., VITELLI, M. 
Optimization of perturb and observe maximum power point 
tracking methods. IEEE Transactions on Industrial Electronics, 
2005, vol. 20, no. 4, p. 963 - 973. ISSN 0885-8993. 

[9] CHIAN-SONG, Ch. T-S Fuzzy maximum power point tracking 
control of photovoltaic power generation systems. IEEE 
Transactions on Energy Conversion, 2010, vol. 25, no. 4, p. 1123 - 
1132. ISSN 0885-8969. 

[10] LEUCHTER, J. BAUER, P. FINNEY, S. J. Modeling and 
experimental verification of EGS to achieve higher efficiency. In 
35th Annual Conference of IEEE Industrial Electronics (IECON 
2009). Porto (Portugal), 2009, p. 3983 - 3986. ISBN 978-1-4244-
4648-3. 



450 K. ZAPLATÍLEK, J. LEUCHTER, PHOTOVOLTAIC PANEL MODELING IN MATLAB® ENVIRONMENT 

[11] PETER, P. K., AGARWAL, V. Switched capacitor dc-dc 
converter based maximum power point tracking of a PV source for 
nano satellite application. In Photovoltaic Specialists Conference 
(PVSC 2010). Hononulu (USA), 2010, p. 2604 - 2609. ISBN 978-
1-4244-5890-5. 

[12] BRUNTON, S. L., ROWLEY, C. W., KULKARNI, S. R., 
CLARKSON, C. Maximum power point tracking for photovoltaic 
optimization using extremum seeking. In Photovoltaic Specialists 
Conference (PVSC 2009). Philadelphia (USA), 2009, p. 13-16. 
ISBN 978-1-4244-2949-3. 

[13] MEHRNAMI, S., FARHANGI, S. A fast maximum power point 
tracking technique for PV powered systems. In 35th Annual 
Conference of IEEE Industrial Electronics (IECON 2009). Porto 
(Portugal), 2009, p. 42 - 46. ISBN 978-1-4244-4648-3. 

[14] WEIDONG, X., DUNFORD, W. G., CAPEL, A. A novel 
modeling method for photovoltaic cells. In 35th Power Electronics 
Specialists Conference (PESC 2004). Aachen (Germany), 2004, p. 
1950 - 1956. ISBN 0-7803-8399-0. 

[15] LEUCHTER, J., RERUCHA, V., ZOBAA, A. F. Mathematical 
modeling of photovoltaic systems. In 14th Power Electronics and 
Motion Control Conference (EPE-PEMC 2010). Ohrid 
(Macedonia), 2010, p. 422 - 427. ISBN 978-1-4244-7856-. 

[16] MATHEWS, J. H., FINK, K. K. Numerical Methods Using 
MATLAB. Prentice-Hall Inc, 2004. 

[17] BANNERT, P. Mathematic Model of Photovoltaic Cell (final 
report). 20 pages. [Online] Cited 2011-04-12. Available at: 

http://www.vosvdf.cz/cmsb/userdata/487/FVS_002_cviceni/002_
mat_model_fvc.pdf  (in Czech). 

About Authors ... 
Karel ZAPLATÍLEK was born in 1964. He graduated as 
MSc. in Microelectronics in 1989. In 1998 he obtained the 
PhD from the Military Academy in Brno, Czech Republic. 
From 1990 he has been teaching the Circuit Theory at the 
Military Academy in Brno. Since 2003 he has been work-
ing as an associate professor of Theoretical Electronics. 
Now he is interested in analog filter analysis and optimiza-
tion and development of the MATLAB applications. 

Jan LEUCHTER was born in Pardubice, Czech Republic, 
on April 10, 1975. He received his Ph.D. degree in Theo-
retical Electrical Engineering from the Military Academy 
in Brno in 2002, and is presently an assistant professor at 
the Faculty of Military Technology, University of Defense. 
He has worked on the photovoltaic sources and power 
electronics. Professional experience: research engineer at 
company AERO Vodochody, a.s.- development of fighter 
avionics systems of L-159 ALCA. 

 


