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ABSTRACT  
 

Photovoltaic system is considered the most beneficial application of the solar energy which 
used to supply electricity to rural and remote places that haven’t electrical energy before. The 
performance of the photovoltaic system is greatly influenced by different parameters such as incident 
solar irradiance, surface temperature and system configurations. The continuous movement of the 
earth around the sun and its orbit makes it difficult to keep the photovoltaic system facing the sun all 
year. Consequently, the photovoltaic system can be exposed to shadow either complete or partial. This 
paper simulates the effect of shadow on the performance of a PV array consists of two identical 
photovoltaic modules connected in series. Different shadow concentrations as percentages of normal 
illumination are applied on one module leaving the other un-shaded. The results showed that shading 
one module of the series connected PV system decreases the energy yield corresponding to the fully 
illuminated one. This energy loss is affected by the percentage of shading. Also, the shadow makes 
the current-voltage characteristics of the system has more than one maximum power point, which can 
affect on the maximum power control. 
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Introduction 
 

The continuous growing of world population simultaneously with the great development in 
industrial process and the corresponding increase in the energy demand lead to the current problems 
in the world such as shortage of the traditional energy sources, global warming and high energy cost. 
The renewable energies are good solution for these problems which can be considered completely 
clean and permanent source of energy (Jenitha and Immanuel, 2017). Among the renewable energy 
sources, solar energy can be used to supply both thermal and electrical energy (Bahgat et al., 2004). 
Generating electricity from the solar energy using the photovoltaic (PV) technology is considered one 
of the most beneficial solutions to the electrical energy shortage (Del Fabbro et al., 2004; Edalati et 
al., 2004). Solar PV systems are ranges from one to several hundreds of the PV modules according to 
the required power of the plant. The PV modules are arranged in arrays and strings to ensure electrical 
voltages and currents specified by the plant (Rose et al., 2016; Mohandes et al., 2009).  

Solar PV plants can be classified as off-grid or on-grid systems (Abdul Ghafoor, and Munir, 
2015). The off-grid systems are used to supply electricity to isolated areas away from the utility grid. 
Such systems consist of the following main components; i) the PV modules, for direct electricity 
generation from the sun without any interface, ii) storage batteries, for continuous supplying of 
electrical energy in case of no sunny days or night hours, iii) DC/AC inverters, to convert the direct 
electricity from the modules to a suitable AC signal for different appliances and iv) battery controller 
for adjusting the charge/discharge cycles of the storage batteries (Mandelli et al., 2016; Baurzhan 
and Jenkins, 2016). The main advantage of the off-grid system is the direct use of the generated 
electricity in site without transport. Consequently, it is used in different places such as remote areas 
(Bekele and Tadesse, 2012; Ouedraogo et al., 2015), house electrification (Dufo-López et al., 
2012, Chaurey and Kandpal 2010), agriculture communities (Qoaider and Steinbrecht, 2010; 

Hassanien et al., 2016), street lighting (Panguloori et al., 2013), desalination (Perakis et al., 2017) 
and PV water pumping (Pandey et al., 2016).  

The other type of the PV systems (on-grid) is used to supply electrical energy directly to the 
utility grid via special grid-tied inverters and other components for controlling and switching features. 
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These systems are not directly connected to a load as off-grid but work integrated with the utility grid. 
To avoid disturbances with the utility grid, the injected energy to the grid must match well with the 
requirements of the electrical network (Veldhuis and Reinders, 2013; Rampinelli et al., 2015). 

Since the solar radiation is the source of energy for any PV system, the performance is 
proportionally affected by the amount of the incident radiation. To satisfy the target of the PV system 
and consequently increase the overall system efficiency, the PV system must face the sun all day 
hours. Shadow reduces the PV system output than its target due to less solar energy incident (Mishra 
et al., 2017). Since PV modules have limited output power (normally less than 500 W peak), PV 
modules can be connected in series forming an array, and then arrays can be electrically tied as 
parallel strings to supply more electrical power. The main problem affected the performance of any 
PV system is the shadow especially when the PV modules are in series connections. If the series 
modules are not illuminated at the same radiation levels (due to shadow) the performance of the 
system is adversely influenced. The entire series connected PV modules should have the same current; 
even under partial shadow. The module under shadow produces a less current than the illuminated 
ones and acting as a load since it becomes a reverse bias. So, these systems have to be protected 
against reverse bias operation using bypass diodes. If there is no protection in these systems, beside 
the decrease in the overall system output, the shaded modules will suffer from hot spots, resulting 
from the concentration of electrons in small areas in the shaded cells, and then heating it and produce 
hotspots, which may damage the whole module (Chaudhary et al., 2015; Reddy et al., 2017).  

Due to the continuous movement of the earth, the sun’s position with respect to the PV system 
changes continuously that makes it difficult to avoid the shadow. Shadow on any PV system is 
resulting usually from the building around the system, the trees and other neighboring obstacles. 
Many investigations have been done to study the effect of shadow on the PV system performance in 
the last decades. Reddy et al. (2017) analyzed the effect of different shadow patterns on the 
performance of the PV module using MATLAB software. A mathematical model of the PV/thermal 
system was established and compared with the experimental studies for a shaded single cell of the 
module to represent a partially shaded module by Wang et al. (2014). Dorado et al. (2017) presented a 
model for PV panels under nonuniform illumination using bypass diodes based on polynomial 
functions to model different shadow situations. The effect of the PV array configuration and the 
shadow by moving clouds was studied experimentally and theoretically using one diode model of the 
PV cell. The author concluded that the shading loss decreases correspondingly with the array length 
and the moving clouds effect was small compared with the mismatch error due to shading 
(Lappalainen and Valkealahti, 2017). Belhaouas et al. (2017) introduced a good solution for 
eliminating the effect of shading on the performance of the PV system by changing the arrangement 
of the PV arrays in the system via changing the different spaces between the modules without 
changing the electrical connection. A simple method was introduced by Bressan et al. (2016) for 
detecting the fault of shading in the PV system using a mathematical equation comparing the current-
voltage characteristics of the system under normal operation and shadow fault. Zhou and Sun (2015) 
studied the effect of partial shading on the performance of maximum power tracker and presented a 
simple solution via a sliding mode control strategy using Proportional Integral (PI) control to reduce 
the error of maximum power tracker in case of shadow conditions. In the same manner, the energy 
production from the PV system under tracking mode in case of shading was introduced using different 
electrical models of trackers (Díaz-Dorado et al., 2017a and b).  

This paper studies the effect of partial shading on the performance of a PV array consists of two 
identical PV modules which are connected in series. The array performance is simulated using a 
single diode model for the series connection of the two modules, considering all electrical data related 
to the modules. To study the effect of shading, different shading patterns (with illumination ratios of 
800, 600 W/m2) were applied on one module leaving the other un-shaded (fully illuminated by 1000 
W/m2). Two bypass diodes are used (one for each module) in the array entire connection to protect the 
shading module from reverse bias operation. In each shadow pattern, it is assumed that the different 
cells in the shaded module are uniformly illuminated. 
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Theoretical Model of the PV Array 

Fig. 1 shows a schematic diagram for the equivalent circuit of the two PV modules connected in 
series as one array. For both modules, the simulated circuit contains a current source, which gives a 
photocurrent corresponding to the degree of illumination (Iph), one diode (D) and both the PV module 
resistances (shunt and series). In Fig. 1, the (i) denotes fully illuminated module (without shadow), 
while (sh) denotes the shaded one. Two bypass diodes (D1 and D2) are used, one for each module. 
The array current passes in the outer circuit to the load (RL) is the series current (I), while the array 
voltage (V) is the sum of the two voltages (Vi and Vsh). 

 

Fig. 1: a schematic diagram for the equivalent circuit of the two series PV modules. 

 For each PV module the following equations simulate the operating voltage and current 
according to the given solar radiation and temperature (Bahgat et al., 2004; El Shenawy et al., 2015); 
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The PV module series resistance (RS) is resulting from sum of all contacting resistances, P-type 
and N-type resistances, resistance with back contact and resistance between the grid and N-type layer. 
While the shunt resistance (RSh) comes from the internal leakage inside the cells and in the outer 
edges in addition to the recombination losses. Since the value of the shunt resistance is highly greater 
than that of the series resistance, the last term in Eq. (1) can be omitted to facilitate the solution of the 
equation without affecting the calculating efficiency (Ramaprabha and Mathur, 2009). Eq. (1) can be 
written as follows;  
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Rearranging Eq. (2), the operating voltage of the module can be written as follows; 
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Eqs. (4, 5) are representing the diode photocurrent, which is directly proportional to the 
percentage of illumination from the solar radiation, and diode reverse saturation current of the PV 
module, respectively. Eqs. (1-5) simulate the performance of the PV array under different operating 
illumination levels and temperatures. The paper introduces a PV array consisting of two identical PV 
modules which are connected in series (as described in Fig. 1). The two modules are fixed on the 
same metallic structure. There are four important parameters related to the PV module must be detect 
accurately to simulate the module performance which are; module series resistance, ideality factor, 
saturation current and temperature coefficient. These parameters have been detected based on the 
measured current-voltage characteristics at different operating conditions and validated via comparing 
the simulated and measured characteristics (Ramaprabha and Mathur, 2009). Table 1 shows the 
parameters for each module in the series connections, while Fig. 2 shows a photo for the two modules. 

 
Table 1: parameters of the PV module. 

Rated power 
VOC 
VMP 

ISC 
IMP 
RS 
Io 
K 
A 

64  
27.1 
16.5 
4.8 
3.88 
1.055 
1.996x10-9 
0.0014 
1.48 

W 
V 
V 
A 
A 
Ω 
A 
A/oK 
 

 

 

Fig. 2: Series connected PV modules on a metallic structure. 
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Shading Patterns 
 

To study the effect of shading of a complete PV module from an array consists of two modules 
connected in series; one module was shaded leaving the other fully illuminated. As described before, 
it must be noted that each module has its own bypass diode for protection (Fig. 1). In all shading 
cases, the fully illuminated module receives 1000 W/m2. The shaded module exposed to uniform 
illuminations with values less than that of the illuminated one (for example, when the shaded module 
receives 800 W/m2, the shading ratio will be 20%). For each shading ratio, it is assumed that the two 
PV modules are completely identical and all cells in any PV module are under a uniform illumination. 
Also the surface temperatures of both modules are considered to be the same. The series and shunt 
resistances also assumed to be fixed. These assumptions will not affect the results (Ramaprabha and 
Mathur, 2009). The simulation was carried out for Egyptian climate conditions (North 30.03 and East 
31.23, Cairo, Egypt).  

 
Results and Discussion 
 

According to the simulation of the PV array under normal conditions (without shading for any 
module) using the present theoretical model, the I-V curve for the array (two modules in series) under 
fully illuminated conditions (the two modules are illuminated with 1000 W/m2) is shown in Fig. 3. 
From the figure it can be noted that, due to the series connection, the total voltage at any time is the 
sum of the two module voltages (Fig. 1) and the current is the same in the circuit. It should be noted 
that for the same illumination ratio on the two modules, both modules have almost the same currents 
and voltages; accordingly, the array has the module current at double value of the module voltage. 

The photocurrent described in Eq. (4) is radiation dependent and directly related to the percent of 
solar illumination level. Fig. 4 shows the variation of the module photocurrent versus the solar 
radiation. It can be noted that the photocurrent increases considerably with the solar radiation due to 
increasing electron-hall pairs of the solar cell. Consequently, reducing the radiation level by shadow, 
can inversely affect on the PV module photocurrent. 

The following figures show the effect of shadow on one module from the series connections. In 
these figures the shaded PV module received only 800 and 600 W/m2 (shaded by 20% and 40%) 
while the other fully illuminated module received 1000 W/m2. Figs. 5,6 show the I-V and P-V data of 
the series connected PV modules with one shaded by 20% and the other is un-shaded. While the 
comparison between the normal and the shaded I-V and P-V data of the modules under shading one of 
them by 40% is also shown in Figs. 7,8. 

 

 
 

Fig. 3: I-V curve of the PV array under fully illuminated conditions. 
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Fig. 4: Variation of the PV module photocurrent with the solar radiation. 

 
Fig. 5: I-V data of the PV array with one module shaded by 20%. 

 
Fig. 6: P-V data of the PV array with one module shaded by 20%. 
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Fig. 7: I-V data of the PV array with one module shaded by 40% compared with the illuminated one. 

 
Fig. 8: P-V data of the PV array with one module shaded by 40% compared with the illuminated one. 

From the figures, it’s clear that shading one of the two series PV modules can inversely affect the 
overall performance as follows; 
1. Reduce the array power output according to the shading ratio. 
2. Change the regular shape of the current-voltage data which makes more than one maximum point. 

Fig. 3 showed the case of the two modules at the same illumination level, in which the regular 
current-voltage curve has been obtained representing the normal operation without shading. When 
shading one module from the series connection, the illuminated module current will be greater than 
that of the shaded one. This can make the shaded module acts as reverse bias, but existence of the 
bypass diode protects the module from the reverse bias. In this case the bypass diode goes forward 
bias and passes the series current of the illuminated module at zero voltage. Consequently, the load 
voltage and current will be the values related to illuminated module only (Fig. 1, 5 and 7). Going 
ahead with I-V curve, it is evident that the current of illuminated module decreases with increasing the 
module voltage, till equals to the shaded module current. When the two currents are equals, the bypass 
diode of the shaded module goes to reverse mode and the voltage across the two modules will be the 
same and the load voltage will be the sum of the two voltages while the current in the circuit remains 
the same series one (Figs 5, 7). This leads to a decrease the total array output than the normal 
operation without shading and also makes two maximum power points as shown in Figs. 6, 8. 

The power loss due to shading increased with increasing the percentage of the shadow on the 
surface of the PV module in non-linear manner. The power loss due to shading was 17% and 31% 
(with respect to the normal illuminated case) for shadow pattern of 20% and 40%, respectively. 
Although these losses will significantly affect the total system output, the shape of the P-V data in 
case of shadow can adversely affect the performance of the system in case of using a maximum power 
tracker. The existence of two optimum points can lead to wrong tracking the optimum power, which 
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can inversely affect the total system performance. Fig. 9 summarizes the ratio of the array output 
power to the normal operating value under different shading. 

 

 
Fig. 9: Ratio of the array output power to the normal operating value under different shading. 

Conclusions 

The effect of shadow on the performance of the series connected PV modules was 
simulated using the diode model. The model consists of the photocurrent source and diode 
using the PV module different specification parameters and one bypass diode for each 
module. The shadow was applied on one module leaving the other module under full 
illumination. The result showed that shading one module in a series connected array reduces 
the system output power, changes the shape of the I-V curve and creates more than one 
optimum point. It can be concluded that the bypass diode is very important for the PV 
connections to avoid destroying of the PV module under shadow, due to the effect of reverse 
bias mode. The shading loss reaches about 17% and 31% for shading ratios of 20% and 40%, 
respectively. 

Symbols and Abbreviations 

A Ideality factor. 
EGo Silicon bandgap (1.1 ev). 
G Solar radiation (W/m2). 
I Module current (A). 
Io Reverse saturation current (A). 
Ior Reverse saturation current at Tr (A). 
Iph Photocurrent (A). 
Iscr Short circuit current at STC (A). 
K Boltzman’s constant (1.38x10-23 Nm/oK). 
Ki Temperature coefficient of Isc (A/oC). 
q Electron charge (1.6x10-19 C). 
RS Series resistance () 
RSh Shunt resistance () 
T Module surface temperature (K). 
Tr Reference temperature (298 K). 
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