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ABSTRACT

The given paper presents a review about the effect of Partial Shading Condition (PSC) on various solar photovoltaic (SPV) array topologies. Under the influence
of Partial Shading Condition, the level of solar irradiance varies from one SPV module to another, and because of this total power generated of a SPV system
reduces. In order to reduce these losses in SPV panels, we can modify the configuration of the panels in array/module. One of the way to improve the output energy
and power efficiency is that panels may be configure in many different configurations such as Series(S), Parallel (P), Series Parallel (SP), Total Cross Tied (TCT),
Bridge Linked (BL), and Honeycomb (HC). A novel PV array configuration, named as the Odd Even Configuration (OEC) has been proposed to reduce the effects
of Partial Shading Condition.
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Introduction

The consumption of energy is increasing every day. As the consumption is increasing the, the demand for the power production from power plants is also
increasing. The present world is spiraling down into an energy crisis. The energy crisis is the concern that the world’s demands on the limited natural
resources such as coal, oil, gas, fossil fuel, wood etc. that are used to power industrial society and household are reducing as the demand rises. These
natural resources are in limited supply. While they do occur naturally, it can take hundreds of thousands of years to reproduce the stores. Conventional
energy resources like fossil fuels are being exhausted at an alarming rate and may be completely vanished in the next few decades. Also use of the
conventional energy sources cause different types of pollution.

This type of situation leads to look out for solution to find an alternate source to meet our energy demands. An effective alternative can be found in
renewable energy resources such as wind, solar, geothermal, biogas and ocean energy etc., which offer easy availability and get reproduce over time
naturally, so they would not be depleted. Among all the renewable energy sources, the solar energy can be considered as the most essential and
prerequisite sustainable resource because of its easy availability and abundance in nature.

Even though the renewable energy sources are easily available, utilizing them to their full extent is still challenging. Out of all the renewable energy
generation technologies, solar PV energy is the most prominent technology. The primary goal for using renewable energy in India is to advance economic
development, improve access to energy, improve energy security, and mitigate climate change. India is thickly populated and has high solar insolation
level, an ideal combination for using solar power. One of the advantage using solar power, is the direct conversion of sunlight to electricity.

Under partial shading conditions (PSC), photovoltaic (PV) arrays are subjected to different irradiance levels caused by no-uniform shading. Non uniform
shading is caused due to nearby objects such as trees, tall buildings, clouds etc., some of the modules of the PV array end up getting shaded, while the
other modules receive the full insolation. Because of the variable irradiance level there will be mismatch between the power generated by each module
and this will result into significant reduction in the total power generated. It is quite difficult to track the Maximum Power Point of the solar PV system
due to the occurrence of Partial Shading Condition [2]. This further leads to the problem of not only reducing the total maximum output power of the PV
module but also shows extremely non-linear behavior in the I-V and P-V curves. Due to partial shading condition and non-linearity in the curves, multiple
optima point (MPPs) are observed, the greatest of which is referred as Global Maximum Power Point (GMPP) and rest of the points are called as local
maximum power points (LMPP) [3], [1].

The goal of this paper is to state a technique which will help to mitigate the effects of partial shading condition. It is achieved by reconfiguring the
physical positions of the PV modules within a TCT connected PV array. This type of configuration consists of positioning all the odd numbered module
together and all the even numbered modules are clumped together, Hence the name given as Odd Even technique.

The structure of this paper is organized as follows. The introductory part is covered in section 1. section Il states Partial shading and mismatch effects.
Section Il deals with different techniques to mitigate Partial Shading in Photovoltaic Panels describes and section IV describes the proposed
reconfiguration method of OEC. Last section concludes and the scope for further work is presented.
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Partial Shading & Mismatch Effects

Generally, PV array is works under two possible conditions, namely uniform irradiance condition (UIC) and partial shading condition. In case of uniform
condition, all PV modules in PV array receives equal irradiance and hence produce the same amount of maximum power and improves overall array
performance. In any case, PV array is shaded by a tall building, tree, or passing clouds, it will result into partial shading condition. In PSCs, the amount
of irradiance received by the shaded module is less than the unshaded ones, this scenario creates a hot-spot problem in PV array. Further, it may lead to
damage the PV cells or modules [14]. In order to meet the load power demand, the Photovoltaic (PV) panels are usually connected in series or parallel
connection. However, if any of the panels are subjected to partial shading condition, the power generated by this PV panels will be reduced by a great
amount. The partial shading is result of the buildings, and poles, shadows of trees, and even the movement of clouds in large-scale PV systems. Power
generated by a Photovoltaic (PV) cell reduces significantly due to non-uniform irradiance. And hence in the case of PV module or array, the generated
output power gets reduced and further reduced the overall system performance. The amount of the reduction in the maximum power generated is not
directly proportional to the shading area. Other factors such as the shading pattern and type of array configuration chosen also shows significant effect
on the reduction of the maximum power generated.

Multiple solutions have been discussed in the literature to mitigate the effects of partial shadings. But, out of all the possible solutions, it is quite difficult
to achieve the enhance the maximum power to the possible extent. Therefore, to compensate these power losses a promising technique is required which
relies on reconfiguration strategies. It consists of reconfiguring the PV modules within the given PV array so that to increase the maximum power at
highest level. These strategies are classified into dynamic and static reconfiguration techniques.

One of the solution to this problem is to use a bypass diode connected across each PV module to provide an alternative current path during partial shadings
condition. This will lead to showing each PV module a different 1-V characteristics, which creates mismatch losses in the PV system. The mismatch
losses are categorized into internal and external mismatch loss. Internal mismatch loss can be seen as a variation of the parameters of a PV module due
to changes on its physical conditions; nonhomogeneous characteristics of solar cells, defective manufacturing, faults in solar cells, malfunction of PV
modules and physical effect of doping [15], [16]. The internal losses will have effect on parameters such series resistance (Rs), parallel resistance (Rp),
the thermal voltage (Vt) and the reverse saturation current (10). The external factors include degradation of cell material, dirt accumulation on surface,
different temperatures and irradiance conditions [17], [18].

All of the above factors lead to a significant reduction of the modules performance in PV array. Under partial shading, the obtained maximum power is
less than the maximum power of uniform condition. As stated, these losses cannot be completely avoided, but it can be minimized to a satisfactory level
by using some effective techniques. The effect of PSC can be remedied to some extent by using different interconnections within a solar PV array. This
is made possible by connecting the PV modules within a PV array in ways other than the classic Series Parallel (SP) configuration. This new connection
will provide alternate paths for the current to flow, when some modules in a row are shaded and the current generated by them is reduced. A few of the
configurations that can be obtained in this manner are Total Cross Tied (TCT), Series Parallel-Total Cross Tied (SP-TCT), Bridge Link-Total Cross Tied
(BL-TCT) and Bridge Link-Honey Comb. SP, TCT, BL and HC configurations for 6 x 4 and 5x 3 size PV arrays have been investigated in [4] for
different partial shading scenarios.

Another solution of reducing the effect of partial shading is to evenly disperse the shadow over the entire array as much as possible. As we cannot control
the pattern of the shadows falling on the PV module, instead it is achieved by interchanging the positions of the PV modules within the PV array
configuration, while keeping their connections the same. Using this reconfiguration method, many such PV array configurations have been developed in
the past. In [5],

Half Reconfiguration Photovoltaic Array (HRPVA) and Full Reconfiguration Photovoltaic Array (FRPVA) have been studied along with SP, TCT and
BL configurations for 6 x 4 PV arrays under different partial shading condition. The best results are obtained with the use of HRPVA configuration. A
reconfiguration pattern for 9 x 9 size PV array based on the Su-Do-Ku puzzle has been proposed in [6] and has shown better performance than
conventional configurations under PSCs. An optimization based approach to change the connections between the PV modules while keeping their physical
locations fixed has been analyzed in [7] and [8]. Further, a shadow dispersion technique utilizing GA based optimization technique for Su-Do-Ku PV
array configuration has been proposed which offers minimum power loss and best FF. In [9] and [10], Reconfiguration TCT (RTCT) configuration has
been compared and found to be better than TCT by analyzing power losses and FF.

Different Techniques to Mitigate Partial Shading in Photovoltaic Panels

Non-uniform irradiance will lead reduction in the Power delivered by a Photovoltaic (PV) cell. The effect of partial shading in photovoltaic (PV) panels
is one of the biggest concern regarding power losses in PV systems. When the irradiance level throughout a PV panel is inequal, some cells with the
possibility of higher power production will produce less and hence start to deteriorate. The reduction of output power is not directly proportional to the
shading area but depends on the shading pattern and type of array configuration used. Many solutions have been reported in the literature to mitigate the
effect of partial shading condition [25]. These techniques are mainly classified into two types; (a) passive techniques and (b) active techniques [25]

(a) Passive Techniques: In passive techniques, the bypass diode is most commonly used passive element for reducing Partial shading condition. The
diode connection is as shown in fig. 1 and 2. In any case where PV module is shaded by building or a passing clouds or a tree, irradiance received by the
shaded module is less than the unshaded ones, this will create a hot-spot problem in PV module. This may cause damage to the PV cells or modules.
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However, to overcome this, a bypass diode is connected across each PV module to provide an alternative current path during partial shadings. Under this
condition, each PV module would generate different I-V characteristics, which lead to mismatch losses in the PV system. Bypass diode protects the PV
modules from the heating and increases overall power output under shading condition. [25]
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Fig. 1 Equivalent circuit of single diode PV cell model.
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Fig. 2 Single diode PV cell with bypass diode.

(b) Active Techniques: The active techniques are found to be more superior than passive techniques for reducing PSC effects. These techniques are
classified into three categories: (1) Distributed MPPT techniques, (2) Multi-level Inverters and (3) Reconfiguration Strategies.

(1) Distributed MPPT Techniques:

In this method each and every PV module is equipped with its own independent MPPT, which reduces the PSC losses. Also, this technique does not
require the installation of bypass diodes. As a result, the corresponding losses are neglected [20], [21]. This technique involves additional components
such as DC-DC converters or DC-AC inverters for each module. The additional components make this a very complicated structure, which is shown in
Fig. 1.
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Fig. 3 PV module with Distributed MPPT
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(2) Multi-level Inverters:

Multi-level inverters (MLlIs) are the newest addition to the PV modules for reducing PSC losses. There are different types MLI topologies available such
as diode-clamped, flyback capacitor and cascaded H-bridge. This different types of topologies helps to reduce shading effects on each module or group
of modules by the controlling of individual output voltages. Moreover, these inverters reduce the voltage stress on the device and output AC voltage
harmonics [22]. MLI requires an enhanced and effective control structure to achieve operation at the optimal power point [23]. In this approach, each
module or group of modules has its own inverter, which add up to the total cost and hence its expensive. (refer Fig. 4)
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Fig. 4 Grouping of PV modules with multilevel inverters.

(3) Reconfiguration Strategies: In this technique, the PV modules are reconfigure based on irradiance levels, which is a function of their operating
conditions and load request [24], hence it proves to be the most promising technique in order to increase the power output under PSC. Reconfiguration
strategies are further classified into dynamic PV array reconfiguration Techniques and static PV array reconfiguration techniques.

4. Proposed Odd Even Configuration

A novel configuration technique named as the Odd Even Configuration (OEC) is presented in this paper and shown in Fig. 5. The PV modules are
electrically connected in a manner which is similar as TCT configuration. The connection is designed in such a way that within a series column string,
all the odd numbered row PV modules are clumped together physically within a PV array. After connecting all the odd numbered modules in this manner
within a column, they are followed by modules belonging to even numbered rows according the electrical connections, which are again clumped together.
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Fig. 5 The interconnections of PV modules within a 6 x 4 PV array with OEC
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Furthermore, the physical position of the module connected in the 1st row of a given column is shifted by a certain number of rows after every column
in arithmetic position. The odd-even reconfiguration of a PV array is a static technique. In [19], the odd-even reconfiguration technique was presented
for a 4x4 TCT configuration. In this technique, the modules of the PV are numbered as P VVmn, where, m, n indicates row and column number. The
reconfiguration is implemented by rearranging the PV modules in an odd numbered row as (P V11, P V13, P V31, P V33) and column as (P V42, P V22,
P V44, P VV24) as shown in Fig. 1. Further, the modules in odd numbered rows are arranged as (P V12, P V32, P V14, and P VV34). Similarly, even number
of columns are updated as (P V41, P V21, P VV43andP V23). This technique results in higher performance and reduced mismatch losses compared to the
conventional TCT configuration during partial shading conditions. The odd-even reconfiguration technique disperses the shade appearing over PV panels
and thus helps to increase the power production.

The odd-even technique easy to implement and its very simpler. However, main drawback of this method is that it is limited to small rated PV arrays
because of the physical relocation of PV modules.

Conclusion

This paper reviews the novel odd even configuration (OEC) technique to mitigate the effects of the partial shading condition. The partial shading condition
is a major problem in efficient operation of the PV modules. The amount of maximum output power generated is greatly affected due the Partial shading
phenomenon. There are number of techniques available in literature which helps to reduce the effect of PSC such as multilevel inverters, bypass diodes,
distributed MPPT, PV modules interconnection, and reconfiguration strategies. The given paper emphasizes on reconfiguration strategies to enhance the
maximum output power of PV module under Partial Shading condition. The paper also reviews different types of configuration such as TCT, SP-TCT,
BL-TCT, ASY along with OEC. Proposed OEC configuration found to be simple and efficient. As the given configuration is suitable for only small rated
PV module as it involves physical relocation of PV module, the future work can be carried out to improvise the technique so as to be suitable for higher
rated PV modules.
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