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Abstract- In this paper, we propose to modelize and analyze the performance of some existing solar photovoltaic (PV) array
configurations such as Series Parallel (SP), Bridge Link (BL), Honey Comb (HC), Total Cross Tied (TCT) and proposed
configuration Sudoku. Simulations are based on complex model two-diode of solar cell using Matlab and Simulink tools. The

performances of PV configurations for all configurations have been compared using P—V characteristics, power loss for
different partial shading patterns. Comprehensive simulations are carried out on these configurations. The performance of
proposed configuration, Sudoku, surpass the others PV configurations for the same shading patterns.

Keywords- configurations (CPV); Partial Shade; Series-parallel (SP); Bridge-Linked (BL); Honey-Comb (HC); Total-Cross-
tied (TCT); Sudoku; Shorts Narrow (SN); Shorts Wide (SW); Long Narrow (LN); Wide Long (LW).

1. Introduction

It is well known that the electrical power generated by a
photovoltaic (PV) module can be greatly reduced compared
to the optimal conditions of production (maximum power
point)[1]-[6]. Indeed, many factors, such as shading, or the
temperature [7]-[10] may be about the electric production of
a photovoltaic model. In this work, we are particularly
interested to study the impact of shading on energy
production. Further, several patterns of shading [11] will be
discussed and all possible configurations of PV modules
[12]-[14] will be analysed. Besides, the effect of partial
shading has been extensively studied in relation to the PV
module [12], [15]. Further, the impacts related to shading can
be reduced using several strategies: monitoring the maximum
power point produced by the PV system, also with the
adoption of the converters topologies [16]-[19] and also with
the best choice of the configuration of PV modules.
Furthermore, we have worked on the PV modules

configurations as one of the solutions that can be used in
order to reduce mismatch losses. Therefore, PV systems use
different configurations to achieve the desired voltage and
current. Among these configurations, there are series parallel
(SP), Total Cross-Tied (TCT), Honey Comb (HC), Bridge
Linked (BL) and Sudoku [20]-[22]. Several researchers
proposed a new model of PV configuration like single diode
model [23], [24] and two-diode [25], [26] model of PV
module to study and to analyze the impact of shading on
different PV configurations. This last model is complex but
gives the best performances [12], [27], [28]. In this work, we
are especially interested to analyse the impact of the same
partial shading on the performance of the power generated
from the configuration PV cited above. For this, we will use
the two-diodes PV model. Four types of partial shading will
be presented. Then their effect in the PV characteristics will
be studied, analysed and compared. The main aim is to find
out the configuration that gives the best performances under
the same partial shading conditions.
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2. Modeling of a PV cell using the double diode
model

Many electrical models are available in the literature to
represent the current-voltage curves of PV cells, especially
the simple model [23] based on one diode to the complex

two diode model as shown in Figure 1. For simulations, we
will use the two-diode model we will utilize the complex
model, in order to achieve the better representation of the PV
cell characteristics. Furthermore, this model has a better
precision at low radiant flux. Using this model. the current-
voltage characteristic is given by the following expression
[25], [29].
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Figure 1. The model of a solar cell with two diodes.
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where the mathematical expression of the current Iph,
the photocurrent, as follows:

G
Iph = (]SC +Ki(T_Tref))-1000 2
And Ig;, are the saturation currents respectively of the
diode 1 and the diode 2 and their expression as follow:
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And Irs; ; reverse saturation current of the diode 1 and 2
expressed as follow:

Table 1. Datasheet of BP Solar MSX 60W

the electron charge, k the Boltzmann constant, T is the
absolute temperature of the PN-junction in Kelvin, Ki the
short-circuit current of the cell at (1000 W/ m*, 25 °C). The
variables a; and a, respectively the diffusion and
recombination current components of the diodes 1 and 2.
Finally, Rsh is the parallel resistance, and Rs is the series
resistance.

Reference model

The modeling and simulation of the PV module
represented in Figure 2 are basing on specifications of
industrial PV module BP Solar MSX 60W, as given in Table
1.

Specifications value

Maximum power (Pmax) 60W

Voltage @ Pmax (Vmp) 17.1V

Current @ Pmax (Imp) 3.5A
Guaranteed minimum Pmax 58W
Short-circuit current (Isc) 3.8A
Open-circuit voltage (Voc) 21.1V
Temperature coefficient of open-circuit voltage -(80+10) mV/°C
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Temperature coefficient of short-circuit current (0.065+0.015) %/°C
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Figure 2. PV module model under STC (1000W/m* ,25 °C)

For the simulation, we have used the Matlab and  (STC) (1000 W/m?, 25°C). Figure 4 displays the module's
Simulink tools. Figure 3 presents the electrical characteristics ~ (power-voltage) P-V curved under STC.

(current-voltage) I-V curved under Standard Test Conditions
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Figure 3. The output I-V curve for 1000 W/m* and 25 °C of PV model
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Figure 4. The output PV curve for 1000 W/m” and 25 °C of PV model

3. Modeling and presentation of different PV
configurations

In order to get a power of a few kW to a few MW under
a suitable tension, it is necessary to connect the modules on
the diverse form which is called a PV configuration. In this
part, we purpose to exhibit all the PV configurations used in
this study. Nevertheless, for all the simulation analyses and
for all configurations results, we have used 6x4 PV modules.
Each module comprises 36 cells based on the model of two

! !

diodes connected in series and shielded by a bypass diode.
Moreover, we have analyzed five PV configurations as
shown in the figure 5 and figure 6. The upper letters below
configurations are the acronym of their names, for example
SP (Series-Parallel). BL (Bridge Linked) inspired by a wheat
stone Bridge connection. HC (Honey Comb) which is similar
to the hexagon form of the Honey Comb [12], [21], [30]—
[32]. All these PV configurations have four parallel strings
and each string contains six modules connected in Series.
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Figure 5. PV configuration, SP (Series-Parallel), HC (Honey Comb), BL (Bridge Linked).
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Figure 6. PV configuration, TCT, and Sudoku.
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TCT (Total Cross Tied), as shown in Figure 6, having all
its modules linked. Sudoku as depicted in figure 6 inspired
its name from the Sudoku game, which is an improvement of
TCT configuration. Sudoku basing on alteration of the row
numbering of each module in a 6x4 array in order to improve
the power output of the whole system under the partial
shading conditions. Moreover, the column number rests the
same as in the TCT topology, while the row, in which the
module is physically placed, is adjusted as per Sudoku
arrangement. Therefore, the electrical connections of the
modules rest unchanged as in a TCT arrangement while the
physical positions of the modules are the only ones altered.

4. Characteristics of shadow

The main purpose of this work is to choose a topology of
PV array configuration that gives the best performance
during the partial shadow. This is done through the use of the
characteristics of shadow shape. The intensity of a shadow
describes how much it can filter the power that glows over
the PV array. This power is named irradiance and it is
measured in watts per square meter. the shadow pattern can
be vertical, horizontal, and diagonal. but the researchers also
divided this types into another four kinds depended to the
existence of the shadow in the PV array as depicted in figure
7: Shorts Narrow (SN); Shorts Wide (SW); Long Narrow
(LN); Wide Long (LW). For example, when the shadow
covered more than 50% of the modules vertically and less
than 50 % horizontally it’s called SW. If the shadow shielded
less than 50% of the modules vertically and less than 50 %
horizontally it’s called SN. However, in this work, we have
studied just one case for each kind of shadow in order to
choose the PV array configuration that gives the best
performance of power. It is important to note that in this
work, a partial shadow is considered to be cast upon all cells
of a PV module with the identical intensity. [11], [33].
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Figure 7. Four different shadow types.

The irradiations chosen to study this types of shadow are
1000 W/m?, 324 W/m”and 163 W/m? respectively. The 1000
W/m” considered as an origin, STC, where the PV module
can give the maximum power. The two others are chosen to
represent a medium and a low extreme value of irradiations.

In order to illustrate each pattern, we have defined our PV
system as finite-dimensional matrix Lnxp where &N
denotes the number of modules per rows and the ,ey

denote the number of modules per columns. The n rows are
horizontal and the p columns are vertical. Each element a;;
{i=1 to 6 and j=1 to 4} of a matrix represented a module. For
example, aq; represents the module at the fourth row and
first column of a matrix L. The modules are placed as
follows:

4.1. Pattern-1 Short Narrow (SN)

This type can contain several shade patterns, although in
this work we consider one case that received three different
radiations. Therefore, the values of different irradiation for
this pattern of shading are presented in the following matrix:
163 1000 1000 1000
324 1000 1000 1000
1000 1000 1000 1000
1000 1000 1000 1000
1000 1000 1000 1000
1000 1000 1000 1000

L6><4 =

%n , at 25°C

4.2.  Pattern-2 Short Wide (SW)

For this kind, shading is dispersed as shown in the
following matrix:
1000 1000
1000 1000
1000 1000 1000 1000
1000 1000 1000 1000
0163 0324 0324 0324
0163 0324 0324 0324

1000
1000

1000
1000

L6><4 =

%1 , at 25°C

In this pattern, the shading exceeds the average number
of modules in series for the same column and the average
number of modules connected in parallel. Also, the
distribution of shading must exceed an average number of
modules linked in parallel.

4.3. Pattern-3 Long Narrow (LN)

For this pattern, two modules in series received an
irradiation of 163 W/m” and two others connected with the
first one are received an irradiation of 324 W/m? as shown in
the matrix below.
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1000
1000
1000
4 711000
1000
1000

1000
1000
1000
1000
1000
1000

1000
1000
1000
1000
1000
1000

0163
0163
0324
0324
1000
1000

%ﬂ at 25C°

4.4. Pattern-4 Long Narrow (LW)

The below matrix exposes the LW shading pattern. The
shading for the same column exceeds the half of the modules
in series and also surpasses half the average number of the
modules connected horizontally.

1000 1000 1000 0163
1000 1000 1000 0163
1000 1000 1000 0163
Ly, = V/ , at 25°C
1000 1000 1000 0163 m
0324 0324 0324 0324
0324 0324 0324 0324
1400 ¢ T T
1200 -
1000
2 soof
g
8 600 I~
400
200
0 1 1
0 20 40

5. Simulation & results

5.1. Effect of shading on different configurations under
Pattern-1 SN

The shading in PV array configurations is divided into
three groups of different modules. Each group receiving a
different irradiation as shown in the matrix of pattern SN
above. Moreover, the first group receives an irradiation of
1000W/m*, the second and the third group receives an
irradiation of 324 W/m®> and 163 W/m® respectively.
Nevertheless, the PV characteristics obtained of the five
configurations TCT, Sudoku, SP, BL, and HC for this SN
shading pattern are exposed in Figure 8.

SP 4
BL
HC
TCT
— — — Sudoku

80 100 120

Voltage(V)

Figure 8. The output P—V curves for PV configurations in the condition SN.

Figure 8 shows that the position of the highest peak
GP (global peak) is slightly increased in the topology
Sudoku configuration compared to the TCT and other
configurations. The results of this type of shading for

different configurations are set out in Table 2. Where the
PSmax is the maximum shading power and Pmax is the
maximum power in case this is no shading.

Table 2. Comparison of the powers for different configurations under pattern-1SN

Configuration PSmax (W) Pmax (W) Losses
SP 1119 1370 19%
BL 1139 1370 17%
HC 1135 1370 18%
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TCT 1189

1372 14%

Sudoku 1189

1372 14%

The summarized results in table 2 clearly exhibit the
power losses between SP, BL and HC configuration which
gives almost the same performance for the SN pattern.
Therefore, TCT and Sudoku configurations are improved and
provided the same powers and have the same power losses,
because the position of the modules does not change
belonging to the first column of the TCT and Sudoku
configurations.

5.2, Effect of shading on the different configurations
under Pattern-2 SW

In this case, three different radiations are considered for
calculating the performance of the PV system. The
simulation results are presented in Figure 9 below.

1000 ¢ T T T
800 - 1
g 600 - 1
5
=
=]
o 400 n|
200 - h
TCT
— — —SoduKo \
0 1 — |-
0 20 40 60 80 100 120

Simulations show that there are maximum peaks and

Voltage(V)

Figure 9. The output P—V curves for PV configurations under pattern-2 SW

Sudoku does not show significant changes and will be

local peak in SP, TCT, HC, and BL configurations
corresponding to the amount of shading caused by the partial
shading SW pattern. We can note that the configuration

considered as best solution to solve this problem of peaks
diversity. However, the amount of losses is summarized
compared in Table 3 below:

Table 3. Comparison of the powers for different configurations under pattern-2 SW

Configuration PSmax (W) Pmax (W) Losses
SP 891 1370 35%
BL 891 1370 35%
HC 891 1370 35%
TCT 891 1372 36%
Sudoku 925 1372 33%

This table shows that the configuration Sudoku provided
the same performance, however, the comparison clearly
indicates that the maximum generated power is 891W/ m” for
TCT, SP, BL, and HC, but Sudoku is 925 W/m’, with a
slightly significant increase. This increase consequence of
dispersion of shade on different tidy. The SP configurations,
BL, HC generated the same losses for this partial shading

pattern SW. Otherwise, the table 3 shows that the power
losses are so important around 35% for all configurations.

5.3.  Effect of shading on different configurations under
pattern-3 LN

The P—V characteristics obtained in each configuration
for this shading pattern LN are exposed in Figure 10. We can
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observe that the effect of shadowing is the same for different configuration under this kind of shadow pattern LN.
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Figure 10. The output PV curves for PV configurations under pattern-3 LN

Table 4. Power comparison of different configurations under pattern-3 LN

Configuration PSmax (W) Pmax (W) Losses
SP 1086 1370 21%
BL 1126 1370 18%
HC 1100 1370 20%
TCT 1140 1372 17%
Sudoku 1140 1372 17%

HC, and TCT configurations are weakened relative to

5.4. Effect of shading on different configurations under
pattern-4 LW

The P-V characteristics corresponding to shading pattern
LW are shown in Figure 11. It is observed that the
configuration Sudoku shows the maximum power for the
LW shading pattern. While the performance of the SP, BL,

T T T T T ™

800 -
700
600 -
%, 500
5]
2 400
o
300 | y . C\
y e ————8P L
200 | i —-—-—BL A\
HC 1
100 | - TCT 1
— — —SoduKo
0 L 1 L 1 S———————— L)
0 20 40 60 80 100 120
Voltage(V)

Sudoku. The comparison of the powers for different
configurations under pattern-4 LW is summarized in Table 5.
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Figure 11. The P-V curves for PV configurations under pattern-4 LW

Table 5. Comparison of the powers for different configurations under pattern-4 LW

Configuration PSmax (W) Pmax (W) Losses
SP 704.5 1370 48.5%

BL 698 1370 49.05%

HC 698 1370 49.05%
TCT 699 1372 49.05%
Sudoku 852.6 1372 37.85%

The configuration Sudoku providing the best power and
low losses compared to other configurations SP, BL, HC,
and TCT. However, the SP, BL, HC, and TCT configurations
have losses can reach 50%.

6. Results and performance evaluation

The previous results for the PV configurations for different
patterns are reported in Table 6. It will serve to compare the
powers and powers losses for different configurations under
different shadows. We can be assumed that:

» The SP, BL, HC and TCT configurations provide
the same maximum powers under the pattern-2 SW.

Table 6. Maximum PV power and Power loss of different Configuration

Configuration Pattern (SN) Pattern (SW) Pattern (LN) Pattern (LW)
PSmax Losses | PSmax Losses | PSmax | Losses | PSmax Losses
SP 1119 19% 891 37% 1086 21% 704.5 49.5%
BL 1139 17% 891 37% 1126 18% 698 49.05%
HC 1135 18% 891 35% 1100 20% 698 49.05%
TCT 1189 14% 891 37% 1140 17% 699 48.05%
Su-Do-Ku 1189 14% 925 33% 1140 17% 852.6 37.85%

» The TCT configuration the same performances as
Sudoku under shadow pattern SN and pattern LN.

» The Sudoku configuration presents the best
performance i.e. the lower power loss and therefore
the highest maximum power under the patterns
studied in this work.

» The losses for different configurations are so
important in pattern LW followed by SW and then
LN and SN represent the lower losses.

» The SP, BL, HC configurations provide the same
power loss under the all patterns.

For more illustration of this results we have grouped
them in the figure 12.
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Figure 12. Maximum PV power and Power loss of different Configurations under shadow conditions

» During the partial shading Sudoku ensure the best
performances, in terms of lowest power losses and
highest maximum power.

» the pattern-1 SN represent lowers losses compared
to the other patterns.

1. Conclusion

The performances of SP, BL, HC, TCT, and Sudoku PV
array configurations under shading conditions are studied
and  analyzed using two-diode @ model  under
MATLAB/Simulink. =~ We have presented different
configurations and the four shadow patterns treated in this
work. The obtained results exhibit the performance of
Sudoku configuration which is formed based on shade
dispersion in improving the overall PV performance under
different pattern conditions. In fact, in Sudoku configuration,
the physical position of PV modules is changed, without
altering the electrical connection of modules. Nevertheless,
the full analysis and studies of the configurations within
various shading patterns reveal that the selection of the
optimal and suitable configuration depends heavily on the
nature of and the position of the shading pattern. Overall it is
presumed that proposed Sudoku configuration enhance
strongly the performances of PV array configurations as
compared to the other PV configurations. Moreover, the
results prove that this approach of Sudoku allows achieving a
higher electrical performance production compared to that
available PV configurations. Future works are aimed at
developing an intelligent control method for the physical
displacement of the PV modules under different shading
pattern.
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