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Abstract 
The energy which is generated from natural resources that are abundantly available in nature is called Non-
conventional energy sources. Light energy from sun, current of air, storage of water at hilltop, water movement 
inside sea, heat inside earth is the example of Non-conventional energy sources, etc. The solar energy is based 
on the conversion of sun rays into electrical voltage and current and it is the single-stage conversion of radiation 
into electricity. The photovoltaic (PV) power generation is a phenomenon in which photons from sun rays 
collide on PN junction of semi-conductor material and generates electrical energy.  This solar power system 
uses the string of solar panels distributed over large areas. Power generated by these strings is affected by 
shadow initiated from different causes. The effect of these shadows is to reduce the power generated by the 
photovoltaic system. This paper explains the various effect of shadow on PV system and summarizes the 
different methods for improving the PV performance under shadow conditions. It also covers a wide review of 
the trends and state-of-art techniques indicated through research to curb the effects of partial shading.   
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Introduction 
Amongst different non-conventional energy sources, photo-voltaic (PV) energy is an abundant and clean 
alternative for electrical power generation. It provides a number of benefits such as free fuel, flexible in terms of 
generation and requirement, low running cost, etc.[1-4].  Electrical Power generation by this technology can 
support to reduce environmental pollution and also a reduction in the consumption of conventional fuels. The 
solar insolation, atmospheric temperature, array configuration, and shading due to surrounding objects influence 
the performance of PV system. The momentary or constant shading on PV panel due to a passing cloud or 
neighboring objects not only causes energy loss in the conversion but also creates non-linearity on the I-V 
characteristics of  PV system. [5]  
The component of solar power generating systems are solar modules that convert solar radiations into electrical 
energy, power electronics grid inverter which converts dc electrical power into alternating electrical power. This 
grid inverter is interfacing device in-between grid and dc solar system. When a number of solar panels 
(modules) are connected in series it is called as solar string (array). The number of panels depends upon the 
system voltage requirement and such strings are connected in parallel to increase the current capacity of the 
whole system. Since all the modules are connected in series each module contributes to string voltage & also 
contributes to current. As they are connected in series the current generated by each module should be same but 
due to shadow effect the affected module may not do so. When the modules in the string experience multiple 
irradiation intensities, their generated power gets reduced [5-6]. If shading exists on the PV string, power output 
generated from string gets reduced. When one or more PV modules are in different operating conditions and 
operating with their individual maximum power points (MPPs) such a situation is called as (I–V) characteristics 
mismatch [6-7] and due to this mismatch there is a reduction in electrical power output of the by entire PV 
string. If anyone module of a PV array comes under shadow then that particular shaded module will be in 
reverse bias, which leads to power loss in the entire string. The bypass diode is a solution for avoiding this 
condition of the module. The bypass diodes are connected in anti-parallel with each module which bypasses the 
module during shadow period but it creates additional loss due to their ON state resistances during conduction 
[8]. The array topology defines the connection of different modules installed in different rows & columns. 
Different connections used in PV systems are Series-Parallel (SP), Total Cross Tied (TCT) and Bridge Linked 
(BL) [9-10]. 
In a PV string, current generated by the whole string is decided by the shading on the panels. The mostly shaded 
panel limits the current generated by the entire array. Various methods have been in literature to minimize 
effect.  
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This paper collected multiple solutions for improving the performance of solar string under the shaded 
conditions. These available methods can be categorized into two methods.  The first one is based on the change 
in module configuration and the second category is by using power electronics circuits. This paper is further 
divided into four sections, i.e. section II: describes the classical methods for the performance improvement of 
solar string. Section III: describes the use of different power electronics circuits for the same objective. Section 
IV describes Adaptive PV array re-configuration & in section V all the techniques were compared on the bases 
of reliability, maintenance, & performance. 
 
PV System Description:   
The total number of modules in a solar PV system depends upon the rated output power. Each PV module 
consists of a series-parallel connection of silicon wafers. These silicon wafers are made up of p-type and n-type 
semiconductor materials. When p-type and n-type semiconductor material comes together there will be the 
formation of junction called a depletion layer. This combination of p-type and n-type is equivalent to 
semiconductor diode. The equivalent circuit of the wafer is shown in (Fig 1(A)) and its ideal I-V and P-V 
characteristics of PV wafer are shown in (Fig 1(B)). 

  
 

Fig 1(A): Equivalent Circuit of PV Wafer Fig 1(B): I-V and P-V Characteristics of PV Wafer 

When partial shadow exists on PV string, the output of the entire string gets reduced, it also reduces the 
conversion efficiency of the system. Under this shadow condition, the position of maximum power point in the 
P-V curve will be shifted to another point that is called local maxima. This shadow effect creates multiple 
maxima on P-V curve and which is difficult for any device to attain. These losses can be reduced by altering 
topology, or by using passive elements like diode or by using active elements like active switches. 
 
Methodology 
To overcome the effect of partial shading different methodologies can be adopted. The simple bypass diode 
technique is the low-cost solution but increasing losses and reducing efficiency of module.  Another method is 
by changing connection of modules with or without altering position and connection. By using active element 
i.e. MMPT, Inverter, DC-DC converter, the effect of partial shading can be reduced. Adaptive PV array 
reconfiguration is the dynamic reconfiguration of modules inside entire module metric for optimal generation. 
The different methodologies are discussed below.  
1. Topology 
The power generated by a solar power system under shading conditions can be maximized by altering its 
topology. Solar power modules can be configured with different topologies i.e. Series-Parallel (SP), Total Cross 
Tied (TCT), Bridge link (BL) configurations. [11] suggested that, if shadow covers the modules from bottom to 
top and left to right then, TCT topology is good solution and  when the shadow is on the bottom leftmost 
module then SP configuration can be a good solution but  if shadow progress is from left to right on bottom row 
of modules  then anyone topology can be used. All topology produces the same power when bottom row is fully 
shaded.  Due Su Do Ku configuration local maxima will be removed and only global maxima will be maintained 
in I-V characteristics of PV system suggested by [12]. 

(Fei Lu, at. al. 2013) suggested that the effect of partial shading can be minimized by changing the layout of 
solar wafers within the solar panel.  By considering the standard panel of 72 wafers, wafers mapping can be 
done with following two arrangements.  
As shown in fig 2. Fig 2(a) ) A standard 72 cell module with 3 bypass diodes, Fig 2(b) Configuration with a 
series of six matrices, each matrix consisting of two parallel strings of 12 halved cells, with 3 bypass diodes., 
Fig 2(c) Configuration with a series of 72 matrices, each matrix consisting of two halved cells in parallel, with 3 
bypass diodes. 
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Fig. 2(A) A standard 72 cell 
module with 3 bypass diodes 

Fig. 2(B) Configuration with 12 
halved cells, with 3 bypass diodes 

Fig. 2(C) Configuration with a 
series of 72 matrices, two halved 

cells with 3 bypass diodes 

First Arrangement: 12 half wafers of standard size will be connected in series and such two strings will be 
connected in parallel. Such six groups will be connected in series with 3 bypass diodes.  

Second Arrangement: 2 half wafer will be connected in parallel and such 72 groups will be connected in series 
in with three bypass diodes one panel. 

Due to the use of halved wafer configurations with parallel paths, within the panel the performance under partial 
shading conditions will be improved and it is confirmed through simulation. But during panel assembly 
soldering issue will be increased. 

Partially shaded modules can be utilized for accelerating power in partial shading conditions. In the topology, 
PV arrays are split into two groups i.e. fixed part and reconfigurable part. The modules in of fix part will nor be 
reconfigured but the other modules will be reconfigured on the bases of shading condition. This reduces the 
number of switches requirement for reconfiguration and also considerable reduction in partial shading losses 
any for n × m system.[14]  
2. Passive Element (Bypass Diode) 
In the PV generation system the power output is inversely proportional to number of shaded panels. In PV 
string all the solar panels are connected in series and carry same current during all the conditions. If shadow 
exists on any panel, that particular panel will increase its resistance and creates voltage drop phenomenon. This 
particular panel will be in reverse bias and reduces the string current and creates hot Spot condition. To 
overcome this phenomenon of reverse biasing and hot spot bypass diodes technique is introduced [13]. In the 
PV system, the numbers of modules are connected in series and every module is connected with bypass diode 
in reverse bias. When shadow covers any solar module then its bypass diode will start conducting. This diode 
carries the current generated by the whole string. This diode introducing power losses in the PV system and the 
bypass diodes (up to one diode for each cell) was proposed as a possible solution [15]. However, this approach 
has not encountered the favor of crystalline PV modules producers since it requires a not negligible 
technological cost and can be even detrimental in terms of power production, when many diodes are activated 
because of their power consumption discussed by [16]. By using proper mitigation of switches the performance 
of solar string can be improved as suggested by [17]. Even if this bypass diode is easy to implement but it 
created more losses in system and critical disadvantages of bypass diode is that it misleads the MPPT 
controller. [18-19]. 
3. Active Elements:  

[20] suggested that, Partial shading scenarios can be analyzed by using shading rate and strength of shading. The 
shading strength and the maximum power point voltage of the PV can be estimated by a multiple-output support 
vector regression (M-SVR) technique. The maximum power point can be predicted from measured data and the 
system can be operated with best MPPT point. By using two drawbacks of power loss during shading can be 
minimized. The first MPPT is used to attain the occurrence of PSC and second stage MPPT with new algorithm 
that is based on ramp change of the duty cycle due to these two MPPT techniques the global maximum power 
point of array is reached accurately. The P&O algorithm is then re-activated to trace small changes of the new 
MPP[21]. When single MPPT is used for multiple strings, the MPP of healthy string also shifted to MPP of 
shaded string. This increases the amount of losses in the system. [22-23] suggested that, the problem can be 
solved by using distributed MPPT system. In distributed MPPT system each string is having its own MPPT 
which operated for common system voltage and current. In this technique only the MPPT of shaded string will 
operate and operation of other MPPT will be unaffected. [24-25] discuss the multilevel inverter topology can be 
used for individual string for improving performance under partial shading condition of string.  
4. Adaptive PV array reconfiguration. 
Adaptive PV array reconfiguration means the connection between modules will be continuously changed to get 
optimistic electrical power during shading conditions. In order to improve the power output under partial 
shading conditions, Adaptive PV array reconfiguration can be a good solution, The researcher has reported some 
findings by using different optimization techniques i.e. by using Particle Swarm Optimization, Scanning 
algorithm, Best and Worth Sorting Algorithm, Rough set theory, irradiance equalization principle, Well-known 
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subset sum problem,  Ant colony optimization technique etc. The reconfiguration can be done by shifting the 
modules from shade area to the un-shaded area without changing the electrical connection and another method 
is by shifting the shaded module from one string to another string by changing electrical connection. The 
position changing method is not feasible but connection changing method can be developed by using power 
electronics switches and controllers. The operation of these switches will be controlled by microcontroller and 
these microcontroller will operate these switches as per above-said techniques. This involves high number of 
power electronics switches. [26]    
 
Result and Discussion 
In this paper, different techniques were studied and it is found that if only a string of simple modules is used for 
power generation, it has to be dealt with hot spot issues during shading. For removing the effect of hot spot the 
use of bypass diode is suggested. If multiple bypass diodes are used in the system, it is reported that due to 
bypass diode power loss will be more. Some work is published on reconfiguration of modules with SP, TCT, 
BL, Su Do Ko pattern, etc. This research indicates the performance of different reconfiguration will depend 
upon the progress of shadow over PV modules. Some researchers suggested use of power electronics circuits for 
reducing the effect of partial shading i.e. DC optimizer, MPPT, Distributed MPPT, string inverter, micro-
inverter, etc. Most of the work is carried out on adaptive PV array reconfiguration with different optimization 
algorithm. Even if these methods are effective, it has limitation i.e. large numbers of power electronics switches 
with complicated control technique is required.  
 
Conclusion 
The outcome of this paper is a qualitative review of the different solutions over effects of partial shading 
condition in PV system. The low cost solution is bypass diode, but power loss will be more and it reduces 
conversion effecicncy of the system. Adaptive PV configuration is also a good solution which comes with less 
losses as compared to other methods but there is a complexicity with operation of a number of switches. In 
power electronic methods (i.e. use of MPPT, DC-DC converter, etc.), the losses are moderate as compare to 
above methods. For minimising these losses there is a need to work on reduction of electronics component and 
also look the smart solar panels which will take care of their performance during shadow condition.  
The overall observsation is that, any of the above methods can be selected on the basis of system installation 
cost, cost of generation, losses, pay back period etc. These cost should be within the limit of economic operation 
of solar power plant. 
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