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This paper mainly reconfigures a total cross tied (TCT) photovoltaic array (PA) under partial
shading, aiming to maximize the power output based on irradiance mismatch index (IMI).
First, the positions of the PV modules in the array were represented as an integer link matrix.
The binary value of each integer in the matrix stands for the new position of each PV module
in the array. Next, the harmony search (HS) was coupled with the integer link matrix to
minimize the IMI. Then, the proposed reconfiguration method was compared with several
famous techniques through case studies. The results show that the integer link matrix achieved
the best reconfiguration pattern for each case, and the HS outperformed all the contrastive

metaheuristic algorithms. The research findings shed important new light on PV power
generation under partial shading.

1. INTRODUCTION

Photovoltaic (PV) is among the most rapidly growing
renewable energies worldwide, although the efficiency of the
PV system is the biggest concern when installing a large
system. The mismatch between PV modules is a key factor that
can lead to significant power loss caused by several factors as
manufacturing technologies, poor soldering between modules,
aging of modules and Partial Shading (PS) [1].

Partial shading can be caused by enormous reasons as
moving clouds, birds, surrounding buildings causing
significant reduction on output power and change the profile
of the (P-V) curve for the PV from a single peak curve to a
multi-peak curve with several local maximum power point and
one global maximum PowerPoint. It makes the job of the
conventional Maximum PowerPoint Tracking (MPPT) system
more complicated and more likely to be trapped in a local
maximum power point which leads to more reduction of
output.

Many researches proposed several solutions for PS
conditions follows:

Using of bypass diodes aiming to reduce the effect of hot
spots in PV array and increasing the output power, although
PV array suffers multi-peak and the output power extracted is
not the maximum possible power [2]. Adopting suitable array
configuration as series-parallel (S-P), Total Cross Tied (TCT),
Bridge Linked (BL) and Honey Comb (HC), this technique
aims to connect the PV array in such a way that shading any
module doesn’t affect greatly the whole array but can’t ensure
extracting the maximum possible power [3, 4]. System
configuration as the use of a multi-level converter connected
to each group of PV modules which can reduce the effect of
partial shading on the PV array, although this technique
increases dramatically the system cost and requires complex
control [5]. MPPT techniques [6, 7] aiming to operate at the
global MPP and avoid being trapped in a local maximum
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power point, various metaheuristic techniques are adapted for
the tracking process [8, 9], although MPPT requires accurate
PV modeling under various environmental conditions,
significant computation and various MPPT techniques are
used depending on array size and application. PV
reconfiguration can be dynamic as Electric Array
Reconfiguration (EAR) [10], irradiance equalization [11],
adaptive array reconfiguration [12] or can be static
reconfiguration as in magic square configuration [13],
competence square [14] and Sudoku pattern [15]. In dynamic
configuration switches between modules are altered at partial
shading condition in order to maximize output power as in
EAR although number of switches increase the system cost
and complexity, for irradiance equalization modules are
relocated in such a way so irradiation is equalized and no need
to activate bypass diode so can achieve more output power
than EAR although number of possible combinations is far
large, while adaptive reconfiguration aims to reduce number
of switches by changing only part of the PV array while the
other part remains fixed. Static configuration aims to choose
the physical location of modules and keep connection fixed so
no need for switches but the chosen configuration uniformly
distribute shade along the whole PV array, this technique is
sensitive for the chosen configuration as it can result in sub-
optimal solution thus reducing the output power.

It can be seen that dealing with partial shading is a rich
research area where various techniques try to extract
maximum power possible at partial shading conditions, yet
each of the previous approaches suffers drawbacks as failing
to reach MPP, increasing the complexity of the system,
complicated computation, expensive cost and dependability
on shading conditions.

To solve these defects, this paper presents a new PV
reconfiguration technique aiming to overcome the problem of
excess number of variables and complicated computations by
effectively reducing the number combinations possible. Thus



reaching the optimum configuration under partial shading
regardless the shade pattern and reaching the maximum yield
power possible from the PV without the need for expensive
equipment.

The technique is based on the irradiance equalization
principle aiming to deal with the excessive number of possible
combinations using an integer link matrix reducing the number
of variables effectively to the number of modules in the PV
array. Each integer number in the matrix represents the new
position of PV modules in each row. The objective function is
minimizing the irradiance mismatch index subject to several
constraints which are modeled using penalty function and
optimization is achieved using integer programming
optimization via Harmony Search (HS) after comparison with
various meta-heuristic methods. The findings shed new light
on the supremacy of the proposed technique in reaching the
optimum configuration and yet the optimum power at every
case tested.

The rest of the paper is organized as follows: section (2)
compares between the previously proposed binary link matrix
and the proposed integer link in terms of complexity and
number of combinations possible, section (3) deals with
approaching the irradiance equivalence principle via integer
link matrix and the necessary constraints, finally section (4)
compares firstly between approaching irradiance equivalence
via binary link matrix and integer link matrix using a wide
range of metaheuristic techniques then compares the results of
various metaheuristic techniques to optimize IMI via integer
link matrix for various shading patterns.

2. PV RECONFIGURATION USING
EQUALIZATION

IRRADIANCE

PV array reconfiguration involves changing the PV
modules positions during PS in such a way that enhances the
output power. The irradiance equivalence principle is based on
the idea of relocating PV panels in the PV array in such a way
that the series-connected strings in the parallel-connected
strings forces current limitation [16], in Shams et al. [11]
Irradiance Mismatch Index (IMI) was introduced as shown in

Eq. (1):

IRR;

IRR;
IMI= 0.5* filZﬂil( G _T])z

(M
where, IRR; , IRR; are total irradiance level at row i and j
respectively and M is the number of rows in an (M*N) PV
array and G is the standard irradiance level (1000 w/m?) and
the optimization problem aims to reduce the IMI as a mixed-
integer quadratic problem utilizing a binary link matrix as the
problem’s variables. Although irradiance equalization
principle aims to increase the PV array power at PS but
requires a huge number of variables in the binary link matrix
aiming to the huge number of possible combinations, for
example for an (M*N) PV array the number of possible
exclusive (N¢) combinations is shown in Eq. (2):

_ (M#N)!
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The size of the binary link matrix for an (M*N) PV array is
(M*N) rows and (M*N) columns, results in problem variables
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(M*N)? which is a huge number. This number can be reduced
neglecting the order of the PV modules in a single row which
results in a binary link matrix of M column and (M*N) rows
with (M?*N) variables which is still a huge number of
variables.

An integer link matrix is proposed featuring a single row
and (M*N) columns, where each column features a single
integer value whose binary equivalent represents the existence
of the PV module in a certain PV array’s row, for example
integer number (2) in the ith row whose binary equivalent is
(0010) represent the existence of the PV module in 2nd row of
the PV array.

3. OPTIMIZATION FUNCTION VIA INTEGER LINK
MATRIX

Irradiance equivalence principle can be formulated as
finding the minimum possible value for the IMI for a given PV
array, the technique requires only irradiance level
measurement for every PV module in the whole array
regardless of the modules type or characteristics.

Optimization function is calculated via two variables:

1-Irradiance level matrix of each PV module (Y), which is
a single row matrix with (M*N) columns featuring the
irradiance level of each PV modules.

2- Integer matrix (U) which is also a single row matrix with
(M*N) column featuring a single integer value in each column.

The matrix multiplication of matrix (Y) and binary
equivalent of matrix (A) divided by normal irradiance level
(G) results in the normalized irradiance level matrix (1) in each
PV array’s row as shown in Eq. (3).

I= (Y*A)/G (3)

Clearly by using normalized irradiance level matrix (1), IMI
can be can be calculated using a suitable meta-heuristic
function for minimization purpose, where the decision
variables are the elements of matrix (U).

The previous IMI equation needs to satisfy certain
constraints in order for the solution to be reasonable, they are
pair of constraint. Firstly, the summation of each row in matrix
(A) is equal to one which mimic the presence of a single PV
module only once in any array’s row. Secondly, the
summation of each column in the matrix (A) equals to (M)
which mimic the presence of only M PV modules in a certain
PV any array’s row.

It can be seen that we are dealing with a constrained
optimization function, there are two methods to deal with
constrained optimization in order to combine the constraints
with the original optimization function namely: Lagrange
multipliers and penalty method [17]. Through this paper
penalty method was used for its simplicity and effectiveness.

The total optimization function incorporating the constrains
is given in Eq. (4).

F(x) =min (IMI+ZiZ} u * Hi[0,(0] * 0,°(0)  (4)
where, X is the optimization variable represented in this paper
by integer matrix (U), u is the penalty coefficient, Hi is index
function which equals to 1 if constraint function @i (x) is not
satisfied and is equal to zero if constraint function is satisfied.



4. PV RECONFIGURATION VIA
HARMONY SEARCH

INTEGER

A case study of 4*4 PV array consists of 16 KC40T PV
module [18] under partial shading condition suffering four
different irradiance levels as shown in Figure 1. This case was
taken to check various meta-heuristic method effectiveness in
finding the optimum IMI value. The minimum IMI can be
achieved when grouping each four modules having similar
irradiance level in one row and this results in zero IMI.

1000 w/m?* 1000 w/m* 1000 w/m?® 1000 w/m?
900 w/m? 900 w/m? 900 w/m? 900 w/m?
700 w/m? 700 w/m? 700 w/m? 700 w/m?

Figure 1. Shading pattern for a 4*4 PV array

In this case the integer link matrix (U) is (1*16) with 16
integer variables which is equivalent to a binary matrix (A) of
(16*4) with 64 elements. The two constraints are given in Eq.
(5) and Eq. (6), respectively.

91=Xi%[AG ) — 1] ®)

02=Xis,[AG, 1) — 4] (6)

HSA mimics the way musicians compose harmony, the
composition starts by recalling music pitches already known
for them and try various combinations in order to produce the
perfect harmony. Similarly, HSA starts with a harmony
memory matrix representing the initial solution, new
combinations are obtained via two parameters namely
Harmony Memory Consideration Rate and pitch adjustment
rate where they control the probability to select an existing
solution from the harmony memory matrix and probability for
the solution to be mutated respectively [19].

Other famous metaheuristic algorithm as genetic algorithm
(GA) [20, 21], cuckoo search (CS) [22], flower pollination
algorithm (FPA) [23], hybrid flower pollination with clonal
selection algorithm (FPA-CSA) [24, 25], artificial bee colony
(ABC) [26], invasive weed optimization (IWO) [27], was used
to optimize the required objective function given in Equation
4 utilizing both Integer link matrix and binary link matrix.
Results are summarized in Table 1.

In order for the search variables to be integers two rules was
adapted through each optimization techniques. Firstly, the
initial solution is rounded to the nearest integer value and
secondly the step size is rounded to the nearest integer values
which consequently ensure new solutions are integer values.

Firstly, comparing optimization problem using binary
search with optimization using integer search we can see two
difference:

a-Number of variables: 64 binary variables and 16 integer
variables

b-Search space: 2 in binary search (0&1) and 8 in integer
search (integer number from 1 to 8).

The bigger search space in binary search (4 times the integer
search) results in more complicated optimization problem and
lead to sub-optimal solutions even with less search space for
each variable.

Integer search-based optimization presents more optimal
solutions compared to binary search-based optimization based
on lesser number of variables.
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Table 1. Various metaheuristic techniques results for shading
pattern shown in Figure 1

Optimization Parameters IMI Value | IMI Value
technique via Integer | via binary
link matrix | link matrix
HSA Memory 0 0.4
size=25.
Consd. rate= 0.1
Pitch adj.
rate=0.9
GA Pop. size=25 0.32 0.4
Crossover rate=
0.8
Mutation rate=
0.3
CS No/ of nests= 25 0.08 0.32
Disc. rate= 0.25
FPA Pop. size=25 0.56 603
Prob. switch=
0.8
FPA-CSA Pop. Size =25 0.08 0.24
ABC Pop. Size =25 6812 0.32
WO Pop. size=25 0.24 0.56
No. seeds=5

Secondly, results show that integer programming via
harmony search algorithm (IP-HSA) present the optimal
solution resulting in IMI equals to zero which means equal
irradiance level at each PV row with best configuration.

Thirdly, GA, CS, FPA, FPA-CSA, IWO produce near
optimal solutions which increase the PV array output power
than the initial configuration but not the best configuration yet.

Fourthly, ABC present an interesting result in the integer
search-based optimization along with FPA binary search as the
value of the optimization function is huge due to a heavy
penalty factor indicating falling in satisfying the problem
constraints.

The integer link matrix (U) according to IP-HSA is as
follows:

U=[4 8 2 1 8 4 1 2 1 2 8 4 1
8 2 4]

Taking the binary equivalent for each integer value in
matrix U, we get the binary equivalent link matrix (A).

Reconfiguration is done based on the binary value of each
element in matrix U.

For example, PV module number one whose equivalent new
position in matrix U is 4, we get the binary value of number 4
which 0010 which mean the new position of module number
one is in the second row in the PV array and so on for the rest
of the PV modules.

Figure 2 shows the complete reconfiguration of the PV array
based of IP-HSA, it can be seen that each row has similar
irradiance level (3,100 w/m?) reaching zero IMI which is the
most optimal condition. Figure 3 show the P-V curve of the
PV array after and before the configuration using IP-HS, IP-
GA, IP-CS, IP-FPA and IP-FPA-CSA. IP-HSA was able to
reach the most optimal solution along all other techniques
reaching zero IMI fulfilling two valuable results:

1-The ability to extract the maximum output power from the
PV array under partial shading condition.

2-The ability to eliminate local peaks from the P-V curve
reaching single peak profile, which make the job of MPPT
techniques easier.
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Figure 3. PV array P-V curve before and after
reconfiguration using various meta-heuristic methods

For consistency of results, IP-HS along with IP-GA, IP-CS,
IP-FPA & IP-FPA-CSA were tested against typical shadow
patterns as follows.

4.1 Case 1: Short and wide shadow

In this pattern, the PV array is shaded along two horizontal
rows by two irradiance levels of 700 w/m? and 900 w/m?
respectively as shown in Figure 4.

700 W/m? 700 W/m? 700 W/m?® 700 W/m?®
900 W/m? 900 W/m? 900 W/m? 900 W/m?
1000 W/m> | 1000 W/m* 1000 W/m?> | 1000 W/m?®
1000 W/m* | 1000 W/m* 1000 W/m> | 1000 W/m?®

Figure 4. Short and wide shadow

Reconfiguration of PV array based on IMI is applied using
five metaheuristic algorithms and results are summarized in
Table (2).

Table 2. Various metaheuristic techniques results for short
and wide shadow

Technique IMI
IP-HS 0
IP-GA 0.08
IP-CS 0.08
IP-FPA 0.8

IP-FPA-CSA 0

IP-HSA along with IP-FPA-CSA reach the most optimum
solution, providing an IMI equals zero, reaching the maximum
output power possible from the PV array under partial shading.

4.2 Case 2: Short and narrow shadow
In this pattern, the PV array is shaded along two modules in

two horizontal rows by two irradiance levels of 700 w/m? and
900 w/m? respectively as shown in Figure 5.
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700 Wim* 700 W/m® 1000 W/m* = 1000 W/m®
900 W/m* 900 W/m® 1000 W/m* = 1000 W/m?
1000 W/m* 1000 W/m* 1000 W/m® = 1000 W/m?
1000 W/m* 1000 W/m* = 1000 W/m® | 1000 W/m®

Figure 5. Short and narrow shadow

Reconfiguration of PV array based on IMI is applied using
five metaheuristic algorithms and results are summarized in
Table (3).

Table 3. Various metaheuristic techniques results for short
and narrow shadow

Technique IMI
IP-HS 0.16
IP-GA 0.24
IP-CS 0.16
IP-FPA 0.24

IP-FPA-CSA 0.16

The minimum value for IMI was found to be 0.16 by HS,
CS and FPA-CSA it can be seen that this shading pattern can’t
be reconfigured to form zero IMI as the previous cases
although this is the optimum configuration regarding this
shading pattern achieving maximum possible output power
with small local peak point as shown in Figure (6).

[ . @ @
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PV Array Power [w]
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Figure 6. P-V curve for short and narrow shadow pattern
before and after reconfiguration using harmony search
4.3 Case (3): Long and wide shadow
In this pattern, the PV array is shaded along three modules

in three horizontal rows by three irradiance levels of 500 w/m?,
700 w/m? and 900 w/m? respectively as shown in Figure 7.

(500 WW/m® ¥ S00 Wi NS00 WimET 1000 W/m?

700 Wim* 700 Wim®* 700 Wim® 1000 Wim*
900 W/m® 900 W/m* 900 W/m? 1000 W/m?
1000 W/m® 1000 Wim* 1000 W/m* 1000 W/m®

Figure 7. Long and wide shadow

Reconfiguration of PV array based on IMI is applied using
five metaheuristic algorithms and results are summarized in
Table (4).



Table 4. Various metaheuristic techniques results for long
and wide shadow

Technique IMI
IP-HS 0.11
IP-GA 3.47
IP-CS 0.19

IP-FPA 0.27
IP-FPA-CSA 0.11

As the previous case IP-HSA along with IP-FPA-CSA reach
the most optimum solution compared to other techniques.

4.4 Case (4): Diagonal shadow

In this pattern, the PV array is shaded diagonally by 500
w/m?, 700 w/m? and 900 w/m? as shown in Figure 8.

500 Wim* 1000 W/m* | 1000 W/m* 1000 W/m?
500 W/m? 700 Wim* 1000 W/m* 1000 W/m?
500 W/m? 700 W/m?* 900 W/m® 1000 W/m*
500 W/m? 700 W/m? 900 W/m* 1000 W/m?

Figure 8. Diagonal shadow

Reconfiguration of PV array based on IMI is applied using
five metaheuristic algorithms and results are summarized in
Table (5).

Table 5. Various metaheuristic techniques results for
diagonal shadow

Technique IMI
IP-HS 0.03
IP-GA 0.35
IP-CS 0.19

IP-FPA 0.91
IP-FPA-CSA 0.19

In the diagonal shadow, IP-HAS reaches the most optimum
solution compared to other techniques with IMI 0.03.

5. CONCLUSIONS

Reconfiguration of PV array when subjected to partial
shading based on irradiance mismatch index principle was
achieved via integer link matrix using Integer harmony search.

Integer link matrix provide an efficient method for
reconfiguration of the PV array under partial shading as each
integer element in the integer link matrix represent the position
of each PV module in which array row. In addition, integer
link matrix effectively decreases the number of variables in the
optimization problem to the number of PV modules in the
array which decrease the complexity of the optimization
problem and decrease the processing time without the need for
expensive equipment.

Minimization of the optimization function (IMI) was
approached via binary link matrix and integer link matrix, a
comparison between optimization via the two approaches
using various metaheuristic techniques is shown in Figure 9.

Results shows that optimization via integer link matrix
produces more optimum results in terms of minimizing IMI,
maximizing the output power and minimizing number of local

475

peaks. This can be explained due to limited number of
variables which make the optimization problem simpler
compared to corresponding approach via binary search matrix
with excessive variables.

Integer link matrix provide an excellent compromise for
irradiance equivalence technique which suffers from the huge
number of combinations possible making the optimization
problem difficult for solution, while integer link matrix aims
to simplify the optimization function by reducing number of
variables.

Optimization Problem Results Using Integer and
Binary Search for Different Metaheuristic

Technique
IMI
06 | 1
0.2 | | I EI' Binary Search
N — ' ' Integer Search
HSA GA s FPA-CSA WO
W Integer Search M Binary Search

Figure 9. Comparison between integer search and binary
search approach

IMI value

35
3
2.5
2
15
1

el e
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Case 2

Case 4

WIP-HS WIP-GA mIP-CS mIP-FPA mIP-FPA-CSA

Figure 10. Comparison between various metaheuristic
techniques results for different shading patterns

Various metaheuristic techniques were utilized to optimize
the irradiance mismatch index optimization problem via
integer link matrix to achieve its minimum possible value.
Integer harmony search present most optimum results through
all the tested cases achieving the minimum value for IMI as
shown in Figure 10, which in turn provide maximum power
and decrease number of local peaks in the P-V curve.

Future work can apply the proposed technique on all the
possible configuration for PV array as the -classical
configuration: S-P, HC, BL and the recent configuration as
magic square configuration, competence square and Sudoku
pattern.

Another interesting point can cover the effect of increasing
the number of PV modules in the array on the accuracy of the
proposed technique.
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