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7KH� DXWKRUV� SUHVHQW� D� PHWKRG� RI�
GHWHUPLQDWLRQ�RI� WKH�SDUDPHWHUV�RI� WKH�PRGHO���GLRGH�
RI� WKH� HOHFWULFDO� HTXLYDOHQW� FLUFXLW� RI� D� 3KRWRYROWDLF�
PRGXOH� �39�� � GHGXFHG� IURP� H[SHULPHQWDO�
FKDUDFWHULVWLFV�� 7KH\� HVWDEOLVK� IURP� WKH� HOHFWULFDO�
HTXLYDOHQW� FLUFXLW� DQ� DQDO\WLFDO� H[SUHVVLRQ� RI� WKH�
PD[LPXP�SRZHU�SRLQW��FDOOHG�033���7KH� LQIOXHQFH�RI�
WKH�WHPSHUDWXUH�LV�WDNHQ�LQWR�DFFRXQW�LQ�WKH�IRUP�RI�DQ�
HPSLULFDO� FRHIILFLHQW�� 7KH� ODWHU� LV� FDOFXODWHG� IURP� WKH�
YDULDWLRQ�RI�WKH�RSHQ�FLUFXLW�YROWDJH��9 ��� ����
$�FRPSDULVRQ�EHWZHHQ�WKH�DQDO\WLFDO�DQG�H[SHULPHQWDO�
UHVXOWV� LV� JLYHQ� IRU� WZR� NLQGV� RI� DPRUSKRXV� VLOLFLXP�
SDQHO��

.H\V� ZRUGV��� ,�9 cKDUDFWHULVWLF�� ��GLRGH� PRGHO�� 033��
39�SDQHO��
�

���,QWURGXFWLRQ�
 The majority of simulations of the working point 
of the PV module are obtained from the electrical 
equivalent circuit shown in figure n°3. The knowledge of 
the electrical parameters is essential to predetermine the 
behaviour of the panels subjected to various irradiation 
and temperature. However, the manufacturers only give 
the external PV characteristics and give less information 
about these parameters. The authors present a simplified 
graphical method of determination of these parameters. 
The manufacturing processes induce disparity in the I-V
characteristic. This fact it is possible to find an optimal 
association of PV modules. However, the expression of 
the power is implicit and can be only obtained by 
numerical resolution [1] or iterative. So, it is quite difficult 
to establish the rules of association of PV modules. The 

authors show that an approximate analytical expression of 
the maximum power can be deduced from the equivalent 
electrical circuit. The expression introduces two 
remarkable factors such as the open circuit voltage (VOC) 
and the short-circuit current (ISC) and also correction 
factors in order to take into account the various 
imperfections of the solar cells. 
 
���(TXLYDOHQW�HOHFWULFDO�FLUFXLW�RI�WKH�39�PRGXOH�

A PV module is an association made of NS 
photodiodes connected in series to increase the output 
voltage and NP identical node to increase the available 
delivered electrical power. 
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In the photovoltaic operating mode, the PV module works 
like a generator. The Fig 2 shows a traditional form of the 
I-V characteristic. 
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This type of characteristic can be modelled [2] in static 
mode by an electrical equivalent circuit as shown in Fig 
3. 
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Rs ,RsH: Electrical resistors 

D : Equivalent diode checking the Schotkley expression 
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irradiation absorbed by the PV module. 
 
��� 0HWKRG� RI� GHWHUPLQDWLRQ� RI� WKH� HOHPHQWV� RI� WKH�
HOHFWULFDO�HTXLYDOHQW�FLUFXLW�
�
The I-V characteristic of a PV presents three particular 
working areas. 

iP

vPVOC

I

0

M

O

N

iP

vPV

ISC

0

M

O

N

vP

I

0

M

O

N

 ��� �	��GH�	IJ-�'J� -���'�'�4����.� � ����� ���1KL����M�� �������'����5���/� -�'J+�#%��-��������.� '��.� ��� � �  

The values of the various elements of the electrical 
equivalent circuit will be deduced from particular 
working mode of each area. 

 

$��$QDO\VLV�RI�WKH�ILUVW�DUHD�
In this area an open circuit can replace the equivalent 
diode D. Indeed its voltage is quite under the threshold 
voltage. In this case, the electrical equivalent circuit can 
be assimilated to a current source as shown in Fig. 5 with 
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SHR ’  is defined by a graphical method as shown in fig6. 

Its value is directly determineted by the slope of the curve 
at the ISC point. 
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%��$QDO\VLV�RI�WKH�VHFRQG�DUHD�
In this area, the terminal voltage for the diode is 

very important, thus for each working point it can be 
replaced by a Thévenin equivalent circuit as shown in Fig. 
7. 
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Near the no-load operating point, the RSH current 
can be neglected in comparison to the diode current. Then 
the diode current is close to the short circuit current as 
shown in Fig. 8.
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ThV  : represents the threshold voltage of the diode D. 

DYR  :represents the dynamic resistance of the diode 

The values of ThV  and DYR  are function of ISC  

Hence, in the second area, the electrical equivalent circuit 
of the PV module behaves like the Thévenin equivalent 
circuit shown in Fig 9. 
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The Fig 10 shows how to determine graphically the 
resistors equivalent to DYs RR + . 
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The expression of the resistor RDY can be obtained from 
the Schotkley expression of the diode as well as follow: 
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with IS : saturation current 

In high-level injection mode, the diode equation verifies 

the inequality: 
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Thus, relation (1) becomes :  
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The expression of dynamic resistance is obtained by 
deriving the expression (2): 
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Noting that scD I i ≈  at the operating point, we obtain: 

                           
SC

Ts
scDY I

V n
  )I(R ≈  (4) 

Hence, the value of the resistor RS is obtained by 
substituting RDY from the value calculated in Fig.10. 

&��$QDO\VLV�RI�WKH�WKLUG�DUHD�
In this part of the characteristic, the Thévenin-

Norton parameters of the PV module vary highly with the 
current. Again, the PV module cannot be assimilated as a 
voltage source and nor as a current source. Moreover the 
MPP is located in the knee of the I-V characteristic. 
Because of the non linearity of the IV characteristic, the 
MPP is computed by numerical resolution.�

���7HPSHUDWXUH�HIIHFW�

The experiment shows that the current of 
saturation increases in an exponential way with the 
temperature. For silicium diodes, this current doubles 
approximately every ten degrees. Assuming the saturation 
current depends of the temperature as given: 

             )Tkexp( )T( I )T(I 0SS ∆= � (5) 
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Substituting TV  and IS in Eq.(3), by their expressions at 

varying temperatures, we obtain : 
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By developing the expression (6) and by introducing the 

term )T(V)T(V  )T(V 0OCOCOC −=∆  ( the VOC variation at 

https://doi.org/10.24084/repqj01.359 234 RE&PQJ, Vol. 1, No.1, April 2003



different temperatures to unload operating points ). The 

relationship of k is given as: 

������������������ ( )
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The knowledge of Voc for two operating temperatures is 
enough to determine the value of K. 

���$SSUR[LPDWH�DQDO\WLFDO�H[SUHVVLRQ�RI�WKH�033�
The nature of the equivalent electrical diagram 

of a PV module leads to an implicit relation between the 
MPP, terminal voltage and current. Nevertheless it is 
possible to establish an approximate analytical expression 
of the MPP deduced from the expressions of Pms and Pmt 
defined in accordance with the figure (11). “Pms”  is the 
power defined by the product of the current and voltage 
corresponding to the intersection of the characteristics of 
the equivalent current source and equivalent voltage 
source. "Pmt" is the theoretical maximum power of the PV 
module defined by the product of the two remarkable 
parameters ISC and VOC.  
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To be more suitable, the terms : 
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are introduced in the expression (8): 
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εS, εSH , εSH-S , Reducing factors. These factors take into 
account the different kinds of electrical imperfections of 
the PV module. 

Generally the influence of the term 2
SSH )1( −ε−  can be 

neglected. In this case the equation (10) becomes: 
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%��033�H[SUHVVLRQ�ZLWK�QR�UHVLVWLYH�ORVVHV�

The calculation of the MPP, without resistive losses, will 
enable us to introduce a first explicit relation. The MPP 
with resistive losses will be established starting from this 
expression.  
Without resistive losses, the electrical equivalent circuit 
of the PV module becomes  : 
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The maximum power point called MPP’  is the solution of 
the equation: 
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implicit relation given as follows: 
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Introducing the parameters: 
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and applying the logarithmic function from the two parts 
of the relation (13), it becomes : 

                             Ln(y) y  )x(Ln +=  (15) 

Or, the terminal voltage of a diode is confined between 
the two values 0,6V et 0,7V, then the terminal voltage 

pV  evolves in the interval: 

                             
sps n 7,0 Vn 6,0 <<  (16) 

Noting that VT remains nearly from the value of VTO and 
substituting the expression (16) in the expression (14) 
leads to y to the interval: 
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                             ,303 )y(Ln ,143 <<  

The logarithmic values of y are very near from each 
other. By replacing Ln(y) by its geometric average: 

                      Ln(25) 27.23)Ln(  )y(Ln ≈≈  (17) 

an explicit expression of the equation (15) can be done:  

                               ( )
25
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Introducing (14) in (15), the approximate analytical 
expression of the voltage corresponding to the MPP’  is 
given as: 
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In resolving the equation (2) by introducing the equation 
(18), the current corresponding to the MPP’  can be 
written as. 
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Finally, an approximate explicit analytical expression of 
the MPP’  can be established from the product of the 
equation (18) and the equation (19):  
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&��033�H[SUHVVLRQ�ZLWK�UHVLVWLYH�ORVVHV��
As it is shown in fig 13, the resistive losses are at the 
origin of the crashing of the I-V characteristic. 
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By making the assumption that the I-V characteristics, 
without and with resistive losses present a homothety on 
the powers, we can write that : 

                            MPP’ 
’P

P MPP
ms
ms≈  (21) 

where, Pms’  power is defined in accordance with the 
figure (13). Without resistive losses, the slope of the 
characteristic at the open circuit voltage is inversely 
proportional to the dynamic resistance of the equivalent 
diode, which gives us:  
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By substituting the expression of RDY from the equation 
(4) and introducing the theoretical maximum power Pmt 
in the equation (22) leads to: 
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Replacing Pms by the expression (11) and Pms’  by the 
expression (23), we get : 
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Noting that the term 
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Vn  ’ ε  can be neglected, and by 

introducing the parameter S ε  defined as : 
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We obtain a simplified expression of the ratio (25): 
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Finally Eq. (20), (21) and (27), leads to the approximate 
analytical expression of the MPP: 
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To be more convenience, the MPP can be explained in 
function of the theoretical maximum power. 
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By replacing in the equation (29), the open circuit voltage 
by the expression deduced from the expression (2): 
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We obtain a more elegant formulation of the MPP: 
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As we can see, in this formulation, appear three 
characteristics reducing factors: 
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Finally, the maximal power point can be expressed by the 
simple relationship: 

                     mt321 P K K KMPP=  (33) 
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Where: 

K1 is the coefficient of junction characterized by the 
parameters of Schockley.  

K2 is the coefficient characterizing the ohmic falls in the 
external semiconductor and contacts. 

K3 is the coefficient characterizing the escapes due to the 
microphone and macro foreign material inclusions to the 
semiconductor. 
�
'��)LOO�)DFWRU��))��
The manufacturers often give the fill factor (FF) which 
can easily be deduced from the expression (33) of the 
MPP : 

�������������������� 321
mt

KKKP
MPPFF == � (34)�

According to the factor K1, The theoretical maximum FF 
value will always be under 0,96. 

���1XPHULFDO�DSSOLFDWLRQV�

$��(OHFWULFDO�FLUFXLW�SDUDPHWHU�FDOFXODWLRQ�
In what follows, we drew up the equivalent electric 
diagrams of panels A13P and A115P made up by the 
company Free Energy Europe TM [5]. The I-V 
characteristics at 25°C are given in Fig. 14 under 3 
irradiations (250, 500 and 1000 W/m2). 

The table of the figure n°15 gives the values of the various 
elements of the equivalent electric diagram calculated in 
accordance with the formulas established in the third 
paragraph. 
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The figure n°16 shows the comparison between the I-V 
characteristics plot from the equivalent electric circuit (in 
full lines) and the experimental characteristics (in dotted 
lines). The curves take very similar forms. However, we 
notice a more marked divergence toward the knee. Indeed, 
near this area the equation (1) of the behaviour of the 
diode is less rigorous. This equation doesn’ t take into 
account the conduction currents due to the minority 
carriers. Its can be solved by introducing in the equivalent 
electrical circuit an additionnal diode connected in parallel 
with the first one. A second solution consists to correct the 
term VT by an empirical coefficient λ (called ideality 
factor) close to 2 near the MPP operating point. Indeed, in 
this area the diode work in less-injection. This coefficient 
remains difficult to determinate because it doesn’ t vary 
linearly versus temperature and current. 
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The table in  Fig. 17 gives the value of the coefficient K 
calculated for the characteristics shown in figure 18 with 
the formula (7). 
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T0 T VOC(T0) VOC(T) ∆VOC(T) T nSVT(T0) K

298°K 323°K 22V 20V -2V 25°K 0,78V ����
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T0 T V (T0) V (T) V (T) T nSVT(T0) K
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The curves of figure 18 represents the experimental 
characteristics (in dotted lines) and theoretical (in full 
lines) of iP-vP under an irradiation of 1000 W/ m2 of A13P 
and A115P PV module for 3 temperatures (5°C, 25°C and 
50°C). In the area d, we notice a good accuracy between 
the two kinds of curves.  
The variation of the short circuit current in versus 
temperature remaining small, it is not taken into account in 
the model developed in this article.  
In the area (3) where MPP is located, the variation stays 
sensibly constant for the 3 temperatures and it’ s the case 
for both PV modules. 
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Table n°19 gives the values of the three reducing factors 
defined as equations (32). A comparison of the maximal 
power point between experimental values and theoretical 
values calculated from the expression (31) is presented.  

�
 K1 K2 K3 MPP 

Practical 

MPP 

Theoretical 

Difference 
(%) 

A115P 
1000W/m2 

0.8504 0.864 0.9231 5.841W 6.565W +12.4% 

A115P 
500W/m2 

0.8476 0.9301 0.851 3.15W 3.143W -0.21% 

A115P 
250W/m2 

0.8447 0.9636 0.6923 1.365W 1.326W -2.83% 

A13P 
1000W/m2 

0.851 0.852 0.904 12.06W 12.68W +5.2% 

A13P 
500W/m2 

0.848 0.924 0.814 6.1W 5.977W -2% 

A13P 
250W/m2 

0.845 0.9604 0.643 3.05W 2.34W -23% 
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Although, theoretical curves are the less accurate in the 
area where the MPP point is localised, the result computed 
by the formula (31) presents very good accuracy in high 
irradiation. This can be explained by the fact that the 
theoretical formulation is based on the calculation of a 
ratio of power, which takes into account the eccentricity of 
the curves in a better way.   
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In this article, a simple graphic method to determine the 
elements of the electrical equivalent diagram was 
presented. This method takes into account the influence of 
the temperature. The I-V characteristics of PV module 
computed from the elements of the electrical diagram were 
compared to experimental curves in different conditions of 
irradiation and temperature. The theoretical curves are 
conformed to the experimental characteristic; however, a 
noticeable divergence can be observed in the knees of the 
curves. To get a better accuracy, a model 2-diodes whose 
parameters are obtained by numerical approach must be 
used as proposed in [7]. An original method to establish 
the analytical expression of the maximal power point was 
presented. The proposed expression enables to obtain a 
better accuracy value compared to these computed from 
the electrical equivalent 1 diode diagram. 

 
$FNQRZOHGJHPHQWV�
 
The authors makes a point of thanking Mr Guillardeau the 
plant manager of the company Free Energy Europe ( Lens-
France) for his experimental data which enabled us to 
complete this work of modelling.  
 
5HIHUHQFHV�
�
[1] IKEGAMI T., MAEZONO T. , NAKANISHI F. YAMAGATA Y., 

EBIHARA K., Estimation of equivalent circuits parameters of PV 
module and ist application to optimal operation of PV system’ , 
Solar Energy Materials & Solar Cells 67 (2001) pp389-395. 
ELSEVIER 

[2] BURESCH M., Photovoltaic Energy Systems – Design and 
Installation, McGraw-Hill, New-York, 1983. 

[3] RADZIEMSKA E., KLUGMANN E.,’ Thermally affected 
parameters of the current-voltage characteristics of silicon 
photocell’ , Energy Conversion and Management 43 (2002) pp 
1889-1900. PERGAMON. 

[4] ‘Effect of illumination intensity and temperature on the I-V 
characteristics of n-C/P-Si heterojunction’ , Solar Energy Materials 
& Solar Cells 73 (2002), pp261-267. ELSEVIER. 

[5]  www.free-energy.net 
[6]  STIRN RJ., Junction characteristics of a silicon solar cells. In : 9th 

IEEE Photovoltaic Specialists Conference, 1972, pp 72-82. 
[7] STUTENBAUEUMER U., BELAYNEH M., ‘Equivalent model of 

monocrystalline, polycrystalline and amorphous silicon solar cells’ , 
Renewable Energy 18 (1999), pp 501-512. PERGAMON. 

 

https://doi.org/10.24084/repqj01.359 239 RE&PQJ, Vol. 1, No.1, April 2003




