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1. INTRODUCTION

The majority of the world’s energy consumption still comes from conventional, nonrenewable
sources, which have contributed to hazardous emissions that have accelerated global warming and had other
severe adverse effects on the environment and climate [1]-[4], Since the launch of the Earth Summit (Rio de
Janeiro) in 1992 and the summits that followed, international organizations have called for the necessity for
governments to implement their promises to achieve fair and sustainable development; this is because energy
is the basis for all sectors of the economy and human life [5]. It has become necessary to start searching for
alternative renewable energy sources to preserve the environment, ensure its sustainability, and meet the
increasing demand for energy as a result of the increasing population density [2], [6]. The widespread
availability of solar irradiation, the ease of rooftop installation, and photovoltaic (PV) technology’s low
environmental impact have contributed to its rising popularity in recent years [5], [7]-[9]. The process of
generating energy by converting solar photons through semiconductors such as silicon is known as the PV
effect, and this is the basis for the work of solar panels [7]. The most important factors affecting PV systems’
performance and reducing efficiency are temperature, solar power, and partial shading [8]-[10]. Partial shading
is one of the main problems and obstacles that limit the maximum utilization of the PV energy system, as it is
a very influential factor in the productivity of solar panels unless taken into account, some types of shade from
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objects such as dirt, bird droppings and tree leaves can be treated with regular cleaning of the panels and should
others are taken into account in the design and calculations [11]-[13].

PV system consists of a group of solar panels, which in turn consists of many solar PV cells, suppose
the shadow falls even on only one part of the solar panels in an array. In that case, the output of the entire
system may be at risk, which may lead to overheating and damage to the solar panels, and from here comes the
importance of the diode, which prevents the flow of electric current in the opposite direction and thus protects
the solar panel from hot spots [13]. These diodes give the PV array’s I-V curve several steps and its P-V curve
multiple peaks [14]. The p-V curve has several peaks, one of them represents the global maximum power point
(GMPP), while the other peaks are local maximum power points (LMPPs) [9], [15], [16]. Besides the by-pass
diode, reconfiguring a PV array is a low-cost way to increase a PV array’s maximum achievable power in
PSCs. Installing semiconductor switches and power electronic converters doesn’t cost any more with this
method [17], [18]. Some researchers have tried the following methods to maximize power by using
reconfiguration techniques. Bingol and Ozkaya [8] use 6x6 PV arrays in five configuration schemes: series S,
Series-parallel (SP), bridge-link (BL), total-cross-tied (TCT), honeycomb (HC) under six PSCs. TCT design
outperforms other arrangements in maximum power under all partial shading conditions. Pendem and Mikkili [13]
simulated the performance of Series (S), SP, BL, and HC PV array designs under several PS patterns, including
uneven rows, uneven columns, diagonal, random, short and narrow rows, short and wide, long and narrow, and
long and wide shading patterns, HC design performs better in MATLAB/Simulink simulations of 5x5 PV array
systems under varying shading patterns, making it a viable option for central inverter grid-connected and
freestanding PV systems.

Pareek and Dahiya [15] simulated SP, TCT, and BL connectivity systems in MATLAB/Simulink.
According to several case studies, the SP configuration generates more power and current than the TCT
configuration when the tangent is expected to travel from left to right along the bottom row of modules, and
TCT interconnection generates more power and current than SP when the tangent is expected to move up the
leftmost column of modules from bottom to top. Khaleel and Mahmood [17] propose a novel shadow dispersion
approach (NSDS) to reduce partial shading and enhance output power in solar PV arrays. The proposed shadow
dispersion strategy was employed on a 6x3 solar array to tackle the partial shade issue that du Ku and gradient
left unsolved. Power generation increased by almost 30%.

Patel and Agarwal [19] presented and constructed a MATLAB-based simulator and learning tool for
modelling S and SP configurations to calculate maximum power, predict PSCs, and predict nonlinear I-V and
P-V characteristics. The data show that array layout and shading pattern affect GMPP size, solar irradiation,
and temperature. Belhachat and Larbes [20] tested PV array topologies with uniform and unequal row and
column shading patterns. Despite its redundancy, the TCT configuration performs better in simulations.
Elyaqouti et al. [21] examined several solar array layouts’ energy performance and electrical behaviour under
PSCs to discover the best and most cost-effective one. S, parallel (P), SP, TCT, BL, and HC were examined.
The simulation showed how PV arrays transform solar energy into useful power under uniform and partial
shadow settings. Sajwan et al. [22] compare rearrange square (RS) against TCT, HC, BL, and SP based on
three performance indices: GMPP, power loss, and F.F. Physical relocation-based setup RS increase power
generation under diverse shadow conditions. Picault et al. [23] changed PV array module connections to reduce
partial shade mismatch losses. Jaén University measured a 2.2 kW plant.SP, TCT, and BL connectivity
schemes provide outcomes. TCT architecture reduces mismatch losses during PV array shading without
decreasing plant efficiency.

Madhusudanan et al. [24] investigate the potential of Magic Su-Do-Ku-based static reconfiguration
for increasing the output of a PV array under partially shaded situations. The previously described static
reconfiguration solutions achieve the power increase due to inefficient shadow dispersion. The TCT
connections are not modified in this suggested Magic Su-Do-Ku-based interconnection structure, but the goal
of uniform shadow dispersion is still achieved. Several shading patterns and their effects on the PV array’s
maximum power point (MPP) have been investigated to determine the optimal shading conditions for optimum
power production. The efficiency of the proposed layout is shown by the positive outcomes obtained with
different types of shading. Krishna and Moger [25] This research presents an improved Su-Do-Ku
reconfiguration pattern for a 9x9 TCT PV array to maximize power production under partial shadowing. This
method arranges TCT array PV modules in the Su-Do-Ku pattern without changing electrical connections. The
GMPP, mismatch losses, fill factor (FF), and efficiency of the proposed pattern are compared to current PV
array designs. This article concludes that the new Su-Do-Ku PV array configuration increases global maximum
power under all shading circumstances.

In this study, a new method was proposed for connecting solar panels in a PV array to increase the
efficacy of the photovoltaic system. This method is a modification of the SP method and is referred to as the
MSP configuration. It is evident from the obtained results that it outperforms the other configurations examined
in this research for certain partial shading types in terms of (maximum power obtained, mismatch loss and FF).
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2. MODELING OF PV MODULE

A variety of PV cell modelling methodologies, including single-, double-, and triple-diode models,
have already been given by several researchers [19]. In Figure 1, a single-diode PV cell model has been chosen
for easier comprehension. The current generated from the single PV cell is [23]:

V+IRg

I = IL _ IO (eq(V+IRS)/n5AKT _ 1)
Rp

@)

where (I,) photo-generated current, (I,) is the saturation current, (Rg) is series resistance, (Rp) is shunt
resistance, (K) is boltzmann’s constant, (q)is electron charge, (ng) is the number of cells connected in series
and (T) is the cell temperature (kelvin).
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Figure 1. Single-diode circuit model of PV cell [26]

The study details the system's PV module properties, shown in Table 1. The I-V (current-voltage) and
P-V (power-voltage) characteristics of the PV module used in the system are also shown in Figure 2. The
graphical depiction in Figure 2(a) makes it abundantly evident that the quantity of solar radiation incident on
the solar panel directly affects how much current it produces. Thus, as shown in Figure 2(b), the electricity
generated by the solar panel rises when solar radiation increases and vice versa. These findings highlight the
connection between solar radiation, current, and the PV module's power production.

Table 1. PV module parameter used in the system at STC (1,000 W/m? and 25 °C)

Parameter Variable Value
Maximum power point voltage Vpp 10.32
Maximum power point current Lnpp 8.07
Maximum power Brpp 3.28
Open circuit voltage Voc 12.64
Short circuit current Ige 8.62
Fill factor FF 76%
Number of series cell Ns 20
Temperature coefficient of Isc IscT 0.063701
Temperature coefficient of Vo Voc T -0.33969
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Figure 2. PV module characteristics for different solar irradiance (a) 1-V characteristics and

(b) P-V characteristics

Optimal PV array configurations for partial shading conditions (Parween R. Kareem)



4 a ISSN: 2502-4752

3. PV ARRAY CONFIGURATIONS

Solar energy systems are designed either to be independent of the electrical network by a few kilowatts
(which is used in villages, rural areas and remote areas that are not connected to the national electrical network)
or to be connected to the electrical network to supply it with several megawatts [17]. Solar panels are assembled
and connected to form a PV array to suit the voltage and current of the electrical network or the requirements
of the loads, and this is done in several ways; Figure 3 is a diagrammatic representation of the many
configurations of PV arrays [8], [18]. Within the scope of this article, five distinct array configurations will be
discussed. They include SP, TCT, BL, HC, and MSP.

Figure 3(a) presents an illustration of the SP arrangement. To achieve the required output voltage, it
is necessary to first link all of the modules in the form of a series connection and then join these series
connections in parallel [18], [23]. Figure 3(b) illustrates the TCT arrangement. The SP configuration is
produced by attaching crossties across each module row. Each row’s voltage and column’s current are identical
in this configuration [22]. The BL setup may be shown in Figure 3(c). There is a bridging unit that has four
separate modules. The parallel connection of those same modules follows the series connection of two modules
in a bridge. Cross ties are used to connect the bridges in a network [8], [19], [22], [27]. Figure 3(d) illustrates
the HC arrangement. The HC configuration is a tweaked variant of the BL design, and the size of its bridge
may be adjusted [19], [22], [27]. The novel approach suggested as a result of this study is denoted by the
abbreviation MSP and can be seen in Figure 3(e). This method involves first connecting the solar panels in
parallel in the form of three groups, which are then linked in series.
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Figure 3. PV Module interconnection styles; (a) SP, (b) TCT, (c) BL, (d) HC, and (e) MSP interconnections

4. EFFECT OF ALTERNATIVE ARRAY CONFIGURATION IN NORMAL OPERATING
CONDITIONS

First, it is necessary to determine whether BL, HC, TCT, and SP configurations do not reduce power
generation under normal conditions (N.C) compared to the conventional interconnect SP configuration, that is,
without shade, PV characteristics of all possible PV array designs measured under the same conditions (1,000
W/m? and 25 °C) are shown in Figure 4, where Figure 4(a) and Figure 4(b) represent 1-V and P-V curve
respectively. The maximum power that a 3x3 PV array may generate is outlined in Table 2, which can be found
in Table 2. According to the findings, each of the five array architectures has a single power peak and
comparable values for their maximum power point.
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Figure 4. Characteristic of PV array configuration at the uniform condition (a) I-V characteristic and
(b) P-V characteristic

Table 2. Under uniform irradiance conditions
Configuration  Vo.c (V) IsC (A)  Pmax (W)  Vmax (V) Imax (A)  FF (%)

SP 37.89 2586  749.506  30.968 24203  0.7649
TCT 37.89 2586  749.508  30.943 24.222  0.7649
BL 37.89 2586  749.508  30.942 24222 0.7649
HC 37.89 2586  749.507  30.955 24212 0.7649
MSP 37.89 25.86  749.507  30.955 24.213  0.7649

RESULTS AND DISCUSSION
This research aims to present the simulation results of the five possible configurations for PV arrays

under different PSCs to determine the optimal configuration. The performance of the different PV
configurations was compared in terms of maximum power, mismatching losses, shading losses and FF during
different partial shading cases which are simulated in MATLAB/Simulink. Shading loss is the array’s
maximum power without shading minus the modules’ maximum power in a partial shade. At the same time,
mismatch loss is the difference between each module’s maximum power and the global maximum power point.
FF is the ratio of maximum global power to the product of the array configuration’s open circuit voltage and
short circuit current under the PSCs. When FF approaches unity, system performance improves. To explore
the effectiveness of various designs of PV arrays, the experiments were carried out on a 3x3 PV array while
operating under PSCs. The partial shading cases considered for this research are shown in Figure (5):

Case 1. Even row shading, in which the solar irradiance (G) value of the first row is 700 W/m2 for the
whole panel and the (G) value of the remaining columns is 1,000 W/m2. This case shwon in Figure 5(a).
Case 2. Uneven row shading in which the (G) value of the first row is 100 W/m2, 350 W/m2,700 W/m2
respectively, and other rows are 1,000 W/m2. This case shwon in Figure 5(b).

Case 3. Even column shading, in which the (G) value of the first column is 700 W/m2 for the whole panel
and the (G) value of the remaining columns is 1,000 W/m2. This case shwon in Figure 5(c).

Case 4. Uneven column shading, with the (G) value of the first column coming in at 100 W/m2, 350
W/m2, and 700 W/m2 accordingly, whereas the value of the remaining column is 1,000 W/m2. This case
shwon in Figure 5(d).

Case 5. The G value of the array’s diagonal is 700 W/m2, whereas the G value of the other modules is
1,000 W/m2. This case shwon in Figure 5(e).

- 100 W/m? D 350 W/m?* D 700 W/m? D 1000W/m?

(@) (b) (© (d) (®)
Figure 5. Partial shading (a) Case 1, (b) Case 2, (c) Case 3, (d) Case 4, and (e) Case 5

The simulation results of PV array configurations under shading cases are represented in Table 3.

For case 1, as shown in Figure 6. MSP configuration presents the best performance with the highest maximum
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power 675.55 W at 30.99328 V and 21.79673 A, and also represents no LMPP, while the other configurations
SP, TCT, BL and HC provide the same maximum power which is in the order of 574.76 W and represent one
LMPP. As for FF as shown in Figure 7, SP, TCT, BL, and HC have the same value which is 0.58, while its
value for the MSP is 0.76. Figure 8 show the mismatch losses; the MSP configuration presents the lowest value
0.0178 W as compared with the other configuration where the mismatch losses value them are 100.743 W.
For all configurations, shading loss values give the same value in this case. The findings shown in this scenario,
which include the maximum power obtained, FF, partial shading, and mismatch losses, clearly demonstrate the
MSP configuration’s superiority over the other configurations.

Table 3. Simulation results of shading cases

Global peak parameter

Cases Configuration Vo.c (V) Isc (A) Prax(W)  Vimax (V) Imax (A) FF (%) Sn)i(;g;g M;zg;zgm
Case 1: SP 37.7304  25.8899 574.76 32.72496 17.56362 0.588398253 73.936 100.8012
even row TCT 37.92 25.8899 57476  32.72496 17.5636  0.585455595 73.936 100.8008
shaded BL 37.92 25.8899 574.76 32.7376  17.55681  0.585455305 73.936 100.802

HC 37.92 25.8899 574.76 32,725 17.5654 0585516311 73.936 100.743
MSP 37.92 2330149 67555  30.99328 21.79673 0.764551708 73.936 0.0178
Case 2: SP 37.92 25.8899 482.626 19.9712 241661  0.491600174  152.221 114.659
uneven TCT 37.92 25.8899 482.626 19.9712 241661  0.491600174  152.221 114.659
row BL 37.92 25.8899  482.626  19.9712  24.1661  0.491600174  152.221 114.659
shaded HC 37.92 25.8899  482.626  19.9712  24.1661  0.491600174  152.221 114.659
MSP 37.92 23.2989 558.027 31.8781 17.505 0.631612618 152.221 39.258
Case 3: SP 37.92 233015 675.552  30.9933  21.7967  0.764550821 73.936 0.018
even TCT 37.68 23.28 675552  31.00592 21.78781 0.770130514  73.936 0.018
column BL 37.743 233015  675.552  30.9933  21.7967  0.768136267 73.936 0.018
shaded HC 37.92 233015 675552  30.9933  21.7967  0.764550821 73.936 0.018
MSP 37.92 25.8899  574.769 32.725 175636  0.58545631 73.936 100.801
Case 4: SP 37.4902  23.3006 526.16 31.0438 16.9489  0.602325892 152.221 71.125
uneven TCT 375 23.23 558.03  31.86544 17.51208 0.640363669  152.221 39.255
column BL 232996 375029  536.402  31.4989  17.0293  0.613873473  152.221 60.883
shaded HC 37.92 23.2996 536.4 31.4989 17.0292  0.607117624  152.221 60.885
MSP 37.92 25.8899  482.626  19.9712  24.1661  0.491600174  152.221 114.659
Case 5: SP 37.92 25.8899 57477  32.72496 17.56371 0.585459261 73.936 100.7983
diagonal TCT 37.92 2330149 67555  30.99328 21.79678 0.764553462 73.936 0.0163
shaded BL 37.7304  25.8899 574.77 32,7376  17.55685 0.588398632 73.936 100.8009
HC 37.92 25.8899 574.77 32,7376 175569  0.585458306 73.936 100.8
MSP 37.92 2330149 675,55  30.99328 21.79673  0.764551708 73.936 0.0178
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Figure 8. Mismatch losses of PV array configurations in even row shaded

For case 2, as shown in Figure 9, the MSP configuration presents the best performance with the highest
maximum power or the GMPP at 558.027 W at 31.8781 V and 17.505 A, and this configuration represents the
only two LMPPs at 394 W and 194 W respectively, as for the other configurations SP, TCT, BL, and HC, P-
V curves coincide with each other and the maximum power is achieved as it reaches the value of 482.626 W.
SP, TCT, BL, and HC has the same FF value which is 0.491, while its value for the MSP is 0.631, as for
mismatch losses; the MSP presents the lowest value 39.258 W as compared with the other configuration where
the mismatch losses value for them is 114.659 W, the results of the FF and mismatch losses are shown in the
Figures 10 and 11. For all configurations, partial shading loss values give the same value which is 152.221 W.
The results presented in this case show a clear superiority of the MSP configuration through the maximum
power obtained, the FF, partial shading, and mismatch losses.
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In case 3, as shown in Figure 12. Where the shadow falls on the panels located in the first column
equally and obscures the light falling on them by 30%, the best performance is for SP, BL, HC, and TCT
configuration, where the GMPP is achieved by 675.55 W; no local peaks LMPP appeared in P-V curve.
MSP configuration generates the least maximum power of 574.7 W at 32.725 V and 17.563 A by representing
only one LMPP at 482 W. FF for SP, BL, HC, and TCT configuration is equal to (0.764550821, 0.768136267,
0.764550821, 0.770130514) respectively, it is more than the FF of the MSP which is equal to (0.58545631),
this is illustrated in the Figure 13. As for mismatch losses as shown in Figure 14, the SP, BL, HC and TCT
configurations are present 0.018 W, while the mismatch losses for MSP are 100.801 W. For all configurations,
partial shading loss values give the same value which is 73.936 W. It is noted from the aforementioned that the
PV system’s best performance in this case study is achieved in SP, BL, HC, and TCT configurations.
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Figure 12. Even column shaded
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Figure 13. Fill factor of PV array configurations of even column shaded
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Figure 14. Mismatch losses of PV array configurations of even column shaded

In case 4, it is noted in Figure 15, the best performance in terms of maximum power, FF and mismatch
losses is for TCT configuration, where its value 558.03 W, 0.64 and 39.255 W respectively, there are two
LMPPs in P-V curve at 394 W and 194 W, as for the P-V curves for the HC and BL configurations, they match
so that they achieve the same value for each of the maximum power, FF, and mismatch losses, as their value
is (536 W, 0.61, 60.88 W) respectively; there are two LMPPs in P-V curve at 421 W and 200 W. There is a
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slight difference in the performance of the system in the SP configuration; the maximum power is 526 W, while
the FF and the mismatch losses are 0.6, 71.125 W, respectively, and tow LMPP at 434 W and 212 W.
The performance of the MSP configuration is the least efficient method in this case study, the global maximum
power GMPP is 482.6 W by representing only one LMPP at 324 W, and the FF and the mismatch losses are
(0.49, 114.659 W), respectively. Figures 16 and 17 show the results of the FF and mismatch losses. Patrial
shading loss values give 152.221 W for all configurations.
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For case 5, as shown in Figure 18, the P-V curve for TCT and MSP coincides, they present the best
performance where the GMPP is 675.55 W at 30.99328 V and 21.79673 A with no LMPP. As for SP, BL and
HC configurations, the power curves for them coincide and the GMPP is 574.77 W with one LMPP at 483 W,
they have the same FF value which is very close, ranging around (0.585), while the FF for the TCT and the
MSP configurations are (0.76). As for mismatch losses; the TCT configuration presents the lowest value 0.0163
W, while the mismatch losses for the MSP are 0.0178 W. for the other configurations, the mismatch losses
value them are 100.8 W. The results of the fill factor and mismatch losses are shown in Figures 19 and 20. For
all configurations, shading loss values give the same value in this case which is 73.936 W.
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6. CONCLUSION

In this research, a novel PV configuration termed MSP was proposed. A thorough comparative
analysis was conducted taking into account the SP, TCT, BL, HC, and MSP PV array designs and five different
partial shading scenarios. This was accomplished by doing MATLAB/Simulink simulations of all possible
setups for various shading scenarios on a 3x3 PV array. All possible PV array configurations provide the same
maximum power under N.C. Nevertheless, the efficiency of various PV array configurations varies depending
on the degree of shading present. For case 1, the MSP configuration produces the maximum power 675.55 W,
whereas the SP, HC, BL, and TCTS configurations all provide the same amount of maximum power 574.76
W. In case 2, MSP once again offers the greatest possible maximum power 558.027 W, whereas the other
configurations yield the highest possible maximum power 1112.2 W. For case 3, SP, BL, HC, and TCT offer
the maximum power that is greatest 675.55 W, whereas MSP delivers the maximum power that is lowest
574.769 W. For case 4, the maximum power for SP, TCT, BL, HC, and MSP is (526.16, 558.03, 536.402,
536.4, 482.626) W. With these values, the TCT configuration offers the highest level of performance. For case
5, TCT and MSP show the greatest maximum power 675.55 W, whereas SP, BL, and HC deliver the lowest
maximum power 574.77 W. Also, all possible PV array topologies concerning the shading loss, mismatch loss,
and FF have been examined. Results indicate that all possible configurations result in the same shading loss
for each scenario. The mismatch loss and FF were reduced for all three partial shading cases in which the MSP
configuration excelled, which means that the PV array arrangement significantly affects the efficiency of the
PV array. The effectiveness of a PV array is also influenced by factors such as the amount of available sunlight,
the kind of shading present, and the incidence of such occurrences.

Indonesian J Elec Eng & Comp Sci, Vol. 32, No. 1, October 2023: 1-12
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The results show that the proposed method in this research has a significant impact on improving the
effectiveness of the PV system in even row, uneven row and diagonal shading cases, which means the greatest
benefit from the PV system is if it is connected as MSP configuration. One of the obstacles that accompany
MSP configuration is the interference that may occur between the wires connecting the solar modules.
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