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A B S T R A C T

Power delivered by a Photovoltaic (PV) cell reduces significantly due to non-uniform irradiance. Consequently,
in the case of PV module or array, the generated output power get reduces and further deteriorates the overall
system performance. The reduction of output power is not directly proportional to the shading area but depends
on the shading pattern and type of array configuration chosen. Many solutions have been reported in the lit-
erature to reduce partial shadings. However, the reported solutions may fail to enhance maximum power to the
possible extent. Therefore, to compensate these power losses a promising technique is required which relies on
reconfiguration strategies, namely reconfigure the PV modules within the PV array in order to increase max-
imum power at a higher level. These strategies are classified into dynamic and static reconfiguration techniques.
This paper presents the state of the art of reconfiguration strategies for PV array’s to increase maximum power
under partial shading and mismatch conditions. In addition to this, the challenging issues for hardware im-
plementation of both dynamic and static reconfiguration techniques are discussed in this paper. Based on the
review study, it can be concluded that the dynamic reconfiguration techniques are relatively expensive, but this
can effectively compensate the partial shading and mismatch effects in PV array as compared to static technique.

1. Introduction

The utilization of electrical energy is increasing day by day world-
wide. As power consumption increases, the demand for energy pro-
duction from power stations also increases. As per the reports (Manju
and Sagar, 2017), India is the world’s third-largest energy producer and
fourth largest energy consumer, and also well equipped with ex-
haustible as well as renewable energy sources (RES). The exhaustible
energies are also known as conventional energies such as coal, oil, gas,
and fossil fuels, etc. The use of conventional energies causes environ-
mental degradation due to the effect of pollution and organic chemical
reactions, thus increasing the need for use of renewable energies, which
are solar, wind, biogas and geothermal, etc. Among all, the solar energy
can be considered as the most essential and prerequisite sustainable
resource because of its ubiquity and abundance in nature (Sahoo, 2016;
Pandey et al., 2016). The efficiency of PV modules is very poor, even
though, it is a great opportunity for several applications including re-
sidential and commercial buildings, electric vehicles, water pumping
systems and rural applications. However, the generated PV power
mainly depends on the solar irradiance (G) and ambient temperature
(T). These two parameters decide the maximum power point (MPP) of a
PV module. Due to non-linear characteristics of PV modules brings

many challenges: (i) the energy provided by the sun is restricted by the
low PV module conversion efficiency (Green et al., 2015; Meral and
Dinçer, 2011), (ii) the cost of PV production per kW is high, (iii) the
energy generated from PV is not constant because it entirely depends on
the irradiance and temperature, and (d) the PV modules are not
working efficiently under partial shadings. Therefore, all the factors
mentioned above are creating a gap between the actual energy pro-
duction and the energy extracted.

Nowadays, the scientific community is working towards further
improvement to increase the conversion efficiency of PV modules and
reduce the cost per kW (Parida et al., 2011; Singh, 2013). In addition,
many authors are developed new maximum power point tracking
(MPPT) algorithms to track maximum power of a PV system (Mellit and
Kalogirou, 2014). MPPT is an algorithm embedded along with power
electronic converter and load. It forces the PV module to operate at
MPP in any given solar irradiance (Kamarzaman and Tan, 2014). A few
years ago, the research in PV field has taken the leading edge to develop
reconfiguration strategies, means reconfigure the PV modules within
the PV array in order to increase maximum power under partial shading
condition(PSC). Based on the literature, these strategies can broadly
classified into (1) dynamic PV Array reconfiguration (DPVAR) techni-
ques and (2) static PV Array reconfiguration (SPVAR) techniques.
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In dynamic reconfiguration, the connection layout of PV modules in
the PV array is changing dynamically based on irradiance levels for
increasing maximum power. The control structure of DPVAR is depicted
in Fig. 1. It consists of a data acquisition system (DAQ), which requires
suitable measurement devices to collect field data need for the PV
mathematical model. Whereas, the mathematical model quantify the
unknown parameters, then providing input to the reconfiguration al-
gorithm. This algorithm identifies optimum configuration and accord-
ingly gives control action to the switching matrix. In static re-
configuration, the physical location of modules in PV array are
changing without altering electrical connections to distribute shading
effects to increase power output. The various stages of SPVAR tech-
nique are depicted in Fig. 2. It requires only reconfigurable pattern for
arranging PV modules in order to distribute shading effects over the PV
array.

The reconfiguration strategies can be applied to different types of
applications: (a) First case; if the PV plant is affected by the shadow
projected by a fixed object. This is common for PV plants placed on
roofs or integrated in buildings. As an example, in Celik et al. (2015),
the dynamic reconfiguration approach has been applied to Building
Integrated Photovoltaic Systems (BIPV)(Zhu et al., 2019). BIPVs are of
great interests since they enable to take advantage of wide areas ex-
posed to sunlight offered by buildings (Obane et al., 2012, 2011). In
such type of applications, the static reconfiguration approach can also
applied to distribute the fixed shadow into different places equally. (b)
Second case; the portion of a large PV plant is affected by passing
clouds. In this case, generally there is a distributed drop of the irra-
diance above the PV plant. Depending on the speed of the clouds pro-
ducing a shade on the PV plant, the irradiance conditions can change
suddenly, giving rise to a large deterioration of the PV plant efficiency
that may last a long time, thus producing a reduction of the energy
generated by the solar source. Finally, in the event of failure of one or
many solar modules, which can be automatically disconnected by using

dynamic approach (La Manna et al., 2014). However, in case of static
technique, PV modules are rearranged such a way that the irradiance is
equally spreading.

The partial shading issues of PV array involves many stages, which
represented in a pictorial way is shown in Fig. 3. It consists of PV array,
operating conditions, P-V output characteristics, moreover, partial
shading reduction techniques such as PV array interconnections, dis-
tributed MPPT, multi-level inverters and reconfiguration strategies. In
the following sections, each of the cited element in the diagram is
discussed in detail. However, this paper is mainly focusing on the state
of the art of reconfiguration strategies for PV array’s to increase max-
imum power under partial shading and mismatch conditions.

The following sections of the paper are organized as follows. Section
2, presents the detailed modelling of PV module. In Section 3, general
issues with the partial shading and mismatch effects on PV modules are
outlined. In Section 4, different partial shading reduction techniques
are discussed and more emphasis is given to reconfiguration strategies
in Section 4.2.3. In Section 5, the challenging issues of dynamic and
static reconfiguration techniques are addressed and followed by dis-
cussions and conclusion are presented in Sections 6 and 7 respectively.

2. Modelling of photovoltaic module

Modelling is the first step for analysing the behaviour of a PV
system. In fact, a good and accurate mathematical model is necessary
for the optimal design and simulation of PV array under partial shading.
The modelling of PV array starts with a mathematical model of a single
PV cell. Several models for solar cell have been reported in the litera-
ture. Two of them are single diode solar cell and two diode solar cell
models. The single diode solar cell model is thoroughly analysed and its
practical verification is presented in (Xiao et al., 2013; Breitenstein,
2014). In Babu and Gurjar (2014), the two diode model and the asso-
ciated mathematical formulation are described. As it is mentioned in

Notations

Vcell pv/ PV cell/ module voltage (V)
Icell pv/ PV cell/ module current (A)
Id diode current of a PV cell (A)
Ish shunt current of a PV cell (A)
Tc PV module operating temperature
TSTC standard operating temperature at 298.15 K
Ido reverse saturation current in STC
Kisc temperature co-efficient of short circuit current
a ideality factor
k Boltzmann’s constant × −1.3805 10 23 J/K
q electron charge × −1.6 10 19 C
G actual irradiance of PV module
R R,s sh series and shunt resistance of a PV cell
Ns number of cells connected in series of a PV module
GSTC standard PV irradiance at 1000 W/m2

m number of rows
Gi irradiance of each row

Abbreviations

STC Standard Test Condition
PSC Partial Shading Condition
MPP Maximum Power Point
MPPT Maximum Power Point Tracking
GP Global Peak
SP Series-Parallel
TCT Total-Cross-Tied
DPVAR Dynamic PV Array Reconfiguration
SPVAR Static PV Array Reconfiguration
IE Irradiance Equalization
EI Equalization Index

Fig. 1. Dynamic PV array reconfiguration structure.
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the literature, the single diode solar cell model is very simple and ease
to modelling as compare to the two diode solar cell model (Hasan and
Parida, 2016). The equivalent circuit of single diode PV cell model is
shown in Fig. 4.

By applying KCL to node ‘c’ in Fig. 4, Icell can be written as,

= − −I I I Icell L cell d sh, (1)

where IL cell, is light generated current of the PV cell. The mathematical
representation of I-V characteristics for the PV cell is given in Eq. (2),
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where Io is saturation current of the diode. Eq. (2) is working only for
uniform case. However, it is not suitable for the partial shadings. In the
presence of shadows, where there is no exposure to sunlight, a solar cell
will heat up and develop a hot spot. To reduce the overall effect of
shadows, a bypass diode is to connect across the shaded cells to pass the
full amount of current while preventing damage to the solar cell is
shown in Fig. 5. There are two types of shadings effects can be mod-
elled; (i) dynamic shading, and (ii) static shading. Dynamic modelling
of effect of clouds on the PV system is a difficult task. Cloud conditions
can dramatically change fast and the cost of such fluctuations with their
effect on other systems is important to understand. One of the methods
is proposed (Jewell and Unruh, 1990; Tamura et al., 2003) to measures
the changes in solar irradiance over a one minute time interval. In static
shading effects are assumed to be constant, which can be modelled
using MATLAB/SIMULINK. Various mathematical models are reported
in the literature for solving accurate I-V characteristics under partial
shadings (Quaschning and Hanitsch, 1996). The mathematical expres-
sion of I-V characteristics for the PV cell under partial shading is given
in Diqing et al. (2012),
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where Io bd, is the saturation current of the bypass diode. The transition
from a single PV cell to the module is by connecting number of PV cells
in series. The mathematical representation of I-V characteristics for PV
module under uniform case is given by Eq. (4).
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where RS and RP are the series and shunt resistance of the module and IL
represents the light generated current of the module, which is referred
as,

= + −I G
G
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where ILSTC is light generated current at STC.
As mentioned in Section 1, reconfiguration techniques alter the

position of PV modules based on irradiance. So that, it is necessary to
evaluate the irradiance of the module. By substituting Eq. (5) in Eq. (4),
the obtained expression is,
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Eq. (6) provides a way to estimate the irradiance of the module by
measuring its voltage, current, and temperature. Assuming that the
other terms are given by the datasheet. However, to model the complete
PV cell requires electrical data as well as physical data. The electrical
data such as open-circuit voltage (Voc), short-circuit current (Isc), voltage
at maximum power (Vmp), current at maximum power (Imp), and rated
maximum power (Pmp) is provided by the manufactured companies. The
physical data like R R I n, , ,s sh o , and IL are to be evaluate by using either
analytical or iterative approaches (Yadir et al., 2009; Sera et al., 2007).

3. Partial shading and mismatch effects

Generally, PV array is working under two possible conditions, such
as uniform irradiance condition (UIC) and partial shading condition. In
uniform condition, all PV modules in PV array receives equal irra-
diance. So that, each module can produce the same amount of max-
imum power and improves overall array performance. In uniform case,
the output I-V and P-V characteristics of the array is shown in Fig. 6(a)
and (b) respectively. In any case, PV array is shaded by a tree, building
and passing clouds, partial shading would occur. 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 (Kamarzaman and Tan,
2014). 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 dif-
ferent I-V characteristics, which lead to mismatch losses in the PV
system. The mismatch losses are categorized into internal and external
mismatch loss. Internal mismatch loss is due to several factors like non-
homogeneous characteristics of solar cells, manufacturing defects,
faulty solar cells, malfunction of PV modules and physical effect of
doping (Mäki and Valkealahti, 2012; Ramos-Paja et al., 2012). The
external factors include degradation of cell material, dirt deposited on
the cell surface, different temperatures and irradiance conditions (Zhao
et al., 2012; Skoplaki and Palyvos, 2009). Therefore, all these factors
may lead to a reduction of the modules performance in PV array. Under
partial shading, the obtained maximum power is less than the max-
imum power of uniform condition. However, these losses cannot be
avoided, but it can be minimized using effective techniques.

4. Partial shading reduction techniques

Many techniques have been reported in the literature for reducing
the PS losses. These techniques are mainly classified into two types; (1)
passive techniques and (2) active techniques.

4.1. Passive techniques

In passive techniques, the most commonly used passive element is
the bypass diode for reducing PS effects. The role of bypass diode is
already discussed in Section 3. Bypass diode protects the PV modules

Fig. 2. Static PV array reconfiguration structure.
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from the heating and increases overall power output under shading
condition. Due to insertion of bypass diodes exhibits multiple steps in I-
V and multiple peaks in P-V characteristics of the array, which can be
seen in Fig. 6(a) and (b) respectively. Among the multiple peaks, there
is only one global peak which produces the highest maximum power
and rest all are referred to local peaks (Larbes et al., 2009; Ishaque

et al., 2012).

4.1.1. PV array interconnections
The efficiency of PV modules exposed to partial shading can be

increased by applying interconnection to the modules. The inter-
connection of modules in PV array is commonly referred as

Photovoltaic
Energy
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Fig. 3. Various stages of partial shading reduction in PV array: Taxonomy.
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configuration. Many PV array configurations have been reported in the
literature, which are Simple-Series (SS), Parallel, Series-Parallel (SP),
Total-Cross-Tied (TCT), Bridge-Link (BL) and Honey-Comb (HC)
(Pendem and Mikkili, 2018b,a). The generic layouts of PV array con-
figurations are shown in Fig. 7. In a series configuration, all PV modules
are connected in series to increase desired output voltage, but the
output current is same as module current. In parallel configuration, all
PV modules are connected in parallel fashion so that the output current
will be higher (Wang and Hsu, 2010; Herrmann et al., 1997). The main
advantage of parallel configuration over series is that the maximum
power of the parallel configuration is higher than the series config-
uration (Gao et al., 2009). The combination of series and parallel
connection gives series-parallel configuration, which increases both
output voltage and current at a time. In TCT, first PV modules are
parallel tied so that voltages are equal and currents are summed up, and
then many of such parallel tied are connected in series to increase the
voltage. Bridge-link configuration is same as TCT but half of its con-
nections avoided so that cable losses and wiring installation time are
reduced (Roopa et al., 2011; Vengatesh and Rajan, 2016). The TCT and
BL configurations have combined to form honey-comb configuration
(Wang and Hsu, 2011; Satpathy et al., 2018). In the literature, it has
been found that TCT and SP PV array configurations are producing
same maximum power under uniform condition. Under PSCs, TCT

configuration is reducing the mismatch losses and producing the
highest maximum power than the other configurations(Ramaprabha
and Mathur, 2012; Ramaprabha et al., 2010).

4.2. Active techniques

The active techniques are more effective than passive techniques for
reducing PS effects. These techniques are classified into three cate-
gories: (1) Distributed MPPT techniques, (2) Multi-level Inverters and
(3) Reconfiguration Strategies.

4.2.1. Distributed MPPT techniques
In this technique, each module or group of modules has its own

MPPT, thus avoiding PS losses. Also, this technique eludes the in-
stallation of bypass diodes. As a result, the corresponding losses are
neglected (Femia et al., 2008; Shmilovitz and Levron, 2012). This
technique requires additional components such as DC-DC converters or
DC-AC inverters for each module. Moreover, it needs a very compli-
cated structure, which is shown in Fig. 8.

4.2.2. Multi-level inverters
Multi-level inverters (MLIs) new addition to the PV modules for

reducing PS losses. MLI topologies such as diode-clamped, flyback ca-
pacitor and cascaded H-bridge are used 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 (Malathy and
Ramaprabha, 2015a). However, it requires an effective control struc-
ture to achieve operation at the optimal power point (Busquets-Monge
et al., 2008; Bratcu et al., 2011). In this approach, each module or
group of modules has its own inverter (refer Fig. 9), which would in-
crease the cost of the system. The other important active technique
namely reconfiguration strategies which is extensively treated in Sec-
tion 4.2.3.

4.2.3. Reconfiguration strategies
Reconfiguration strategies are most promising techniques for in-

creasing maximum power under PSCs. In this technique, the PV mod-
ules are reconfigure based on irradiance levels, which is a function of
their operating conditions or of the load request (Salameh and Dagher,
1990; Auttawaitkul et al., 1998). As mentioned in Section 1, these
strategies are classified into; (1) dynamic PV array reconfiguration
techniques, (2) static PV array reconfiguration techniques.

4.2.3.1. Dynamic PV array reconfiguration techniques. The dynamic
reconfiguration of photovoltaic modules is a useful approach for
fighting the detrimental effects of mismatching on their power

Fig. 4. Equivalent circuit of single diode PV cell model.

Fig. 5. Single diode PV cell with bypass diode.
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production. In this approach, the PV module connections are changing
dynamically as it is mentioned in Section 4.1.1. However, the real
dynamic reconfiguration technique has started by choosing the right PV
array configuration, which has the capability of reducing mismatch
effects. Many suitable PV array configurations have been reported so
far, the most exploited solutions rely on the TCT and SP configurations.

4.2.4. Dynamic reconfiguration control techniques for TCT
As mentioned in Section 4.1.1, TCT configuration reduces overall

mismatch effects and increases maximum power. In TCT, the most
challenging part is to connect PV modules with similar irradiance levels
in each row, which is known as irradiance equalization (IE). As a result,
the circulating current in a string is directly proportional to the sum of
individual irradiance of the modules in a single row. In Velasco et al.

(2005a,b), an optimization algorithm based on equalization index (EI)
has been presented. The main aim of this algorithm is to balance the
irradiance of PV modules in each row with the help of electronic
switches, thereby minimizing mismatch loss. The switching between PV
modules in the array is controlled by proposed algorithm. To calculate
the irradiance in each row is denoted by Gi which defined as;

Fig. 7. Different PV array configurations: (a) Simple-Series (SS), (b) Parallel, (c) Series-Parallel (SP), (d) Total -Cross-Tied (TCT) , (e) Bridge-Link (BL) , (f) Honey-
Comb (HC).

Fig. 8. PV modules with Distributed MPPT.

Fig. 9. Grouping of PV modules with multilevel inverters.
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mi
j
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(7)

where Gij is irradiance value of the module located at ith row and jth

column, and m is the number of modules that are connected in parallel.
An illustration of irradiance equalization process in TCT is shown in
Fig. 10.

For each configuration, the algorithm calculates equalization index
using the following expression:

= − ∀EI Max G Min G i( ) ( )i i (8)

This index quantifies the degree of current limitation of the config-
uration. Finally, the algorithm choose optimum configuration based on
minimized EI and least switching operations.

In Velasco-Quesada et al. (2009), Velasco et al. (2008), proposed a
PV generator with Electrical Array Reconfiguration (EAR) system. In
EAR PV system is composed of a static part, which is necessary to meet
inverter constraints and reconfigurable part is controlled by irradiance
equalization (IE) algorithm. In the processes of reconfiguration, the
number of configurations is identified by m n( . )!. The total configura-
tions of interest(C), namely the configurations delivering different va-
lues of output power, are with m and n number of rows and columns.

=C m n
m n
( . )!
!. ( )!m

The possible configurations are achieved by using electronic switches.
The required number of switches for this operation is given by,

=N N2sw pv

where Nsw is number of switches of single pole m-throws type and Npv is
number of PV modules. It should be noted that if switches are not
commercially available in the market, it is necessary to emulate
switches according to the number of modules connected in parallel. In
Fig. 11, shows the simplified structure of switching matrix for
m=n=3.

In El-Dein et al. (2013), an optimal reconfiguration approach is
developed to minimize the Irradiance Mismatch Index (IMI). This op-
timal problem is formulated by using Mixed Integer Quadratic Pro-
gramming (MIQP) technique and solved by branch and bound algo-
rithm. The proposed reconfiguration approach is used to change the
location of shaded module in half reconfigurable PV array (HRPVA) and
full reconfigurable PV array (FRPVA). In HRPVA, first and third col-
umns are fixed, the second and fourth columns are reconfigurable. The
total number of switches are required for this operation is m n. r . m is
the number of rows and nr is the number of reconfigurable columns. For

each reconfigurable module requires double-pole m -throws type
switches.

The corresponding switching matrix for a reconfigurable module is
shown in Fig. 12(a). A similar approach is presented in Pareek and
Dahiya (2016). In this approach, the HRPVA and FRPVA offer multiple
solutions for allocation of shaded modules is shown in Fig. 12(b). Form
the figure, the black box represents a shaded module. The preferred
location of other shaded modules can be any of the green boxes and the
non-preferred locations can be any of the blue boxes. Later, the grav-
itational search algorithm (GSA) is adopted for solving FRPVA is pre-
sented in Hasanien et al. (2016).

In Romano et al. (2013), a novel switching matrix is proposed,
namely dynamic electrical scheme (DES) is shown in Fig. 13(a). The
DES is to implement a large number of PV modules in different rows
with similar irradiance levels. In this approach, two different control
algorithms have been presented for computing irradiance equalization,
which are deterministic and random search algorithms. The main aim
of these algorithms is to create a non-equal number of PV modules in
each row as shown in Fig. 13(b), thus increases the number of possible
configurations. The arrangement time for a given number of PV mod-
ules is fixed for the deterministic search algorithm. Whereas, the
random search algorithm depends on the ending condition. First, the
minimum ( )NRowmin and maximum ( )NRowmax number of rows of the
optimized PV array are set. The algorithm then looks for the optimal
configuration starting with a number of rows N( )Rows equal to ( )NRowmin .
The first N( )Rows modules of the decreasing sequence are located one per
row; then the remaining modules of the sequence are one by one con-
nected to the row for which the sum of the irradiances of the modules
already positioned is the minimum. After the last iteration, all modules
are located and the total irradiations of rows are known. Then the al-
gorithm calculates the EI (refer Eq. (8)) and stores it. The number
N( )Rows is thus increased and the same procedure is repeated until N( )Rows

equal to ( )NRowmax . Finally, the optimal configuration is the one that
minimizes the EI. The required number of switches for implementing
DES is given by,

= +N mN m(2 ) ( )sw pv DPST SPST

where DPST and SPST are double-pole single-throw and single-pole
single-throw type switches respectively. Npv is the number of PV mod-
ules and m is the number of rows. A variation of this technique is
presented in Kaliyaperumal and Chenniyappan (2016).

In Storey et al. (2013), an iterative and hierarchical sorting algo-
rithm is proposed for identifying the optimum configuration based on
irradiance equalization principle. The proposed sorting algorithm is

Fig. 10. Illustration of irradiance equalization in TCT: (a) before sorting the rows have different irradiance levels 1100 W/m2, 1300 W/m2, 1100 W/m2 and
1300 W/m2, (b) After applying the reconfiguration approach, the modules 4 & 13 and 8 & 11 have been switched, then irradiance in each row could be equalized as
1200 W/m2.
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illustrated using an example is shown in Fig. 14. First, the algorithm is
to arrange the PV cells in descending order based on irradiance levels
and mapped them into a matrix. In this matrix, the even rows are
flipped from left to right and added to the proceeding odd row resulting
in an average matrix. The same process is applied again and again until
all the rows of irradiance have been considered. The advantage of this
algorithm is to build the rows with an equal number of modules. The
required number of single-pole single-through switches Nsw for opera-
tion is given by,

= −N N m m·( )sw pv
2 where m is the number of rows.

In Matam and Barry (2018a), proposed a dynamic PV (DPV) array
strategy for repeating shaded conditions. In this approach, the proposed

algorithm takes input as an irradiance profile, PV array voltage, and
current, then optimize the reconfigurable solution, accordingly send the
relevant signals to the switches. However, this approach has an ad-
vantage of minimizing the initial calculation and processing time under
repeated shadings. A similar approach is presented in Matam and Barry
(2018b) for the application of variable DC loads.

In Nguyen and Lehman (2008), an adaptive reconfiguration struc-
ture with fixed solar cells is presented. The switching matrix is arranged
between fixed and adaptive solar cells as shown in Fig. 15. This
switching matrix connects the adaptive solar cells into fixed solar cells
with the help of a control algorithm in order to make identical irra-
diance levels in each row. In uniform condition, the fixed part is

Fig. 11. (a) The simplified structure for ×3 3 PV array, (b) Switching matrix for ×3 3 PV array; the position of the first module is fixed to the first row, second could
be connected to the first or second row; remaining modules connected to any of the rows.

Fig. 12. (a) Switching matrix of reconfigurable PV module, (b) Optimal allocation of PV modules, (c) Adaptive reconfiguration topology.
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connected to the adaptive part to increase maximum power. If the first
row is shaded, its voltage V1 is less than the threshold voltage. Other-
wise, the output voltage is less than the quantity Vx i.e.,

<V Vout x , (where =V mVx 1), Where m is number of rows.
In this case, the adaptive part of the most irradiated solar cell is

connected to the fixed part in order to compensate irradiance drop. The
bubble sort and model-based algorithms are developed to control the
switching matrix. Consequently, Nguyen et al. (2009) adaptive re-
configuration method based on a neural network approach has pre-
sented. The solar irradiance, ambient temperature, and sun position

Fig. 13. (a) DES structure for PV modules, (b) non symmetrical matrix.

Fig. 14. Example for sorting algorithm.

Fig. 15. Adaptive bank approach for solar cells; the low irradiance are grey-coloured, while the yellow one are full irradiated. (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this article.)
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angles are taken as an input to trained multilayer feed-forward neural
network to estimate the output power of the solar photovoltaic array.

In Cheng et al. (2010), a self-adaptive reconfiguration method is
developed based on the fuzzy logic controller. The controller looked for
optimum configuration when the voltage across the first row is less than
the threshold voltage. The degree of shading and derivative of irra-
diance are calculated and feed as an input to the fuzzy controller. Based
on that, the adaptive bank of a most irradiated solar cell connects the
fixed part. However, the solar cell array adaptive bank approach is
extended to module PV array is shown in Fig. 12(c), and presented in
Karakose et al. (2014b). In this approach, they have introduced an ar-
tificial neural network (ANN) to control the switching matrix. Later,
Parlak (2014, 2013), a scanning algorithm based on current variation
index (CVI) has been presented. In this approach, the algorithm enables
the connections between the adaptive part and fixed part based on
measurement of the output current of each row. For each possible
configuration, the algorithm calculates the CVI by means of the fol-
lowing expression,

= −CVI Max i Min i( ) ( ) (9)

The CVI quantifies the degree of current limitation of the configuration
and which has minimized CVI is selected as optimum. Similarly, the
fuzzy logic controller is implemented for controlling the switching
matrix in Karakose et al. (2016). The controller senses the short-circuit
currents of both adaptive and fixed parts and takes them into account to
generate membership function. Then, it provides control signals to
switching matrix to compensate irradiance drop. In Karakose and
Baygin (2014), image processing technique is adopted to establish rows
of the array by using the panels whose insolation levels are as close to
each other. In this approach, the shadow on PV modules are captured
with help of the camera, and then it is forwarded to the shadow de-
tection algorithm. The developed canny edge algorithm identify the
optimum configuration with help of switching matrix. A similar ap-
proach is presented in Karakose et al. (2014a), Mohamed et al. (2018).

The existing reconfiguration algorithms are facing many challenges
while searching for the optimum configuration. One of the main issues
is, it requires more computational time while searching for the op-
timum one. To solve this issue, in Mahmoud and El-Saadany (2017b,a)
a new adaptive reconfiguration approach is presented. In this approach,
the proposed greedy algorithm is to identify the optimum configuration
with less computational time. However, the verification of an algorithm
is illustrated on two fixed parts with four reconfigurable parts of the
array. The main advantage of this algorithm is to take very few

iterations to converge an optimum as compared to other techniques.
In Tabanjat et al. (2015), proposed a dynamic reconfiguration

technique for connecting PV modules in two parallel groups to satisfy
the load request of 24 V. The main aim of this technique is to identify
shaded, dusty or faulty modules by using the fuzzy controller and fitting
tool estimator. The controller is to measure and compare the maximum
and minimum voltages of the modules in order to connect or disconnect
to satisfy the load request. Later, Ramasamy et al. (2016), proposed a
novel PV reconfiguration structure to maintain constant output current
for the load request. This reconfiguration structure is shown in Fig. 16.
It consists of upper row panels ( …U U U, , , n1 2 ), which is connected to
positive terminal of the string and lower row panels ( …L L L, , , n1 2 ) is
connected to negative terminal of the string. WhereM is the middle row
panel. In this method, each module has three reconfigurable switches
for connecting in either series or parallel to the other modules. These
switches are operating based on the proposed adaptive algorithm in
order to maintain the load request.

In Sanseverino et al. (2015), the control of irradiance equalization
problem is formulated, where the sum of irradiance of each row is not
equal to the value of average irradiance (S) of PV array. The formula-
tion of a problem is acknowledged based on subset sum rules. The ir-
radiance equalization principle is controlled by the dynamic optimi-
zation algorithm. The aim of this algorithm is to develop the rows with
similar irradiance levels and each row is equal to the average irradiance
of the whole PV array. The formation of IE by using dynamic algorithm
is illustrated with an example; A 16 PV modules with non-identical
irradiances are fed into a matrix form denoted by X as shown in
Fig. 17(a), the average irradiance (S) value of the matrix is defined by:

=S P m/

where P is the irradiance of PV array and m is the number of rows.
The value of average irradiance of PV array in this case is

1675 W/m2.This matrix has been sorted in decreasing order based on
irradiance in each row. After the completion, the sorted matrix is de-
fined by A is shown in Fig. 17(b). Then, this matrix A could be arranged
in vector form as shown in Fig. 17(c). Using subset-sum rules, the values
in the vector A starting from A[0]=830, is used to fill the first row of
the new matrix B as shown in Fig. 17(e). The next step consisting of
deleting these already used elements from the matrix A and sorting of
remaining elements of the matrix A by putting the greatest element in
the first position (i.e. A[0]= 720), followed by all the elements per-
taining to the same row is shown in Fig. 17(d). The identified second
modified row based on subset-sum rules is shown in Fig. 17(e). The
same procedure is repeating until the rows are filled with irradiances

Fig. 16. PV reconfiguration structure.
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that should have identical value as the average irradiance of the array.
After identifying the final matrix, the proposed Munkres Assignment
Algorithm (MAA) allows connecting the PV modules using switching
matrix. Then, the algorithm looks for the optimum one which has a
minimum number of switchings could be selected. Consequently, the
improved Munkres Assignment Algorithm is presented in Ngoc et al.
(2017) for increasing processing speed and lifetime of the reconfigur-
able system. Two algorithms are proposed to operate in parallel for
controlling irradiance equalization principle based on EI. These are
Smart Choice (SC) and Dynamic Programming (DP). The formation of
optimum configuration based on the DP algorithm is illustrated; First,
initialization of ×3 3 matrix with non-identical irradiance is shown in
Fig. 18(a). The average irradiance of a matrix is 2433 W/m2. The DP
algorithm tries to fill the first row by summing the elements in a matrix
to obtain a value that is equal or close to the average, which is shown in
Fig. 18(b). For DP algorithm, the EI index is high is given by

= − =EI 3000 2000 1000DP . Therefore, for the better result would be
obtained by improving the DP algorithm (refer Fig. 18(c)), the EI is
given by = − =EI 3000 2150 850DP .

The improved DP algorithm has reduced equalization index so that
it produces higher maximum power. However, the further improvement
of EI index the SC algorithm is used for identifying the best optimum
configuration. The principle of SC algorithm is illustrated as follows;
First, an initial matrix A is considered as shown in Fig. 18(d). Then
algorithm should convert the starting matrix A into the vector form by

using a quick sort method. Then the array can be sorted from high to
low irradiance levels. Initialize the matrix B with m-rows, then arrange
some parts of the matrix A into rows of matrix B as shown in Fig. 18(e).
So that the temporary EI index (for the matrix B) is minimized for each
step.

In Jazayeri et al. (2017), proposed a dynamic reconfiguration al-
gorithm to mitigate effects of non-uniform spatial irradiance profiles on
PV power production in real-time applications. Spatial irradiance is a
moving cloud distributed irradiance profile, which generally occurs in
real-time PV plants. These Spatially dispersed irradiance profiles
(SDIPs) are modelled by taking sky images into an account, based on
that the shading pattern is identified on PV plant. The proposed algo-
rithm is controls the irradiance equalization process based on EI. The
principle of algorithm is illustrated as follows; First, considered ×4 4
PV array matrix with different irradiances. The irradiance profile of
matrix would be < < … <G G G G1 2 3 16 as shown in Fig. 19(a). Initially
calculate the EI (refer to Eq. (8)) for each row in the PV array. Based on
this index, the algorithm does not reconfigure the second and third row.
Since their average irradiance values lie within the tolerable limit of
40 W/m2. The average irradiance of the PV array, in this case,
G=801.56 W/m2. Hence, the average irradiance values of 1st and 4th

rows are exceeded the threshold value so that the algorithm is to re-
configure these two rows is shown in Figs. 19(b)–(d). The final re-
configurable matrix is shown in Fig. 19(e). In this matrix, all the rows
lie within the tolerable limits. Finally, the algorithm looks for optimum

Fig. 17. (a) Starting matrix X, the irradiance values in W/m2, (b) Sorted matrix A, (c) Equivalent vector view of matrix A, (d) Matrix A re-ordered to build the second
row of matrix B, (e) Final configuration arrangement.

Fig. 18. (a) Initial Matrix for DP algorithm, (b) Filling the matrix using DP algorithm, (c) Improved DP algorithm, (d) Initial matrix for SC algorithm, (e) Final
configuration matrix.
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configuration based on minimized EI.
In Deshkar et al. (2015), Liu et al. (2016), Rajan et al. (2017), an

optimization technique is proposed to distribute shading effects over
the PV array. In this approach, the physical location of PV modules
remains unchanged while the electrical connections are altered. The
genetic algorithm (GA) is adopted for identifying the optimum config-
uration. This algorithm generates various switching arrangements
under shading condition, which has the nearest current levels in each
row should select as an optimum. A similar approach is presented in
Babu et al. (2017). In this approach, the particle swarm optimization
(PSO) technique is developed for identifying optimum configuration.
The advantage of this technique over GA is that it requires only one
time switching to achieve effective shading dispersion. A variation of
this technique presented in Akrami and Pourhossein (2018). In this
study, the authors have proposed novel reconfiguration technique
based on a power comparison Index (PCI) to identify optimum config-
uration. The proposed approach compares the maximum powers of all
multiple peaks in P-V characteristics of the PV array and ensures the
absolute MPP.

The summary of dynamic PV array reconfiguration approach with
TCT topology reported in the various literature is presented in Table 1.

4.2.5. Dynamic reconfiguration control techniques for SP
The aim of reconfiguration in SP topology is to build strings of series

connected modules with similar irradiance levels, then connect all the
strings in parallel. In this way, the low irradiance of modules would not
be able to limit the output current in a string. In Alahmad et al. (2012),
proposed an Elastic Photovoltaic structure (EPVS) using Flexible
Switching Matrix (FSM) is shown in Fig. 20. This switching matrix
connects the PV modules in either series or a parallel way to the other
modules. In uniform condition, the EPVS is operating as a central in-
verter topology without using the DC-DC converter. Whenever mis-
match occurs, the proposed system excludes the shaded modules, re-
configure the remaining ones with the main PV string, if necessary
connected to a sub-PV string (SPV). MPV string consists of an equal
number of modules which are directly connected to the input of the
inverter. In SPV string has few modules so that DC-DC converter is used
to connect this partial string to the inverter, thus avoiding mismatch
losses. For this purpose, each module have four single-pole dual-throw
(SPDT) switches are required. Two for the MPV bus and other two for
the SPV. The total number of required switches Nsw is given by,

= + +N N N(2 ) (2 4)sw pv SPDT pv SPST

where Npv is the number of modules.
In Chaaban et al. (2015, 2010), an adaptive photovoltaic system is

proposed to overcome the effect of low irradiance. The proposed system
is based on FSM. The FSM dynamically connects adjacent PV modules
in series, parallel, series-parallel configurations or even selective ele-
ment isolation. This topology is consist of mainly three subsystems is
shown in Fig. 21. Subsystem-1 is FSM, subsystem-2 is flexible micro
inverter modules (FMIMs), and subsystem-3 is main string-inverter
modules (MSIM). These subsystems would create three flexible strings
(FST) in shading condition. In normal operating condition, the FMIMs
are connected to their respective micro inverter and the FSTs are con-
nected to their respective string inverter. Both subsystems are con-
nected in parallel to the AC bus. However, in case of shading, FSTs are
connected to only one string inverter by closing parallel switch
S inv( , )st , while FMIMs are also connected in parallel by closing the
parallel switch S inv( , )mr . Since it reduces the number of inverters and
increases the input energy of each active inverter. The required number
of switches inside FSM is given by,

= + + − + −N N N N N6 3 ( 1) ( 1)switches FST FMIM FST FMIM

where NFST is the number of flexible strings and NFMIM is the number of
flexible micro inverter modules in the system.

Another approach is presented using the DC/DC converter, where
multiple strings are connected and each contains substrings of similar
power levels is created (Storey et al., 2014). All the strings are con-
nected to a DC/DC converter and converging to a unique DC bus. A
similar approach is presented in Iraji et al. (2017). In this approach, an
optimized switching set (SWS) topology for PV modules is developed.
This topology is to connect the PV modules which are having similar
irradiance levels into a series, parallel and series-parallel by using PSO
algorithm. Two binary PSO (BPSO) algorithms are employed with sui-
table interaction. The first BPSO is searching for a number of possible
topologies are achieve and second BPSO identify the optimum one
among all.

In Manjunath Matam and Govind (2018), proposed a new re-
configurable PV array (RPV) based water-pumping system. In this ap-
proach, the modules in the PV array are changes its connection layouts
between series to parallel and parallel to series-parallel to run the motor
at different operating conditions.

In Parlak and Karaköse (2014), developed an adaptive structure
with fixed part.The switching matrix is inserted between the adaptive

Fig. 19. (a) Initial Matrix with different irradiances, (b) Extracted first and fourth row from initial matrix, (c) Reconfiguration of PV modules using algorithm, (d)
Reconfigure the modules in first and fourth row, (e) Final configuration matrix.
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part and the fixed part is shown in Fig. 23(a). In this approach, to
connect adaptive parts into the fixed part is based on the measurement
of standard irradiance of each string.

In Patnaik et al. (2011, 2012), the aim is to build strings of solar
cells which are having closest irradiance levels are connected. The
authors have considered three different irradiance states of solar cells,
these are bright < <G(600 800 W/m )2 , grey < <G(400 600 W/m )2 and
dark <G( 400 W/m )2 is shown in Fig. 22. First senses the current across
each bypass diode I( )d of the solar cell. If this current is greater than
zero then the cell is dark, otherwise the short-circuit current I( )sc is to
measure to classify the cell is bright or gray. Similar way, it calculates
the derivative of short circuit current with respect to time (dI dt/sc ),
since the grey cell can experience transitions towards dark or bright
states. The proposed strategy identify the number of shaded cells, if it is
more than 15% of the total, then reconfiguration occurs. Then cells
have the same state is formed into a string. The proposed approach
requires a number of switches Nsw is given by,

= +
− +N m n m n m n( · ) (( · ) 1)·(2 ( · ))

2sw

where m is the number of rows and n is the number of columns.
In dos Santos et al. (2011a,b), a Rough Set Theory (RST) is used for

SP topology to build an Automatic Reconfiguration System (ARS). In
this approach, the authors have considered different shading cases, for
each case, the most convenient SP topology is selected. In such cases,
the RST is identified and produce the simplified rules in the decision
table. For every module in PV array is produce short-circuit current
which is denoted as ik, if this current is less than the threshold current

<i k I( ( ) )ref , the module is considered as shaded, otherwise unshaded.
Based on the simplified rules, the shaded modules can be identified. For
every rule contains a switch to configuration, which sets the optimal
connection for the modules (Vicente et al., 2015). A variation of this
technique presented in Petrone et al. (2019). In this paper, a novel
control technique is developed for selecting the possible number of
configurations with less computational time.

In Picault et al. (2010), a Lambert PV model is developed to forecast
real-time PV power production under different environmental condi-
tions. The proposed model reduces the mismatch effects by changing
interconnections between PV modules. A variation of this technique is
presented in Villa et al. (2012). Later, in Chao et al. (2015), Tubniyom
et al. (2019) an adaptive configuration method is presented based on
particle swarm optimization(PSO). The algorithm identifies the op-
timum configuration by comparing the maximum power at the normal
condition with the shaded condition. If shading or malfunction occurs
in PV array, the algorithm immediately undergoes adaptive config-
uration and identify optimum one. This adaptive configuration struc-
ture is shown in Fig. 23(b).

In Camarillo-Peñaranda et al. (2015), a new reconfiguration ap-
proach is presented based on the genetic algorithm. In this approach,
the algorithm is to connect the PV modules with closest irradiance le-
vels of each string. In the process of reconfiguration, the number of
possible interconnections is obtained by +m( 1)m n. . where m n( . ) cor-
responds to the number of modules in the array. The required number
of switches for each module is ( +m 1). where m is the number of
modules in the string.

A similar approach is presented in Harrag and Messalti (2016),
Carotenuto et al. (2015). In Hu et al. (2017), a novel reconfiguration
approach is proposed for non-uniform aged modules. The reconfigura-
tion is achieved by connecting many solar cells in series across with
bypass diodes. These cells are investigated by the aging phenomenon of
a module. The aging problem is formulated by using non-linear integer
programming (NLIP) techniques. In Balato et al. (2015, 2014), a simple
and fast reconfiguration algorithm has been presented to identify op-
timal configuration. Whenever shading occurs, the algorithm is to
compose series-parallel PV array configuration within the given 24 PV
modules. The advantage of algorithm is to search the nearest optimumTa
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configuration with less computational time. Later, in Braun et al. (2016)
an optimized reconfiguration topology is proposed to reduce mismatch
effects. This topology has been implemented in SPICE circuit simulator,
which can predict the best suitable configuration for irregular operating
conditions. A variation of this technique is presented in Serna-Garcés
et al. (2015). In this approach, the identification of optimum config-
uration is based on PV module I-V and P-V output characteristics.

The summary of dynamic PV array reconfiguration approach with
SP topology is reported in the various literature is clearly presented in
Table 2.

4.2.5.1. Static PV array reconfiguration techniques. In static
reconfiguration, the physical location of PV modules are changing
without altering electrical connections to distribute shading effects over
the array as already mentioned in Section 1. Based on the literature,
these techniques are classified into (1) Physical Relocation (PR) and (2)
Electrical Rewiring (ER). In this technique, many authors have adopted
TCT configuration due to effective shading dispersion.

4.2.6. Physical relocation
The most challenging issue of this technique is to choose the ef-

fective reconfigurable pattern to distribute shading effects over the PV
array. In Rani et al. (2013), Su-Do-Ku puzzle pattern adopted for the
arrangement of ×9 9 TCT PV array is shown Fig. 24(a). Su-Do-Ku is a
logic-based number placement puzzle. In Su-Do-Ku arrangement, the
first digit in each box represents the logic-number and the second digit
denotes the column.The advantage of this pattern is to accommodate
the digits 1 to 9 without repeating. The aim of this pattern arrangement
is to distribute shaded effects by changing the physical location of PV
modules without altering any electrical connection. That means if the
module number 53 placed at the fifth row-third column in TCT, but is
physically moved to the first-row third column in Su-Do-Ku arrange-
ment. Similar changes are done for all PV modules, thereby increasing
the current in an entering node under shading conditions and minimize
the bypassing of the PV modules. The output PV array voltage is defined
by applying KVL to Fig. 24(a),

Fig. 20. Elastic Photovoltaic Structure (EPVS).

Fig. 21. Layout of the adaptive PV string-inverter configuration with three flexible strings (FST).
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∑=
=

V Va
m

m
1

9

(10)

where Va represents PV array voltage and Vm refers to voltage of the
panels at the mth row. The KCL is applied to find PV array current at
each node.

∑= − =
=

+I I I 0a
n

mn m n
1

9

( 1)
(11)

where Ia is the PV array current; m=1, 2, 3… 9 is a rows and n is a
column.

This pattern has few drawbacks; (a) it requires additional wiring, (b)
the shading distribution is not effective under the sub-array. The extra

wire is required for each panel depends on the relative position of be-
fore module and next module. Therefore, to arrange the modules in
sequentially so that the relative position is same as the TCT. Hence, it
can be minimized the additional wiring losses. Each sub-array has un-
ique numbering within itself is to formulate to distribute the shading
losses. However, these drawbacks can overcome by developing optimal
Su-Do-Ku based puzzle pattern which is presented in Potnuru et al.
(2015). The formation of this puzzle arrangement is shown in
Fig. 24(b), and illustrated as follows: First column is filled with num-
bering 1 to 9 in ascending order. In order to fill the next column, each
sub-array has unique numbering is required. The second column is
filled by shifting the previous column by three (Sub array) and the same
approach is applied to the subsequent column. The fourth column is
filled with offset shifting process of the first column. Hence, the second

Fig. 22. Reconfiguration in SP topology: (a) four different irradiance levels of solar cells: 800, 700, 600 and 400 W/m2, (b) after sorting, PV panels with 400 W/m2 are
excluded and composed three string with 800, 700 and 600 W/m2.

Fig. 23. (a) Adaptive bank approach for SP configuration, (b) Adaptive PV array configuration.
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element starts with one and the sequence continues. The subsequent
two columns are filled by using a shift of three with respect to the
previous column. The seventh column is filled by incrementing the
offset. The following two columns, which are being filled with neces-
sary shifts could be expressed as;

= ⌈
−

⌉ + −n column n n mod1
3

3(( 1) 3)th
(12)

where ⌈ ⌉ is the greatest integer function.
This optimal Su-Do-Ku arrangement is the best configuration to

distribute sub array shading effects. Also, nowhere the modules are by-
passed in a row.

In Vijayalekshmy et al. (2015a), Su-Do-Ku riddle puzzle pattern is
presented for changing the physical location of modules under moving
shadow (passing cloud) conditions. This pattern arrangement is applied
to different PV array configurations which are Series-Parallel (SP),
Bridge-Linked (BL), Honey-Comb (HC), Total Cross Tied (TCT) and
Ladder (LDR). In LDR arrangement, the alternate rows are linked
through cross ties. Consequently, in Vijayalekshmy et al. (2015b), a
similar pattern arrangement is presented to distribute shading effects. A
variation of this pattern is presented in Meraj and Mishra (2015).

The Su-Do-Ku based pattern has some weaknesses against Mutual
Shading (MSH). The MSH usually occur in the real-time PV plant by the
stationary solar collectors and mostly in places where the solar land is
limited and the sun elevation angle is low. In these cases, this shading
can be acceptable and the rows spacing will be reduced. However, for
such conditions, the MSH can be predetermined by knowing the geo-
graphical location of the solar field, sun position, solar elevation or
altitude angle α( ), solar azimuth angle γ( )s in the sky and installation
characteristics. To overcome these MSH effects, the authors
(Horoufiany and Ghandehari, 2017b,a) have developed fixed re-
configuration technique based on optimized Su-Do-Ku puzzle pattern.
The MSH shadow is a rectangular shape and it can be predetermined by
taking an account of sun position in the sky, the latitude of PVPP
(Photovoltaic Power Plant), and installation characteristics. The opti-
mized Su-Do-Ku arrangement is distributes MSH shadow effects as
compare to normal Su-Do-Ku arrangement.

In Yadav et al. (2016), proposed hybrid PV array configurations and
non-symmetrical patterns to distribute shading effects. The hybrid
configurations such as SP-TCT and BL-TCT are shown in Figs. 25(a) and
(b) respectively. The proposed pattern and arrangements of NS-1 (non-
symmetrical-1) and NS-2 (non-symmetrical-2) configurations are
shown in Figs. 25(c)–(f) respectively. The formation of NS-1 config-
uration, first arranging PV modules in the first column in ascending
order and from the second column onwards number 2 is added to the
previous column. The same procedure is repeated for the formation of
the NS-2 pattern but 3 is added instead of 2. In this approach, it in-
dicates that the proposed NS-1 and NS-2 configurations contain
minimum power loss compare to other configurations.

In Yadav et al. (2017), a Magic-Square (MS) puzzle pattern is
adopted for different hybrid PV array configurations. Magic-square is a
square grids formation within the array, each square grid with the
special arrangement of numbering in them. These numbers are special
because of every row, column and diagonal add it gives the same
number. The MS arrangement of hybrid configurations such as rear-
ranged-total cross tied (RTCT), rearranged series parallel- total cross
tied (RSP-TCT), rearranged bridge link- total cross tied (RBL-TCT) and
rearranged bridge link-honey comb (RBL-HC) are shown in
Figs. 26(a)–(d) respectively. Form the results, the MS configuration
contains minimum power loss and higher fill factor (Reddy et al.,
2018). A similar approach is presented in Rakesh et al. (2015), Rakesh
and Madhavaram (2016), Samikannu et al. (2016) to distribute shading
effects over the array. However, the variation of this pattern arrange-
ment is presented in Dhanalakshmi and Rajasekar (2018a). In this ap-
proach, dominant-square (DS) based puzzle pattern is adopted for
shading distribution.Ta
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In Sahu et al. (2016), Sahu and Nayak (2014), authors developed
Futoshiki based puzzle pattern for enhancing power generation under
partial shading. The Futoshiki is a logic-based number puzzle and this
pattern arrangement is done by using a linear programming (LP) ap-
proach. In this pattern, the numbers 1 to n is placed in such a way that
each row and column of a square grid contains only once without re-
peating any number (refer Fig. 27). During the placement of the num-
bers in the square grid, the number must have respected the initially

specified inequality constraint between two adjacent numbers. The
advantage of this pattern is that, if shaded modules occur in the same
row are moved to different rows.

In Vijayalekshmy et al. (2016a), Zig-Zag scheme arrangement is
adopted for novel configuration to distribute different shading effects.
Later, Belhaouas et al. (2017), a new physical arrangement of PV array
scheme is presented. This arrangement is mainly based on maximizing
the distance between adjacent PV modules within the PV array.

Fig. 24. Reconfigurable patterns (a) Su-Do-Ku pattern, (b) Optimal Su-Do-Ku pattern.

Fig. 25. Hybrid PV arrays and non-symmetrical pattern arrangement: (a) Hybrid SP-TCT , (b) Hybrid BL-TCT , (c) NS-1 Pattern, (d) NS-1 pattern arrangement, (e) NS-
2 Pattern , (f) NS-2 pattern arrangement.
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4.2.7. Electrical rewiring
In this technique, the electrical connections are made after re-

numbering the position of PV modules. The most challenging part is to
assign renumbering to the modules in such way that to distribute
shading effects over the PV array. In Rao et al. (2014), the fixed in-
terconnection scheme is presented. In this scheme, the connections are
made after the renumbering the modules. The algorithm is developed
for renumbering the PV modules in order to disperse the shading effects
over the PV array. A similar approach is presented in Pachauri et al.
(2018), Satpathy et al. (2017), Satpathy et al. (2018).

Later, the static shade tolerant scheme is developed in Malathy and
Ramaprabha (2015b). The proposed algorithm for renumbering of the
modules is presented in Malathy and Ramaprabha (2017). This algo-
rithm is tested for three PV array cases where = <m n m n, and >m n.
The advantage of this algorithm is that it can be used for any size of the
PV array to enhance power generation under different shading pattern.

The summary of static PV array reconfiguration approach with TCT
topology is reported in the various literature is clearly presented in
Table 3.

5. Challenging issues

5.1. Dynamic PV array reconfiguration techniques

In dynamic reconfiguration technique, the most challenging parts
are monitoring (DAQ) system, reconfiguration algorithm and switching
matrix which can be seen from Fig. 1.

5.1.1. Monitoring system
Monitoring the PV system is essential due to unpredictable weather

conditions. The monitored data can help full to predict the power

production in the PV field. This data also enables to track the working
condition of each module, which identifies faulty or shaded condition.
The monitoring system consists of sensors, transducers, and hardware
programme embedded with a PC (personal computer). Sensors are the
most crucial part in a monitoring system, which is used to sense the
environmental parameters such as irradiance, temperature, humidity,
and wind speed as well as electrical parameters like voltage, current,
and power. The majority of monitoring systems collect data at the plant
level and sensing the parameters with respect to each module, which is
necessary when the reconfiguration approach is adopted. However, this
approach requires knowledge of the irradiance for every PV module.
The most common way to sense the irradiance of modules is using a
pyranometer. In order to have a good understanding of the spatial ir-
radiance, one pyranometer per PV module is used, which would in-
crease the cost of the system. The other way to estimate the irradiance
is by measuring the module voltage, current, and temperature, along
with the physical parameters of the given solar module (refer Eq. (6)).
The experimental setup is also developed to measure the irradiance of
PV modules in Vigni et al. (2015).

5.1.2. Complexity of reconfiguration algorithm
Reconfiguration algorithm (RA) optimizes the maximum power

from the PV array and introduce the best configuration which can sa-
tisfy the output constraints. The process of reconfiguration in PV array
gives a very large number of possible combinations of configurations.
So that, the number of combinations to be examined must be reduced
by introducing some operating constraints (Laudani et al., 2018).
However, the optimal solution is determined by using heuristic, in-
tuitive, or mathematical approaches (Petrone et al., 2015; Carotenuto
et al., 2013). Based on the literature, these algorithms are broadly
classified into different categories:

1. Programmed Reconfiguration Algorithm (PRA): These type of al-
gorithms are required a training phase to create a relationship be-
tween the different operating conditions for optimal connection
among the PV modules. These algorithms usually determine the
connections among the PV modules by seeing lookup tables. In
Salameh and Dagher (1990), Salameh and Liang (1990), reported
the way of changing the connections among PV modules based on
irradiance and to meet the output constraints. In Faldella et al.
(1991), Vaidya and Wilson (2013) authors have used analog com-
parators for predetermining the optimum configurations by con-
necting PV modules on basis of irradiance.

2. Exhaustive Evaluation Reconfiguration Algorithm (EERA): These
type of algorithms are used to identify the all possible PV config-
uration for some particular applications. In Obane et al. (2012), the
algorithm is testing all the possible configuration in reconfigurable
SP (RSP) topology without excluding any failure modules to fulfill
the voltage constraint at the inverter input. In Velasco-Quesada
et al. (2009), the algorithm decides the module connection, after

Fig. 26. PV array with MS reconfigurable patterns: (a) RTCT pattern, (b) RSP-TCT pattern, (c) RBL-TCT pattern, (d) RBL-HC pattern.

Fig. 27. Futoshiki Puzzle Pattern for TCT PV array.
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identifying the irradiance of each row in reconfigurable TCT (RTCT)
topology. In Bastidas-Rodriguez et al. (2013), the algorithm ex-
clusively measures the strings current and the voltage to calculate
the modules irradiance and other parameters. The advantage of this
algorithm is, search space can be reduced by fixing the number of
modules per row, thus decrease the calculation time for optimum.

3. Sorting Reconfiguration Algorithm (SRA): These type of algorithms
are composed of PV modules into a matrix based on the irradiance.
Then, a sorting algorithm is applied to search an acceptable solu-
tion. In general, the algorithm is to search for the configuration that
meets a given condition based on sorting. In Nguyen and Lehman
(2008), Chaaban et al. (2010), the algorithm is used to decide the
connection between the adaptive part and fixed part based on ir-
radiance. In Storey et al. (2013), the algorithm is used to create PV
array into a matrix, the sorting selection criterion is applied to speed
up the selection of a configuration.

4. Classical Optimization Algorithm (COA): These algorithms are based
on the classical optimization theory, where the value of a mathe-
matical cost function is optimized by using classical methods.
Moreover, the constraints are introduced to limit the width of the
search space based on possible connections of the solar modules. In
El-Dein et al. (2013), proposed branch and bound (BB) algorithm to
reduces the cost function and irradiance difference among the
modules in each row

5. Computational Intelligence Algorithm (CIA): These type of algo-
rithms calculates the optimum configuration is based on fuzzy sets,
neural networks, and evolutionary methods. In general, a designer’s
knowledge or large amounts of data are required to define or train
the algorithm rules. In Auttawaitkul et al. (1998), a fuzzy algorithm
is designed using a small set of rules to search for the best config-
uration based on the irradiance and the torque-velocity of a car.

Table 4 comparing the main features of reconfiguration algorithms
in terms of; type of implementation analog or digital, convergence
speed, complexities and performance in identification of best config-
uration (Petrone et al., 2015).

5.1.3. Switching matrix
The switching matrix is the most crucial part in dynamic re-

configuration technique. It takes input signals from the control algo-
rithm accordingly, the switches are operated to identify best optimum
configuration. In the switching matrix may use different kinds of
switches, which include solid-state relays, contactors, MOSFETs, IGBTs,
and SCRs. MOSFET switches are widely used in this type of applications
due to its advantages of low cost, high efficiency, and high power
availability. A solution based on MOSFETs is presented in Salameh and
Dagher (1990). Relays are also used in many cases, as it is the most
effective choice in the mechanical version. However, the main con-
straints to design switching matrix is that it must provide strong re-
liability, low cost, low maintenance and its lifetime should be the same
as that of the PV generator itself.

5.2. Static PV array reconfiguration techniques

Static reconfiguration utilizes a fixed interconnection scheme to
enhance maximum output power under partial shading conditions. It
means the modules positions are fixed for all shading patterns. In other
words, it can be termed as a one-time arrangement. This technique
doesn’t require any sensors, switching matrix and no separate control
algorithm as in case of dynamic technique. In this technique, the most
challenging part is to choose an effective reconfigurable pattern to
distribute the shading effects from one row into different rows, thereby
minimizing the mismatch losses and operation of bypass diodes.

5.3. Economical convenience

This section aims to establish the economical convenience of re-
configuration of the PV system. Reconfiguration is a process of chan-
ging the structure of existing PV system is either by modifying the
electrical connections or physical positions of the PV modules. In dy-
namic technique, the PV modules are selfly reconfigured based on ir-
radiance levels with the help of switches (i.e., SPST, DPST, relays, etc.).
Also, each PV module has a facility that it can connect with any of the
rows in the PV system; this would increase the cost of this technique.
However, the overall cost of this technique mainly depends on the area
of PV plant, data acquisition system, PV array size, number of switches
per module, wiring, and implementation of an algorithm, etc. There are
few papers have been presented regarding the economic study of dy-
namic reconfiguration approach in European Union (EU) countries for
evaluation of annual cost/kWh of a PV system (Schettino et al., 2016;
Baka et al., 2019). They have used Net Present Value (NPV) method to
evaluate the cost of the PV system. This method allows to obtain the
result from a sum of cash flows actualized at time zero with a rate equal
to the opportunity cost of the financial capital:

∑= − +
+

=

NPV C C
i(1 )k

n
k

k0
1 (13)

where C0 is the original investment (cost of the PV plants), Ck is the cash
flow at the year k i, is the interest rate, and k is the period of net cash
flow. Whereas, in static technique, the physical location of PV modules
are assembled by manually based on the reconfigurable arrangement.
In this technique, the expenditure of the cost would be the area of the
PV plant, pyranometer/ PV module, array size, labor cost, and wiring.
The maximum power of the PV system under reconfiguration is directly
proportional to the cost of the system. The cost becomes inferior if the
power generation of the PV system becomes higher (Viola et al., 2017;
Miceli and Viola, 2017). In this article, few reconfiguration schemes are
compared by estimate the total energy extracted per day kW-h and total
energy extracted per year kW-h that corresponds to TCT, SuDoKu Rani
et al., 2013, GADeshkar et al., 2015 and PSO Babu et al., 2017 methods,
are made for the full effective sun hours. Moreover, the revenue gen-
erated by the plant is estimated by considering the tariff as Rs.15 per
unit and the computed data is presented in Table 5. Note: The various
cost components of the system that have been taken into account are:
PV array ($5,167), electric switches ($ 3,229) and data acquisition
system ($11,503). From the table, it can understood that the PSO re-
configuration scheme contributes maximum energy yield with the
highest income of $ 2689 compared to TCT, Su Do Ku and GA schemes.

6. Discussions

In this paper, the authors highlighted PV array reconfiguration
strategies for reducing partial shading conditions which are presented
in the literature. These strategies classified into dynamic and static
techniques. The dynamic technique is an alternative to the distributed
MPPT, which used to increase the power production in the PV plants
under the mismatch phenomenon. However, this technique requires a
monitoring system to monitor the physical and electrical parameters of

Table 4
Comparison the features of Reconfiguration Algorithms

Type
of RA

Analog or
Digital

Convergence
Speed

Complexity of
Implementation

Tracking
Performance for
Best Solution

PRA Both Fast Low Low
EERA Digital Slow Medium High
SRA Digital Medium Medium Medium
COA Digital Medium/Slow High High
CIA Digital Medium/Slow Medium High
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the PV module, reconfiguration algorithm to identify the optimum
configuration and the switching matrix to make connections between
PV modules. Hence, this will increases the cost of the dynamic tech-
nique, which can compensate by generating the highest maximum
power from the PV array. In this technique, to find the suitable elec-
trical switching combination is a complex and challenging task.
Therefore, one of the possible alternative ways to suitably address the
above issues is the application of optimization technique. Since opti-
mization techniques show the superiority in handling multi-modal ob-
jective function, they always remain as the best choice to identify the
suitable switching combination to distribute shading effects over the
array (Babu et al., 2017; Deshkar et al., 2015). The dynamic technique
is mainly recommended for the real-time applications because which
employ a microprocessor-based or field-programmable gate array-based
system that modifies the layout of the PV plant through the change of
the connections among PV modules. The main advantage of the dy-
namic technique is preventing the hot-spot effect, thereby neglecting
the multiple peaks under shading conditions. Further, it suggests the
standard MPPT technique for tracking the maximum power output of a
PV system.

In the static technique, it requires only an array pattern arrange-
ment to distribute partial shading effects. Several arrangement schemes
are addressed in the literature which are Su-Do-Ku, optimal Su-Do-Ku,
Magic square, Futoshiki, and Dominant-Square, etc. However, each
arrangement has its own advantages and disadvantages. In static
technique has a few shortcomings. First, it requires physical labor and

excessive wires for rearrangement of PV modules. Second, in all ar-
rangement schemes, the first column of the array remains unaltered. It
means, if the shadow is falling on the left side of the array will remain
undistributed, which leads the reduction in power output and exhibits
multiple peaks in P-V characteristics. Also, some special cases like
mutual shadow and fast-moving clouds, this technique may fail to
distribute the shading effects. Apart from all, the main drawback of this
technique is, it cannot self-reconfigured (Horoufiany and Ghandehari,
2017a).

In summary, earlier attempts to handle partial shading problem in a
PV array involves (1) dynamic techniques, and (2) static techniques.
Among both, the dynamic method is a self-reconfigure approach, which
can effectively distribute the shading effects under any shading issues
other than the static method. However, to portray the dynamic tech-
nique is enhancing the global maximum power than the static, a si-
mulation study is carried out for three reconfiguration schemes on
9×9 PV array such as PSO (Babu et al., 2017), GA (Deshkar et al.,
2015) and Su-Do-Ku (Rani et al., 2013) under two different shading
scenarios. The PSO and GA belong to dynamic technique, it means the
physical location of PV modules are fixed, but the electrical connections
are altered. Whereas, Su-Do-Ku is a static based technique, the physical
location of PV modules are changing without altering electrical con-
nections. In each shading condition, the I-V and P-V characteristics are
plotted for three reconfiguration schemes as shown in Figs. 28 and 29.

The observation from the results mentioned above, the PSO and GA
reconfiguration schemes are effectively distribute the shading effects

Table 5
Energy calculations for Reconfiguration schemes

Energy Index TCT SuDoKu GA PSO

Total energy extracted per day Kw-h 21.6 31.0 32.2 33.1
Total energy extracted per year Kw-h 7876.8 11316.3 11743.4 12065.4

Total income generated per year Rs.15/kW-h 118151.5 169745.1 176151.7 180981.6
Total income in $ per year 1755.6 2522.2 2617.4 2689.2
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Fig. 28. Shading condition-I; (a) TCT interconnection scheme, (b) Shade dispersion with PSO arrangement, (c) & (d) P-V and I-V characteristics for TCT, Su-Do-Ku
(Rani et al. (2013)), GA (Deshkar et al. (2015)) and PSO (Babu et al. (2017)) arrangement.
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Fig. 29. Shading condition-II; (a) TCT interconnection scheme, (b) Shade dispersion with PSO arrangement, (c) & (d) P-V and I-V characteristics for TCT, Su-Do-Ku
(Rani et al. (2013)), GA (Deshkar et al. (2015)) and PSO (Babu et al. (2017)) arrangement.
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over the PV array and increasing the global maximum power as com-
pared to Su-Do-Ku scheme.

7. Conclusion

Partial shading is one of the major drawbacks which deteriorates the
maximum power from the PV array. Various techniques are reported in
the literature to reduce these effects, namely bypass diodes, PV modules
interconnection, distributed MPPT, multilevel inverters, and re-
configuration strategies. However, this paper is mainly focused on re-
configuration strategies for increasing maximum power under partial
shading and mismatch issues. These strategies are divided into dynamic
and static reconfiguration techniques. Based on the review study,
mainly two observations carried out in this paper are as follows. Firstly,
the dynamic reconfiguration techniques are more effective than the
static technique for reducing the partial shading or any other issues.
Secondly, among the PV array configurations, the Total-Cross-Tied
(TCT) configuration is found to be superior as it offered an effective
optimization and higher flexibility for reconfiguration approach.The
reconfiguration strategies bring new challenges to the industries aiming
at the production of higher maximum power. Marketing target in the
next few years could be the conversion of fixed PV plants into re-
configurable one.
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