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Abstract 
The aim of this paper is to determine the power losses recorded by a PV ge-
nerator operating under partial shading conditions. These losses are evaluated 
through two distinct methods. The first method is based on mathematical 
modeling, while the second is based on Simulink’s physical model. The losses 
recorded are considerable and increase as a function of the increase in the 
percentage of shading up to a limit value where they become constant in the 
case where an ideal by-pass diode is connected in parallel with the modules. 
This limit value is non-existent in the case where the bypass diode is not ideal, 
which in fact corresponds to the real model. However, it emerges that the 
power losses are minimized in a PV system comprising bypass diodes, in par-
ticular in the case where the partial shading is considerable. 
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1. Introduction 

Photovoltaic solar cell is a generator able to produce electrical energy when sub-
jected to solar radiation. The characteristics of the photovoltaic generator or mod-
ule (such as current or voltage) given by the manufacturer are determined under 
the so-called standard test conditions (Tc = 25˚C, G = 1 kW/m², AM = 1.5). How-
ever, in practice several factors can influence these data and negatively impact 
the electric power produced by the solar generator. Among these factors it is the 
phenomenon of partial shading which can not only reduce the power of the ge-
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nerator but also can decrease its lifespan due to the hot spot. Among the causes 
inducing partial shading it is the trees, the clouds, the constructions near that are 
installed in the photovoltaic generators [1]. 

There are several configurations of a photovoltaic solar field. In order to meet 
the electricity requirement in any application, the solar modules are arranged in 
series, in parallel, in bridged and in full cross connections to form a photovoltaic 
array to match the power requirements in terms of voltage and current [2]. When 
the photovoltaic field is subjected to the phenomenon of partial shading, an un-
even distribution of solar radiation is observed on the surface of the field. This 
situation gives rise to several maxima in the power-voltage characteristic of the 
PV generator [3]. Furthermore, the effect of shade on the output power of a typ-
ical PV system is nonlinear, because a small amount of shade on a part of an ar-
ray can cause a large reduction in output power [2]. In this case, it becomes very 
complex to determine the maximum power of a PV generator under partial shad-
ing conditions. Solutions to this problem are usually found using a system of con-
trol of the maximum power delivered by the solar generator [4]. This control sys-
tem makes it possible to fix the maximum point by thus improving the power at 
the output of the generator. 

Several theoretical studies have been carried out in order to determine the 
maximum power produced by a PV generator subjected to the partial shading 
conditions, thus permitting to evaluate the losses generated by this phenome-
non. The determination of the maximum power requests to determine the pa-
rameters of the module. The number of these parameters varies according to the 
solar cell model studied. One distinguishes the photovoltaic solar cell model with 
one diode (with five parameters) and the photovoltaic solar cell model with two 
diodes (with seven parameters) [3]-[8]. Generally, in the determination of the 
parameters of a solar module, it requires to make certain approximations be-
cause few equations are available for several parameters to be determined. Moreo-
ver, the characteristic equation of the PV generator is a non-linear equation, which 
makes it more complex to solve the problem. 

The aim of this paper is to evaluate the power losses generated by the pheno-
menon of partial shading in a PV generator. The study is based on the one diode 
electrical model of the PV solar cell. The mathematical methods used are analyt-
ic and iterative. The solar module (made up of several cells) is subdivided into 
two subgroups or submodules with an equal number of cells. A diode by pass is 
connected in parallel to each subgroup of the module in order to dampen the in-
fluence of partial shading [5] [6] [7] [8]. The implementation of the results is 
done under the MATLAB Simulink environment. This implementation is ap-
plied to three different types of photovoltaic technologies: CIS thin film, Mono-
crystalline and Polycrystalline. 

2. Mathematical Modeling Method 
2.1. Parameters Determination 

This part is devoted to the determination of the parameters of the PV generator 
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subjected to partial shading conditions. The electrical equivalent circuit of a one 
diode photovoltaic solar cell is presented in Figure 1. The five parameters of this 
model include Iph, Io, n, Rs and Rsh. 

Applying Kirchhoff’s law to this model permits to obtain the characteristic 
equation current-voltage of the solar cell defined by [1] [9] [10]: 

( )
– exp 1s s

ph o
s c sh

q V R I V R I
I I I

nN kT R
  + +

= − −      
               (1) 

Considering the fact that Rsh>>>, thus 0s

sh

V R I
R
+

→ . Equation (1) turns to [1] 

[9] [10]: 

( )
– exp 1s

ph o
s c

q V R I
I I I

nN kT
  +
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The configuration of the PV module subjected to partial shading conditions is 
presented in Figure 2. The module is subdivided into two subgroups of 18 cells 
each. One of the subgroups is not shaded (called SG-1 with Ns1 number of cells) 
while the other is subjected to partial shading (called SG-2 with Ns2 number of 
cells). 

The total voltage across the module is given by: 

1 2
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Equation (6) gives the photovoltaic current as [9] [11]: 

( )ph sc i
r

GI I T K
G

= + ∆ ∗                         (6) 

The saturation current is evaluated through Equation (7) [9] [10]: 
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For I = 0, V = Voc, Iph = Isc, thus Equation (1) turns to: 
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Figure 1. Circuit equivalent to single-diode for a pho-
tovoltaic cell. 

 

 

Figure 2. Configuration of the PV module subdi-
vided into two subgroups of 18 cells each. 

 
Replacing Equation (9) into Equation (7) permits to define the value of the sa-

turation current as: 

3
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At the maximum power point (where I = Imp and V = Vmp), one has: 

( )
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In Equation (9) and Equation (11), the exponential term is much greater than 
the first term (by considering the fact that the value of the reverse saturation 
current for any diode is in the order of 10−5 and 10−6 A [9]). Thus by assuming 
that Iph,ref ≈ Isc, Equation (9) and Equation (11) turn to: 
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Combining Equation (12) and Equation (13) leads to: 
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From Equation (2), one gets the partial derivative of V with respect to I as: 
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Equation (2) permits to deduce the series resistance at the open circuit point 
such as: 

,
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One approximates the value of the derivative of V with respect to I by fixing 
two points (Voc, 0) and (Vmp, Imp) such as: 
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Replacing Equation (12) and Equation (17) into Equation (16) permits to get 
the series resistance of each solar cell as: 
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Replacing Equation (18) into Equation (14) leads to: 
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The value of the parameter Rsh is calculated by solving the Equation 0s

sh

V R I
R
+

=  

using Newton Raphson method (iterative method). 

2.2. Determination of Peak Power Parameters 

The power of the PV module is given as follows:  
P V I= ⋅                           (20) 

Using the power-voltage characteristics at the maximum power point implies: 
0P V∂ ∂ =                          (21) 

where 

P II V
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                       (22) 
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From Equation (2), the partial derivative of I with respect to V is:  
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Replacing Equation (23) and Equation (24) into Equation (22) leads to: 
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Equation (25) is solved by the Newton Raphson method. 

Principe of Newton-Raphson Method 
The Newton-Raphson method finds the tangent line of the function at the cur-
rent point and uses the zero of tangent line as the next reference point. The process 
is repeated until the root is found. The function ( ) 0f x =  can be expanded in the 
neighborhood of the root 0x  through the Taylor formula: 
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where x can be seen as a trial value for the root. At the nth step of the approximate 
value of the next step; 1nx +  can be derived from: 
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  is called the Newton-Raphson method. 

The flowchart of Figure 3 details the method of resolution of Newton Rapson. 
Combining Equation (3), Equation (4) and Equation (5) leads to the total maxi-

mum voltage of the PV module given by: 
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Figure 3. Flowchart of Newton-Raphson method. 

 
Figure 4 presents the Flowchart describing the process for determining the 

maximum power of a PV module under partial shading conditions based on ma-
thematical modeling. 

3. Simulink Model of the PV Generator 

The Simulink models of the used panels are designed from the solar cell of Si-
mulink Library of Matlab. By double-clicking the component of the Figure 5, 
the window of the Figure 6 opens the essential parameters such as saturation 
current Isc are modified in accordance to the manufacturer’s datasheet of the PV 
panel to simulate. As for the temperature, it is preferable to insert the letter T in 
the relevant field to facilitate change during the simulations. The irradiance (Ir) 
is simulated from the constant block (Figure 7) which must be connected to the 
Ir inputs of the interconnected PV cells. The irradiance inputs of the solar cells 
of the unshaded subgroup are connected to the constant block, so the value is set 
to G as in Figure 8, whereas for the shaded subgroup they are connected to G* 
beta where “beta” is the shading coefficient ranging from 0 to 1. The choice of 
modules to 36 cells for this study allows keeping the same configuration for all 
the three panels’ technologies used. 

Figure 9 and Figure 10 present the Simulink model of a PV module respec-
tively without shading and with partial shading. The simulation example has 
been done for MSX-60 multicrystalline module. 

4. Results and Discussion 

The simulation results are based on the flow chart presented in Figure 4 and on 
the manufacturer data presented in Table 1 for each solar technologies used. 
The aim is to extract the maximum power output of the PV module and evaluate 
the losses. Both analytical and Simulink model are used. 
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Figure 4. Flowchart describing the process for determining the max-
imum power of a PV module under partial shading conditions based 
on mathematical modeling. 

 

 
Figure 5. Simulink model of solar cell. 

 

 
Figure 6. Configuration of solar cell parameters. 
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Figure 7. PS Constant block of Simulink /Matlab. 

 

 
Figure 8. Configuration of PS constant block parameters. 

 

 
Figure 9. Simulink PV module model without shading (β = 1). 

 
Figure 11 and Figure 12 present the I-V and P-V characteristics of the PV 

generator respectively without shading and with shading, simulated in MATLAB 
based on the parameters determined analytically in Section 2. Figure 13 and Fig-
ure 14 present the I-V and P-V characteristics of the PV generator based on Si-
mulink model respectively without shading and with shading. 
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Figure 10. Simulink PV module model with partial shading (case of β = 0.75). 

 
Table 1. Manufacturer data for different solar cell technologies at STC (25˚C, 1.5 AM, 1000 W/m2) [12] [13] [14]. 

Manufacturer data parameters (STC) 

Types of modules 

Multicrystalline 
MSX-60 

Monocrystalline 
Silicon Shell SP70 

CIS Thin Film 
Shell ST40 

Vmp 17.1 16.5 16.6 

Voc 21.1 21.4 23.3 

Imp 3.5 4.25 2.41 

Isc 3.8 4.7 2.68 

Ki 3e-03 2.06e-03 0.35e-03 

Kv −80e-03 −77e-03 −100e-03 

Ns 36 36 36 

 
Table 1 presents the maximum power of different PV solar cell technologies 

including the manufacturer data, the maximum power based on analytical me-
thod calculation and the maximum power obtained through Simulink model. 
Different percentages of partial shading of the generator have been considered 
including 0% (for β = 1), 25% (for β = 0.75), 50% (for β = 0.5), 75% (for β = 
0.25) and 100% (for β = 0). The losses are evaluated by differentiating between  
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Figure 11. I-V and P-V characteristics of a PV module without partial shading at Standard test conditions (G = 1000 W/m²; T = 
25˚C; β = 1). 

 

 
Figure 12. I-V and P-V characteristics of a PV module with partial shading at standard test conditions (G = 1000W/m²; T= 25˚C), 
β = 0.75. 

 
the calculated power in the non-shading conditions and that calculated under 
the shading conditions. 
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Figure 13. I-V and P-V characteristics of a PV module without partial shading at Standard test conditions (G = 1000W/m²; T= 
25˚C) based on Simulink model. 

 

 
Figure 14. I-V and P-V characteristics of a PV module with partial shading at Standard test conditions (G = 1000 W/m²; T = 
25˚C), β = 0.75 based on Simulink model. 

 
For Monocrystalline, the relative error between the calculated maximum 

power (under non shading conditions) and that of the constructor is respectively 
0.86142% (with the model combining the analytical and iterative methods), and 
0.37142% (with the Simulink model). For Polycrystalline, the relative error be-
tween the calculated maximum power (under non shading conditions) and that 
of the manufacturer is respectively 1.69366% (with the model combining the 
analytical and iterative methods), 1.383333% (with the Simulink model). For the 
CIS, the relative error between the calculated maximum power (under non 
shading conditions) and that of the manufacturer is respectively 0.912% (with 
the model combining the analytical and iterative methods), 1.525% (with the 
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Simulink model). These results permit to validate the reliability of the studied 
models. 

The electrical power losses evaluated with the mathematical modeling method 
are in the range of 22.2% to 23.74% in the case of partial shading of 25%, de-
pending on the type of photovoltaic technology. These losses are of the order of 
21% to 26.2% using the Simulink model. In the case of partial shading at 50%, 
the losses are in the range of 48.3% to 49.6% with the mathematical method and 
in the range of 46.9% to 55.6% with the Simulink model. 

In the case of partial shading at 75%, losses are in the range of 49.26% to 
49.9% with the mathematical method and in the range of 56.5% to 58.3% with 
the Simulink model. 

In the case of partial shading at 100%, the loss range is the same as in the case 
of partial shading at 75% with the mathematical method (from 49.26% to 49.9%). 
With the Simulink model, the losses vary from 57.5% to 60% depending on the 
type of PV module. 

When losses approximate the value of 50%, the voltage across the shaded 
sub-group’s module becomes less than the voltage of the by-pass diode (0.6 V). 
Therefore, the by-pass diode becomes conductive and blocks the degradation of 
the power produced by the entire photovoltaic module. In the case of the ma-
thematical model, it can be seen in Table 2 that the power losses are constant as 
a function of the percentage of shading when the by-pass diode becomes con-
ductive (power losses are constant with the mathematical model from a percen-
tage of partial shading of 75%). Referring to the diagram in Figure 15, it appears 
that the Simulink model gives losses much higher than the mathematical model 
for high shading percentages (from 75% partial shading). These two observations 

 
Table 2. Maximum power losses of the PV module based on mathematical modeling and 
Simulink model for different PV solar cell technologies at standard test conditions. 

 
Model based on calculation Simulink model 

Mono Poly CIS Mono Poly CIS 

β = 1 

Manufac 70 60 40 70 60 40 

Calculated 69.397 58.9838 39.6352 69.75 59.17 39.39 

Relative 
Error 

0.86142 1.69366 0.912 0.37142 1.383333 1.525 

β = 0.75 
Pmax 54.4611 45.761 30.857 55.28 46.83 29.55 

Losses 22.19842 23.73166 22.8575 21.02857 21.95 26.125 

β = 0.5 
Pmax 36.241 30.2894 20.5159 37.18 31.49 17.77 

Losses 48.22714 49.51766 48.71025 46.88571 47.51666 55.575 

β = 0.25 
Pmax 35.5246 30.0798 20.0806 29.24 25.26 17.40 

Losses 49.25057 49.867 49.7985 58.22857 57.90 56.50 

β = 0 
Pmax 35.5246 30.0798 20.0806 28.00 24.38 17.03 

Losses 49.25057 49.867 49.7985 60.00 59.36666 57.425 
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Figure 15. Comparison between maximum power losses based on mathematical model-
ing and on Simulink model for different types of PV module. 

 
would be justified by the voltage drop at the terminals of the internal resistance 
of the by-pass diode in the case of the Simulink model. This voltage drop is a 
function of the direct current when the diode is conductive and contributes ne-
gatively to the power produced by the photovoltaic solar module. Indeed, the 
internal resistance is considered to be zero in the case of mathematical modeling. 
An ideal by-pass diode with a zero internal resistance would lead to the same 
conclusions for both mathematical and Simulink models concerning the role of 
the by-pass diode connected in parallel with a shaded PV module. The by-pass 
diode when it is conductive would limit the losses of power (losses become con-
stant) due to partial shading. 

The analysis of these results leads to the following conclusions: 1) The influ-
ence of partial shading on the electrical energy produced by a PV generator is 
considerable; 2) The variation of the energy losses calculated according to the 
type of PV module is lower with the mathematical model compared to the Simu-
link model; 3) A by-pass diode connected in parallel with the shaded part of a 
PV module would limit the power losses to a constant threshold value, i.e. a val-
ue that will no longer vary with the increase of the percentage of shading. 

The Simulink model takes into account certain parameters (such as the inter-
nal resistance of the bypass diode) which negatively influence the power pro-
duced by the PV module. These parameters are neglected in the mathematical 
model. The power losses evaluated with the Simulink model would therefore be 
closer to actual losses than those evaluated with the mathematical model. 

5. Conclusion 

The objective of this article was to evaluate the electrical energy losses of a PV 
generator subjected to partial shading conditions. Two methods were used for 
this purpose: the mathematical method and the method based on the Simulink 

https://doi.org/10.4236/jpee.2017.510002


A. Dadjé et al. 
 

 

DOI: 10.4236/jpee.2017.510002 33 Journal of Power and Energy Engineering 
 

model. It emerges that the energy losses recorded by a PV generator subjected to 
partial shading conditions are considerable. Both mathematical and Simulink 
models are effective method for estimating these losses. However the Simulink 
model is more close to the real model because it takes into account certain pa-
rameters which are ignored in the mathematical model and which nevertheless 
negatively influence the power produced by the PV module. 
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