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Abstract: Not only are small photovoltaic (PV) systems widely used in poor countries and rural areas
where the electrical loads are low but they can also be integrated into the national electricity grid to
save electricity costs and reduce CO2 emissions. Partial shading (PS) is one of the phenomena that
leads to a sharp decrease in the performance of PV systems. This study provides a comprehensive
performance investigation of small systems (consisting of ten modules or fewer) under all possible
shading patterns that result from one shading level (300 W/m2 is chosen). The most common
configurations are considered for which a performance comparison is presented. Five small systems
of different sizes are studied under PS. A new simplifying method is proposed to identify the distinct
PS patterns under study. Consequently, the number of cases to be studied is significantly reduced
from 1862 to 100 cases only. The study is conducted using the MATLAB/Simulink® environment. The
simulation results demonstrate the most outperformed configuration in each case of PS pattern and
the amount of improvement for each configuration. The configurations include static series-parallel
(SP), static total-cross-tied (TCT), dynamic switching between SP and TCT, and TCT-reconfiguration.
The study provides PV systems’ owners with a set of guidelines to opt for the best configuration of
their PV systems. The optimum recommended configuration is TCT reconfiguration, rather than
dynamic switching between SP and TCT. The less recommended option, which enjoys simplicity but
is still viable, is the static TCT. It outperforms the static SP in most cases of PS patterns.

Keywords: solar photovoltaic; partial shading; maximum power extraction; array interconnection schemes

1. Introduction
1.1. Motivation

Day by day, the demand for electric energy increases, and the need for energy sources
to meet these needs increases [1]. Most of the demand for electric power is being met by
fossil fuels, which are a finite viable resource, along with the catastrophic environmental
problems they cause to the planet. These conditions shed light on renewable energy due to
its lasting abundance, environmental friendliness, and low maintenance cost [2,3]. Among
the various renewable energy sources, photovoltaic (PV) energy has attracted attention due
to its small size and ease of installation in consumption areas, such as rooftops, over-lighting
poles, and others. Consequently, it leads to saving energy loss through transmission wires
from generation areas to consumption areas. By 2050, it is expected that renewable energy
will contribute to 79% of the total energy demand in the world, and PV will be the largest
contributor among these energies [4].

Residential small-scale PV systems are currently widely used, and many solutions
have been presented to integrate the PV systems in homes. It may be a stand-alone system
or with the integration with utility [5,6]. Many advantages have been achieved from
the renewable distribution generation as saving the losses of the transmission lines and
improving the network frequency [7,8].
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However, the PV technology still faces many challenges at the present time, which
needs more research, including the problem of low energy generated due to environmental
conditions [9]. Usually, there are several connections in series and parallel of the PV
modules to obtain the required values of voltage and current [10]. Under normal conditions,
sunlight is uniformly distributed over the PV modules, and the characteristic power-voltage
curve has a single maximum power point at which the highest power can be extracted [11].
However, due to the presence of many causes of shading such as trees and buildings nearby,
the accumulation of dust and clouds passing, the PV modules may not receive an equal
amount of solar irradiance. Such effect is known as partial shading (PS) [12]. The PS not only
causes a decrease in the output power but also may cause the arising of hotspots as a result
of the increased mismatch between PV modules. In order to protect the modules from this
effect, bypassing diodes are added to bypass the shaded PV cells or modules. However, this
addition causes the appearance of several peaks in the characteristic curve, which makes it
difficult to use the traditional tracking techniques to extract the maximum power. Various
techniques have been addressed in the literature to solve this problem using metaheuristic
methods such as genetic algorithm, cuckoo search, particle swarm optimization, ant colony
optimization, and teaching-learning-based optimization [13,14]. Nevertheless, almost
all of these techniques require more complex calculations and processing to extract the
maximum power.

In [15,16], a simple method is proposed to detect partial shading easily in PV systems.
It presents a simple and easy-to-implement controller to track the global maximum power
point (MPP). It depends on estimating the voltages at the local maximum power points
using only two mathematical equations to control the DC/DC converter.

Recently, many researchers in this area focus on improving the performance of the PV
systems under the influence of different environmental conditions, including the partial
shading phenomenon. Some researchers focus on developing the internal configuration
of the modules to increase their ability to face this phenomenon. For example, article [17]
investigated the performance of PV modules with different bus bars configurations for
cells. It analyzed seven types of poly-Si PV cells and concluded that the five Busbar cells
are the most efficient under PS. Article [18] focused on the modeling and functioning of a
half-cell PV module under the PS using the MATLAB software package. Unlike others, the
authors of [19] inspected how to reduce the PS effect by using the half-cell modules. They
concluded that half-cell modules increase the power by 1.48% in the Fill Factor because of
the reduction in electrical losses of cell connectors. The module current also is enhanced by
about 3%.

In contrast, another team of researchers focuses on the system as a whole and how
to deal with the shading of several modules within the system [20,21]. They investigate
various systems under the influence of different PS patterns and experience new methods
for static and dynamic connection. Dynamic connection means changing the connection
form at the moment of shading. The attempts of this team are explained in detail in
Section 1.2.

The contribution of this work concludes all the applications of small-scale PV systems
(stand-alone and utility-connected systems). The study investigates the performance of
small-scale PV systems for optimum performance under partial shading conditions and
presents an effective solution for the PV systems’ owners with a set of guidelines to opt
for the best configuration of their PV systems. The recommendations increase the output
energy yield for the PV systems. Also, the study covers all the possible shading patterns,
and to achieve that, a new reduction methodology to eliminate the equivalent patterns has
been presented.

1.2. Literature Review

To enhance the performance of solar energy under PS conditions, many efforts have
been exerted in this regard. The authors of [20] tested various static configurations of the
modules inside the array under 20 different PS patterns. A comparison was made to get the
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configuration that gives the best performance between static (series, parallel, series-parallel,
bridge-linked, and total cross-tied). The study included three systems of different sizes
(3 × 10), (4 × 5), and (5 × 5).

In research [21], a (4 × 4) system was studied under PS conditions to extract the
highest possible power using several different connections. The results were tested and
verified through practical experiments. The modeling and evaluation of the performance
of a system (7 × 7) under 14 shading patterns were discussed in [22]. The output power,
voltage, and current at the maximum power point along with the number of local maximum
points were compared. In research [23], a (2× 4) system was studied under several shading
patterns through MATLAB simulation and experimental verification. The results showed
that the total-cross-tied (TCT) method provided the best performance, but the research
did not include all possible shading patterns. In [24], six possible configurations for a
(5 × 4) system were tested under PS. TCT was the best one when a column is entirely and
unevenly shaded.

Due to the demerits of the static form of the PV configuration, researchers have
proposed to make a dynamic change of electrical connections according to the PS situation
to give the best performance. In [25], static and dynamic reconfiguration techniques were
studied to enhance a PV system’s performance. In [26], a (6 × 4) system was studied
under four different levels of solar irradiance and the results were experimentally verified.
In [27], a study was carried out on a (6 × 6) system under three levels of irradiance and a
comparison between the TCT technique and magic square technique was introduced.

In [28], the triple-tied configuration was studied and its performance was compared
with the other techniques. Authors in [29] studied different reconfiguration techniques
and a new scheme was presented to improve the performance of the system. Furthermore,
authors in [30] presented a comprehensive study about static, reconfiguration, and meta-
heuristic interconnection schemes. TCT, Su-Do-Ku, Dominance square, competence square,
and a proposed array configuration were studied in detail in [31]. A new Su-Do-Ku PV
configuration is proposed like hyper Su-Do-Ku and compared with the already existing PV
array configurations in [32]. Research [33] presented a new socio-inspired PV reconfigu-
ration approach, called democratic political to effectively reduce the mismatching power
losses. Three case studies were carried out to verify the proposed technique. On the other
side, research [34] focused on large-sized systems such as (16 × 16) and (25 × 25). Also,
research [35] assessed the shading losses in a large PV power plant with 2.85 MW nominal
power and 10,010 modules. It introduced a methodology for the assessment of annual
energy loss for the large PV stations.

An improved dynamic array reconfiguration strategy was proposed based on current
injection in [36]. In this strategy, the output power output and the multiple peaks in the PV
array characteristic curve were also avoided. However, it needed some modifications in
the power converters. A dynamic L-shaped reconfiguration was presented in [37], relying
on changing each array connection to be in the form of letter L to enhance the amount of
power generated from the system. In addition, a new array configuration was presented.
Re-allocation of a PV module-fixed electrical connection was introduced in [38] where a
new proposed “Shape-do-ku” puzzle was presented and simulated for a (4 × 4) system.

1.3. Novelty of Work

Most of the past research focused on studying PV systems under the influence of a spe-
cific number of shading patterns, but the PS patterns cannot be fully evaluated. Moreover,
most of the previous studies focused on large systems, and there are no comprehensive
studies on small systems, despite their prevalence in the homes of low-consumption rural
areas. In addition, small PV systems can be used in urban houses to partially supply the
required electricity and to integrate into the public electricity grid. They can be sometimes
used to energize streetlights on highways. On the other side, with the development of
manufacturing technology and the use of multilayer boards, the resulting capacity of one
module is increasing. That makes the PV systems need a smaller number of PV modules
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for the same power generated. However, the loss of electricity resulting from one module
as a result of partial shading is more effective.

Our study comes here as a good contributor in this area of research.

1. It provides a comprehensive investigation of the performance of small PV systems
(consisting of 10 modules or fewer) rather than for large systems as in most previ-
ous studies.

2. PV systems are tested under all possible shading patterns as a result of a single shading
level (300 W/m2) for common wiring configurations rather than for a set number of
patterns as in previous studies.

3. To be able to cover all possible PS patterns, a new reduction methodology is proposed
to eliminate the equivalent patterns. Consequently, the number of studied patterns is
limited to a feasible value as low as 100 cases.

4. The study affords a few recommendations for the proper choice of the PV system
configuration, seeking optimum performance under PS conditions.

2. Mathematical Modeling

There are several ways to model a PV cell as a single diode model (SDM), double
diode model, and triple diode model. SDM does not provide highly accurate results in
large systems due to inherent variations in cell characteristics [24].

However, since the study is concerned with small systems, SDM would be appropriate
for both simplicity and a reasonable level of accuracy. SDM PV equivalent circuit is
illustrated in Figure 1.
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Figure 1. Single diode model PV equivalent circuit.

SDM is also available in Simulink as in Figure 2, which makes it easier to re-study for
similar systems with different variables. The current of PV cell is related to the module
voltage, thermal voltage, series and parallel resistance, and diode ideality factor as:

Ipv = Iph−I0(e
Vpv+IpvRs

aVt −1)−
Vpv+IpvRs

Rsh
(1)

where IPV: output current of the PV cell, Iph: light generated current, I0: reverse saturation
current, RS: series resistance, a: diode ideality factor, Rsh: shunt resistance, and Vt: thermal
voltage of the module which is given as:

Vt =
KTNs

q
(2)
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where K: Boltzmann’s constant, T: absolute temperature in Kelvins, q: electron charge,
NS: number of series cells. The generated current is directly related to the amount of
irradiance as:

Iph = (ISC,STC + Ki(T − TSTC))∗
G

GSTC
(3)

where G: solar irradiance, Ki: temperature coefficient of short circuit current, and TSTC:
reference temperature at the standard test conditions (STC). The standard test conditions are
defined by: GSTC = 1000 W/m2, air mass ratio = 1.5, and temperature of the module = 25 ◦C.
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Figure 2. Default MATLAB Simulink model.

Finally, the reverse saturation current can be extracted from open circuit voltage VOC
at STC and temperature voltage coefficient KV as:

I0 =
ISC,STC + Ki(T − TSTC)

e
Vpv+IpvRs

aVt −1
(4)

Suntech Power STD275-24-Vd PV module is used where its parameters and data
specification are taken from the database of National Renewable Energy Laboratory (NREL)
as in Table 1.

Table 1. Electrical characteristics of Suntech Power STD275-24-Vd PV module.

Parameter Value

Maximum power (W) 275.184

Cells per module Ns 72

Open circuit voltage (V) 44.7

Short circuit current (A) 8.26

Voltage at maximum power point (V) 35.1

Current at maximum power point (A) 7.84

Voltage temperature coefficient (%/◦C) −0.313

Current temperature coefficient (%/◦C) 0.053995

Diode saturation current I0 at STC (A) 4.8633 × 10−11

Diode ideality factor 0.93444

Shunt resistance (Ω) 830.73

Series resistance (Ω) 0.57826

Module efficiency at STC 14.2%

Dimension 1.956 m × 0.992 m
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To validate the model, the simulated results are compared with the practical data
(taken from the datasheet [39]) of the Suntech Power STD275-24-Vd PV module. Figure 3a,b
represents the I-V and P-V curves for the designed model and datasheet. It is observed that
there is an agreement between the model results and the practical data.

Sustainability 2022, 14, x FOR PEER REVIEW 6 of 44 
 

Diode ideality factor  0.93444 
Shunt resistance (Ω) 830.73 
Series resistance (Ω) 0.57826 
Module efficiency at STC 14.2% 
Dimension 1.956 m × 0.992 m 

To validate the model, the simulated results are compared with the practical data 
(taken from the datasheet [39]) of the Suntech Power STD275-24-Vd PV module. Figure 
3a,b represents the I-V and P-V curves for the designed model and datasheet. It is ob-
served that there is an agreement between the model results and the practical data. 

 

  
(a) (b) 

Figure 3. I-V and P-V curves at different radiation levels (a) Simulation results (b) Datasheet curves. 

3. System Description 
In this study, the focus is on small PV systems, which are identified as systems with 

10 modules or fewer. A comprehensive study of these small systems under PS conditions 
is introduced. Since there are not many possible ways to connect small systems (unlike 
large systems), it can be considered that they are mainly limited to a small number of 
common static configurations as (Series, Parallel, series-parallel (SP), and total-cross-tied 
TCT). 

Since the series configuration is characterized by being the least in the number of 
connecting wires, it has several disadvantages such as: the low value of the current pro-
duced under normal conditions, the large value of the voltage on both ends of the system, 
and the significant decrease in the generated power when PS occurs [14]. In contrast, the 
parallel configuration is characterized by having one maximum power point under both 
normal conditions and PS conditions. It also gives the highest power under PS conditions. 
Nevertheless, it is disadvantaged by the large amount of current passing through the in-
stallation and into the inverter or batteries, as well as low output voltage levels [16]. This 
makes both methods unfavorable options in most cases. Therefore, it can be considered 
that the comparison is mainly between SP and TCT for static configurations. Also, dy-
namic switching between SP and TCT is proposed to be investigated in addition to TCT-
reconfiguration (in which the shaded module positions are changed according to the PS 
pattern). 

PV systems can be divided into two main types: 

Figure 3. I-V and P-V curves at different radiation levels (a) Simulation results (b) Datasheet curves.

3. System Description

In this study, the focus is on small PV systems, which are identified as systems with
10 modules or fewer. A comprehensive study of these small systems under PS conditions is
introduced. Since there are not many possible ways to connect small systems (unlike large
systems), it can be considered that they are mainly limited to a small number of common
static configurations as (Series, Parallel, series-parallel (SP), and total-cross-tied TCT).

Since the series configuration is characterized by being the least in the number of con-
necting wires, it has several disadvantages such as: the low value of the current produced
under normal conditions, the large value of the voltage on both ends of the system, and the
significant decrease in the generated power when PS occurs [14]. In contrast, the parallel
configuration is characterized by having one maximum power point under both normal
conditions and PS conditions. It also gives the highest power under PS conditions. Never-
theless, it is disadvantaged by the large amount of current passing through the installation
and into the inverter or batteries, as well as low output voltage levels [16]. This makes both
methods unfavorable options in most cases. Therefore, it can be considered that the com-
parison is mainly between SP and TCT for static configurations. Also, dynamic switching
between SP and TCT is proposed to be investigated in addition to TCT-reconfiguration (in
which the shaded module positions are changed according to the PS pattern).

PV systems can be divided into two main types:

i. Symmetrical dimension systems: symmetrical systems that consist of 10 modules or
fewer with equal numbers of rows and columns are mainly configured in two systems
(2 × 2) and (3 × 3).

ii. Asymmetrical dimension systems: asymmetrical systems are those in which the num-
ber of rows is not equal to the number of columns. Asymmetrical systems that consist
of 10 modules or fewer are mainly configured in three systems (2 × 3), (2 × 4), and
(2 × 5).
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4. Shading Patterns Description

Although the probability of some shading patterns is greater than other patterns, it is
difficult to predict the typical shading pattern. Moreover, some shading patterns arise after
the installation of the system. What distinguishes this research is the possibility of studying
all shadow patterns that may occur in small PV systems resulting from one level of shading.
A shading level of 300 W/m2 is chosen, while the normal condition is a solar irradiance
level of 1000 W/m2. It is also considered that the module temperature is constant at 25 ◦C.

Because of the limited size of the system, all possible shading patterns can be identified
and counted as in Table 2. There are 1862 possibilities for the five PV systems. A simplifying
method is presented to reduce the number of shading possibilities. In order to avoid
repetition, it is sufficient to keep one case in which the shading pattern is similar in both
connections’ SP and TCT. So, all patterns in which the number of shaded modules in all
rows and columns of the first pattern is equal to all rows and columns of the second type
are characterized by giving an equal performance in both configurations of SP and TCT.
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Table 2. Number of possible shading patterns before and after applying the simplifying method.

System Number of PS Patterns Can Be Simplified to a Repeated
Distinguish Patterns Number of

2 × 2

4C1 = 4 1

4C2 = 6 3

4C3 = 4 1

Total = (14) Total = (5)

2 × 3

6C1 = 6 1

6C2 = 15 3

6C3 = 20 3

6C4 = 15 3

6C5 = 6 1

Total = (62) Total = (11)
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Table 2. Cont.

System Number of PS Patterns Can Be Simplified to a Repeated
Distinguish Patterns Number of

2 × 4

8C1 = 8 1

8C2 = 28 3

8C3 = 56 3

8C4 = 70 6

8C5 = 56 3

8C6 = 28 3

8C7 = 8 1

Total = (254) Total = (20)

3 × 3

9C1 = 9 1

9C2 = 36 3

9C3 = 84 6

9C4 = 126 6

9C5 = 126 6

9C6 = 84 6

9C7 = 36 3

9C8 = 9 1

Total = (510) Total = (32)

2 × 5

10C1 = 10 1

10C2 = 45 3

10C3 = 120 3

10C4 = 210 6

10C5 = 252 6

10C6 = 210 6

10C7 = 120 3

10C8 = 45 3

10C9 = 10 1

Total = (1022) Total = (32)

Five systems Total = 1862 Total = 100

For example, when studying the system shown in Figure 4, it is noticed that both
patterns of PS give the same performance when connected to the two configurations under
study. Consequently, it is sufficient to study only one pattern of the two. In other words,
swapping a column for another column, or a row for another row does not affect the
performance of the system for both SP and TCT.

This limits all possible shading patterns to a limited number for comparison. From
Table 2, it is clear that the proposed method reduces the probable cases from 1862 to only
100 cases, which can be conveniently studied.

5. Performance Parameters

To compare different configurations, performance assessment parameters must be
determined to choose the best configuration that gives the highest performance. Selected
factors are open-circuit voltage VOC, short-circuit current ISC, global maximum power point
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voltage VGMPP, global maximum power point current IGMPP, power losses, and the number
of local maximum power points.

The mismatching power loss, PL % is given by:

Power loss, Pl % =
PMPP − PPSC

PMPP
× 100 (5)

where PMPP and PPSC are the maximum power point values without any shading and
with PS condition, respectively. As the PL value is less, the performance of the PV system
is higher.

The ratio of maximum power output to the input irradiance power is called the
efficiency η% and calculated by (7):

Efficiency, η % =
VMPP × IMPP

G × A
× 100 (6)

where G is the solar irradiance and A is the net array area. As the η value is higher, the
performance of the PV system is better.

To measure the difference between static SP and TCT a simple equation is used. It is
considered that static TCT is better than static SP by (KT %) defined as:

KT % =
PTCT − PSP

PTCT
× 100 (7)

Also, to measure the difference between static TCT and Reconfigurable TCT another
simple equation is used. It is considered that reconfigurable TCT is better than static TCT
by (KRT %) defined as:

KRT % =
PTCT max − PTCT

PTCT max
× 100 (8)

where PTCT max is the maximum power for the same number of shaded modules using
reconfigurable TCT technique

6. Simulation Results and Discussion

This section evaluates systems’ performance and shows the simulation results. The
diagram in Figure 5 demonstrates the research methodology. For every PS case, the results
are divided according to the number of shaded modules where the highest performance
data is bolded if any. The measured parameters are VOC, ISC, VGMPP, IGMPP, PGMPP, PL,
efficiency, and the number of local MPPs. The comparison for every case is between static
SP, static TCT, the dynamic change between them, and reconfigurable TCT.

The most important performance parameter in this comparative study is the global
maximum power of the PV system. For this reason, our discussion is fundamentally based
on the output power of the PV system under various shading patterns to evaluate different
connectivity configurations. The best connectivity configuration is the one that produces
the highest power under specific shading conditions for the same system. Although other
performance parameters are of less importance, they are fully reported in the tables of
Appendix A for the sake of completeness. In addition, the I-V and P-V characteristic
curves of the different systems under study are also included in Appendix A for full
characterization of the system.

6.1. Symmetrical Dimension Systems
6.1.1. System 2 × 2

System 2 × 2 consists of five possible cases, which can be classified into four sections
according to the number of shaded modules. Figure 6 explains the output power for all
system 2 × 2 cases. For one shaded module (case 1), TCT presents a better performance
(with 774.6 W output power) than that of SP (726.2 W). The same observation can be applied
when all the modules are shaded except one (as in case 5). Reconfigurable TCT cannot
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add new information as there are no multiple cases to choose from for the same number of
shaded modules.

Sustainability 2022, 14, x FOR PEER REVIEW 10 of 44 
 

 
Figure 5. Diagram explaining the research methodology. 

The most important performance parameter in this comparative study is the global 
maximum power of the PV system. For this reason, our discussion is fundamentally based 
on the output power of the PV system under various shading patterns to evaluate differ-
ent connectivity configurations. The best connectivity configuration is the one that pro-
duces the highest power under specific shading conditions for the same system. Although 
other performance parameters are of less importance, they are fully reported in the tables 
of Appendix A for the sake of completeness. In addition, the I-V and P-V characteristic 
curves of the different systems under study are also included in Appendix A for full char-
acterization of the system. 

6.1. Symmetrical Dimension Systems 
6.1.1. System 2 × 2 

System 2 × 2 consists of five possible cases, which can be classified into four sections 
according to the number of shaded modules. Figure 6 explains the output power for all 
system 2 × 2 cases. For one shaded module (case 1), TCT presents a better performance 
(with 774.6 W output power) than that of SP (726.2 W). The same observation can be ap-
plied when all the modules are shaded except one (as in case 5). Reconfigurable TCT can-
not add new information as there are no multiple cases to choose from for the same num-
ber of shaded modules. 

Figure 5. Diagram explaining the research methodology.
Sustainability 2022, 14, x FOR PEER REVIEW 11 of 44 
 

 
Figure 6. Bar chart of the output power for all 2 × 2 system cases. 

However, when two modules are shaded, there are three cases (Case 2, 3, and 4). In 
case 2, TCT has the same performance as SP (with 539.1 W output). Case 3 also has the 
same performance for SP and TCT (with 719.1 W output). In case 4, TCT (with 719.1 W) is 
better than SP (with 539.1 W). So, it is observed that dynamic change between SP and TCT 
is useful only for case 4 and cannot improve the performance in either case 2 or case 3. On 
the other hand, with reconfigurable TCT, the shade pattern can be changed from case 2 to 
case 3 or 4 with an improvement in output power by 25.09%. That ensures the best per-
formance for two shaded modules. 

In the case of static configuration, it is clear that the TCT configuration achieves better 
results in terms of the amount of power generated in three out of five possible cases, while 
it is equal to the SP configuration in only two cases. As a result, the dynamic switching 
between the two configurations does not introduce any advantage. 

In the case of TCT-reconfiguration, the amount of improvement in the resulting 
power is only in one case out of the five cases, with a noticeable increase in the amount of 
power and a single MPP in the I-V curve. Reconfigurable TCT reduces the number of 
maximum power points to the least possible value among all cases of TCT. Figure A1 
shows the I-V and P-V characteristic curves of the five cases, divided according to the 
number of shaded modules. The curves indicate the numbers and positions of local max-
imum power points as well as the position of the global maximum power point. VMPP of 
TCT in all cases (except case 2) is near to the VOC values. In contrast, with TCT reconfigu-
ration, the VMPP of all cases is kept near to the VOC values. Table A1 presents more details 
about the simulated results and of the performance parameters for various shading cases. 

6.1.2. System 3 × 3 
Practically, system 3 × 3 is more common than 2 × 2. System 3 × 3 has 32 possible 

shading cases, which can be divided into eight sections according to the number of shaded 
modules. The bar chart of the output power for different cases is shown in Figure 7. Again, 
for one shaded module (case 1), TCT presents a better performance (with 2067 W output 

200

300

400

500

600

700

800

900

1000

1100

1200

case 0 case 1 case 2 case 3 case 4 case 5

Ou
tp

ut
 p

ow
er

 (W
)

System 2 × 2 
SP TCT

No Shading (0) 1 2 3 

Figure 6. Bar chart of the output power for all 2 × 2 system cases.

However, when two modules are shaded, there are three cases (Case 2, 3, and 4). In
case 2, TCT has the same performance as SP (with 539.1 W output). Case 3 also has the
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same performance for SP and TCT (with 719.1 W output). In case 4, TCT (with 719.1 W)
is better than SP (with 539.1 W). So, it is observed that dynamic change between SP and
TCT is useful only for case 4 and cannot improve the performance in either case 2 or case 3.
On the other hand, with reconfigurable TCT, the shade pattern can be changed from case
2 to case 3 or 4 with an improvement in output power by 25.09%. That ensures the best
performance for two shaded modules.

In the case of static configuration, it is clear that the TCT configuration achieves better
results in terms of the amount of power generated in three out of five possible cases, while
it is equal to the SP configuration in only two cases. As a result, the dynamic switching
between the two configurations does not introduce any advantage.

In the case of TCT-reconfiguration, the amount of improvement in the resulting power
is only in one case out of the five cases, with a noticeable increase in the amount of power
and a single MPP in the I-V curve. Reconfigurable TCT reduces the number of maximum
power points to the least possible value among all cases of TCT. Figure A1 shows the I-V
and P-V characteristic curves of the five cases, divided according to the number of shaded
modules. The curves indicate the numbers and positions of local maximum power points as
well as the position of the global maximum power point. VMPP of TCT in all cases (except
case 2) is near to the VOC values. In contrast, with TCT reconfiguration, the VMPP of all
cases is kept near to the VOC values. Table A1 presents more details about the simulated
results and of the performance parameters for various shading cases.

6.1.2. System 3 × 3

Practically, system 3 × 3 is more common than 2 × 2. System 3 × 3 has 32 possible
shading cases, which can be divided into eight sections according to the number of shaded
modules. The bar chart of the output power for different cases is shown in Figure 7. Again,
for one shaded module (case 1), TCT presents a better performance (with 2067 W output
power) than SP (1914 W). The same conclusion can be drawn for case 32 with different
power levels. Thus, reconfigurable TCT cannot introduce any improvement for the first
and last cases. With two shaded modules (case 2, 3, and 4), the results are similar to that of
the 2 × 2 system. TCT reconfigurable ensures the best output power (with 1978 W) where
the dynamic change to SP improves case 2 (to 1674 instead of 1634). However, this does not
ensure the best performance for the two shaded module cases.

With three shaded modules, there are six possible cases (5 to 10). TCT reconfigurable
here has more effective results as it can choose from six different cases. It can change
from shade pattern in (case 5, 6, or 7) to give the highest possible power (of 1905 W). The
improvement ratios are 14.2%, 22.3%, 22.3% for the three cases, respectively. The same
result can be observed at the state of four shaded modules, but with smaller improvement
ratios (8.76%, 3.56%, and 3.56% for cases 11, 13, and 14, respectively).

For the rest shading states, symmetry is observed. The states of five, six, seven, and
eight shaded modules are similar to four, three, two, and one shaded modules, respectively.
This is due to the symmetric dimension of the system.

It can be inferred from Figure 7, that the TCT method is superior in 24 out of 32
possible cases, while it is equal to the SP method in only four cases. Consequently, in the
case of static configuration, SP configuration is not preferred, while the dynamic switching
between the two configurations improves only four cases by a small percentage in most
cases. The location of the same number of shaded modules significantly affects the system
performance. For this reason, reconfigurable TCT has a significant effect on the performance.
With the TCT reconfiguration technique, the performance is improved in 16 cases, which
represents 50% of all the possible cases, and the percentage of power improvement is
larger compared to the dynamic method. So, the TCT reconfiguration technique is highly
recommended. Five cases (4, 7, 14, 15, and 28) have significantly smaller VMPP in SP than
TCT, where only one case (27) has the opposite state. From Figure A2b, it is observed that
with TCT reconfiguration, case 3 may be the best replacement for the different shading
patterns with a good position of the global MPP. The same observation can be extracted
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from Figure A2a–e. The simulated results of different performance parameters are reported
in Table A2.
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Figure 7. Bar chart of the output power for all 3 × 3 system cases.

6.2. Asymmetrical Dimension Systems

They comprise the systems in which the number of rows does not equal the number of
columns, including systems 2 × 3, 2 × 4, and 2 × 5. Here, 11, 20, and 32 cases are presented
for systems 2 × 3, 2 × 4, and 2 × 5, respectively.

6.2.1. System 2 × 3

The 2 × 3 system is considered one of the simplest cases of asymmetric systems and is
characterized by 11 possible PS cases for one level of shading when comparing between
TCT and SP. Figure 8 shows the bar chart of the output power for all system shading cases.
When one module is shaded, TCT presents better output power by 5.3% than SP. The same
result is found in the case of shading five modules (TCT is 4.9% better than SP). At the state
of two shaded modules, TCT is better than SP in case 2 (with output power 6.61% higher)
and case 4 (with output power 28.78% higher). However, TCT gives the same performance
as SP in case 3. Reconfigurable TCT can change the shading pattern in case 3 to achieve
an output power of 1270 W with an improvement ratio of 23.74%. Three and four shaded
modules states are similar to the two shaded in the output performance but with a smaller
output power owing to the wider shaded area. There is also an exception in case 8 where SP
is better than TCT by a smaller ratio (0.5%). However, the optimum performance for four
shaded modules can be achieved with reconfigurable TCT as in cases 9 and 10. Thorough
simulation results of the performance parameters under various shading conditions can be
found in Table A3.

In summary, the TCT method is superior in 7 out of 11 possible cases, while it is equal
to the SP method in three cases. SP is outperformed in only one case by a very small
percentage. This shows that in the case of static configuration, TCT is highly preferred over
the SP configuration. The dynamic switching between the two configurations does not
introduce any significant effect. In the case of TCT-reconfiguration, it is noticed that the
performance improves in three cases, with a high percentage of power improvement. It
is interesting to note that TCT provides higher VMPP values almost in all cases than that
of the SP method. The I-V and P-V characteristic curves of the eleven cases are shown in
Figure A3, classified according to the number of shaded modules. From every figure (from
Figure A3a–e), representing a specific state, the best TCT, which is a used case for the TCT
reconfiguration, can be easily extracted along with the position of the MPP location.
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6.2.2. System 2 × 4

System 2 × 4 is characterized by 20 possible shading patterns for one shading level
when comparing TCT and SP. The simulated output power is demonstrated in Figure 9.
One, two, and three shaded modules states are similar in the general performance to those
of 2 × 3 systems with just different output power values. However, four shaded modules
states have six possible cases. TCT performance is equal to SP in two cases (8 and 11 with
1078 W) and TCT is better in the rest four cases (with 1146 W for cases 9 and 10 and 1439 W
for cases 12 and 13). This gives the reconfigurable TCT the ability to improve four cases to
give 1439 W with an improvement ratio of 20.36% (for cases 8 and 11) and 25.1% (for cases 9
and 10). Five, six, and seven shaded modules states are similar in the general performance
to three, two, and one shaded modules states, respectively. In addition, more improvement
ratios are remarkable when using reconfigurable TCT with 20.73% in case 14 and 30.38% in
case 17.

In conclusion, the TCT method is superior in 15 cases, while it is equal to the SP method
in four cases only. SP is better in only one case by a slight percentage. It is noticeable here
that TCT presents higher VMPP values in seven cases than SP, while the voltage values are
almost equal in the rest cases.

Again, in the static configuration, the SP method is not highly preferred when com-
pared to TCT, while the dynamic switching between the two configurations does not add
any significant effect. In the case of TCT-reconfiguration, the performance improves in
seven cases, with a significant percentage of power improvement. For complete charac-
terization of the performance parameters, one may refer to Table A4. The I-V and P-V
characteristic curves of the 20 cases are shown in Figure A4.

6.2.3. System 2 × 5

System 2 × 5 has 32 cases and can be classified into nine groups according to the
number of shaded modules. Figure 10 explains the output power for all 2 × 5 system cases.
The TCT method is better than SP in 23 cases with a ratio of output power improvement
between 4% and 31.36%. In contrast, SP is slightly better in only three cases 16, 20, and 26
with output-power improvement percent of 0.82%, 0.26%, and 0.65%, respectively. For the
remaining six cases, SP gives the same performance as TCT. Again, in the static configura-
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tion, the SP method is not preferred when compared to TCT, while the dynamic switching
between the two configurations does not give any significant performance change.
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Figure 10. Bar chart of the output power for all 2 × 5 system cases.

Reconfigurable TCT can give an output power better than TCT. The performance is
improved in seven states when using TCT-reconfiguration, with a noticeable percentage
of power improvement. It can improve one case, in each group of two, three, seven, and
eight shaded modules, with 10.38% in case 2, 16.31% in case 5, 25% in case 26, and 25.4% in
case 29, respectively. The improvement is more significant in the states of four, five, and six
shaded modules. In each of the three states, there are six possible cases. Half of them have
the highest possible power, where reconfigurable TCT can improve the other half to give
output power as the first half. The improvement ratio can be as large as 32.26% as in case 8.

Additionally, it is worth mentioning that the TCT introduces a higher VMPP value,
compared to that of SP, in a quarter of the possible cases, while it is almost equal in the rest
of the cases. Consequently, the TCT-reconfiguration method ensures the highest possible
VMPP value in all cases.

From the I-V and P-V characteristic curves of the 32 cases that are shown in Figure A5,
the best case for the TCT reconfiguration can be determined along with the location of the
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global MPP. Moreover, a comparison between the partial pattern and the unshaded case
may be conducted. The full simulated performance parameters are reported in Table A5.

7. Conclusions

The present study presents a performance investigation of small PV systems under
all possible shading patterns. Small systems are defined as those consisting of 10 modules
or fewer. There are five configurations that are most commonly used; two of which are
symmetrical (2 × 2 and 3 × 3) and three are asymmetrical (2 × 3, 2 × 4, and 2 × 5). The
main techniques of small static systems are SP and TCT.

All possible shading patterns, arising from a single shading level (300 W/m2) under
the two wiring techniques (SP and TCT), are studied. A new simplifying method is utilized
to reduce the number of cases to be studied. The proposed method reduces the probable
cases from 1862 to only 100 cases for the five systems. TCT configuration shows superiority
in most cases, which makes TCT configuration the best static configuration for small PV
systems. Some systems may follow the technique of dynamic switching between the (SP
and TCT) according to the PS pattern to choose the best one. However, by applying this
to small systems, it is notable that the amount of resultant improvement is slight or even
has no value such as a 2 × 2 system. Thus, the extra complexity associated with dynamic
switching does not compensate for the expected improvement.

The technique of TCT-reconfiguration (in which the shaded modules positions are
re-arranged in the array according to the PS pattern by changing the electrical connections)
is also tested to obtain the highest possible performance. Significant improvement is
observed in a large number of cases in all small PV systems. This improvement occurs
with the increase in the number of shaded units in half the system. The only drawback of
this method is the need for many connections. However, due to the limited size of these
systems, the required cable lengths are not long.

Hence, it is highly recommended to those who intend to develop their custom systems
not to adopt dynamic switching configuration, but to implement TCT-reconfiguration.
Furthermore, those who prefer to stick to static-configuration systems for their simplicity
should follow the configurations of static TCT. Table 3 summarizes the number of cases in
which TCT excelled in static configurations, in front of the number of cases that improved
when transitioning to the dynamic switching between the SP and TCT configurations. The
number of improved cases with TCT-reconfiguration techniques is also compared to the
static TCT.

Table 3. All possible numbers of improved cases according to the configuration.

Configuration\System 2 × 2 3 × 3 2 × 3 2 × 4 2 × 5

Static

TCT better 3 24 7 15 23

SP better 2 4 1 1 3

Equal 0 4 3 4 6

Dynamic better than static TCT by 0 4 1 1 3

TCT-Reconfiguration better than static TCT by 1 14 3 7 13

Total cases number 5 32 11 20 32
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Table A1. System 2 × 2 case studies and the resulted data.
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%
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V
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M
PP

IG
M

PP

P
G

M
PP

PL
%

Efficiency
%

N
um

ber
of

Local
M

PPs

0 0
0

89.4 16.7 70.2 15.7 1100 0.00 14.17 1 89.4 16.7 70.2 15.7 1100 0.00 14.17 1 0.00 0.000
0 0

1 1
1

88.5 16.7 71.3 10.2 726.2 33.98 9.36 2 88.5 16.7 73.9 10.5 774.6 29.58 9.98 2 6.25 0.000
1 0

2

2

2
87.3 16.7 34.4 15.7 539.1 50.99 6.95 2 87.3 16.7 34.4 15.7 539.1 50.99 6.95 2 0.00 25.090

1 1

3
1

87.7 10.8 70.6 10.2 719.7 34.57 9.27 1 87.7 10.8 70.6 10.2 719.7 34.57 9.27 1 0.00 0.001
2 0

4
1

87.3 16.7 34.4 15.7 539.1 50.99 6.95 2 87.7 10.8 70.6 10.2 719.7 34.57 9.27 1 25.09 0.001
1 1

5 3
2

86.3 10.8 35 10.2 356.1 67.63 4.59 2 86.5 10.8 76 4.85 369 66.45 4.75 2 3.50 0.001
2 1
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Table A2. System 3 × 3 case studies and the resulted data.
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N
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0 0

0

134.1 25 105.4 23.5 2476 0.00 14.18 1 134.1 25 105.4 23.5 2476 0.00 14.18 1 0.00 0.00
0
0

0 0 0

1 1

1

133.4 25 106.3 18 1914 22.70 10.96 2 133.5 25 110.7 18.7 2067 16.52 11.84 2 7.40 0.00
0
0

1 0 0

2

2

2

132.8 25 71.4 23.5 1674 32.39 9.59 2 132.9 25 69.6 23.5 1634 34.01 9.36 2 −2.45 17.39
0
0

1 1 0

3

1

132.9 25 106.1 18 1912 22.78 10.95 2 133 25 107.9 18.3 1978 20.11 11.33 2 3.34 0.00
1
0

2 0 0

4

1

132.8 25 71.4 23.5 1674 32.39 9.59 2 133 25 107.9 18.3 1978 20.11 11.33 2 15.37 0.00
1
0

1 1 0

5

3

132 25 96.6 23.5 1634 34.01 9.36 2 132 25 96.6 23.5 1634 34.01 9.36 2 0.00 14.23
0
0

1 1 1

6

2

132.1 25 108.2 12.5 1355 45.27 7.76 3 132.3 25 113.7 13 1481 40.19 8.48 3 8.51 22.26
1
0

2 1 0
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Table A2. Cont.
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7

3

2

132 25 96.6 23.5 1634 34.01 9.36 2 132.3 25 113.7 13 1481 40.19 8.48 3 −10.33 22.26
1
0

1 1 1

8

1

132.4 19.2 105.6 18 1905 23.06 10.91 1 132.4 19.2 105.6 18 1905 23.06 10.91 1 0.00 0.00
1
1

3 0 0

9

1

132.1 25 108.2 12.5 1355 45.27 7.76 3 132.4 19.2 105.6 18 1905 23.06 10.91 1 28.87 0.00
1
1

2 1 0

10

1

132 25 96.6 23.5 1634 34.01 9.36 2 132.4 19.2 105.6 18 1905 23.06 10.91 1 14.23 0.00
1
1

1 1 1

11

4

3

131.3 25 70.1 18 1263 48.99 7.23 3 131.5 25 72.1 18.5 1334 46.12 7.64 3 5.32 8.76
1
0

2 1 1

12

2

131.6 19.2 107.2 12.54 1345 45.68 7.70 2 131.8 19.2 112.3 13 1462 40.95 8.37 2 8.00 0.00
1
1

3 1 0

13

2

131.6 25 107.9 12.5 1353 45.36 7.75 2 131.7 25 110.2 12.8 1410 43.05 8.07 2 4.04 3.56
2
0

2 2 0
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Table A2. Cont.
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N
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14

2

131.3 25 70.1 18 1263 48.99 7.23 3 131.7 25 110.2 12.8 1410 43.05 8.07 2 10.43 3.56
2
0

1 2 1

15

2

131.3 25 70.1 18 1263 48.99 7.23 3 131.8 19.2 112.3 13 1462 40.95 8.37 2 13.61 0.00
1
1

1 1 2

16

1

131.6 25 107.9 12.5 1353 45.36 7.75 2 131.8 19.2 112.3 13 1462 40.95 8.37 2 7.46 0.00
2
1

2 2 0

17

5

3

130.7 25 71.6 12.5 897 63.77 5.14 3 130.8 25 74.3 12.9 959.4 61.25 5.49 3 6.50 31.08
2
0

2 2 1

18

2

131 19.2 107 12.6 1343 45.76 7.69 2 131.1 19.2 108.9 12.8 1392 43.78 7.97 2 3.52 0.00
2
1

3 2 0

19

2

130.7 25 71.6 12.5 897 63.77 5.14 3 131.1 19.2 108.9 12.8 1392 43.78 7.97 2 35.56 0.00
2
1

2 1 2

20

3

130.7 25 71.6 12.5 897 63.77 5.14 3 130.9 19.2 69.8 18 1257 49.23 7.20 2 28.64 9.70
1
1

2 1 2
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Table A2. Cont.
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21

2

130.8 19.2 70.1 18 1263 48.99 7.23 2 131.1 19.2 108.9 12.8 1392 43.78 7.97 2 9.27 0.00
1
2

3 1 1

22

3

130.8 19.2 70.1 18 1263 48.99 7.23 2 130.9 19.2 69.8 18 1257 49.23 7.20 2 −0.48 9.70
1
1

3 1 1

23

6

3

129.9 25 113.2 7.2 817.3 66.99 4.68 2 129.9 25 113.2 7.2 817.3 66.99 4.68 2 0.00 38.73
3
0

2 2 2

24

2

130.5 13.3 106.3 12.6 1334 46.12 7.64 1 130.5 13.3 106.3 12.6 1334 46.12 7.64 1 0.00 0.00
2
2

3 3 0

25

3

130 19.1 71.7 12.5 896.7 63.78 5.13 3 130.3 19.2 73 12.9 941.2 61.99 5.39 3 4.73 29.45
2
1

3 2 1

26

2

129.9 25 113.2 7.2 817.3 66.99 4.68 2 130.5 13.3 106.3 12.6 1334 46.12 7.64 1 38.73 0.00
2
2

2 2 2

27

3

129.9 25 113.2 7.2 817.3 66.99 4.68 2 130.3 19.2 73 12.9 941.2 61.99 5.39 3 13.16 29.45
2
1

2 2 2
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28

2

130 19.1 71.7 12.5 896.7 63.78 5.13 3 130.5 13.3 106.3 12.6 1334 46.12 7.64 1 32.78 0.00
2
2

3 2 1

29

7

3

129.3 19.2 111.1 7.2 759.2 69.34 4.35 2 129.3 19.2 112.3 7.2 811.2 67.24 4.65 2 6.41 7.92
3
1

3 2 2

30

3

129.4 13.3 71.7 12.5 896.4 63.80 5.13 2 129.6 13.3 70.2 12.6 880.8 64.43 5.04 2 −1.77 0.00
2
2

3 3 1

31

3

129.3 19.2 111.1 7.2 759.2 69.34 4.35 2 129.6 13.3 70.2 12.6 880.8 64.43 5.04 2 13.81 0.00
2
2

3 2 2

32 8

3

128.6 13.3 109.4 7.1 778.8 68.55 4.46 2 128.7 13.3 111.1 7.2 802.1 67.61 4.59 2 2.90 0.00
3
2

3 3 2
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Figure A2. (I-V) and (P-V) characteristic curves of the PV 3 × 3 system under different numbers of 
shaded modules as follow: (a) One shaded module, (b) Two shaded modules, (c) Three shaded 
modules, (d) Four shaded modules, (e) Five shaded modules, (f) Six shaded modules, (g) Seven 
shaded modules, and (h) Eight shaded modules.  

Figure A2. (I-V) and (P-V) characteristic curves of the PV 3 × 3 system under different numbers
of shaded modules as follow: (a) One shaded module, (b) Two shaded modules, (c) Three shaded
modules, (d) Four shaded modules, (e) Five shaded modules, (f) Six shaded modules, (g) Seven
shaded modules, and (h) Eight shaded modules.



Sustainability 2022, 14, 3681 27 of 45

Table A3. System 2 × 3 case studies and the resulted data.
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V
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M
PP
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%

Efficiency
%

N
um
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LocalM
PPs

0 0
0

89.4 25 70.2 23.5 1651 0.00 14.18 1 89.4 25 70.2 23.5 1651 0.00 14.18 1 0.00 0.000
0 0 0

1 1
1

88.8 25 70.8 18 1276 22.71 10.96 2 88.8 25 72.8 18.5 1347 18.41 11.57 2 5.27 0.000
1 0 0

2

2

2
88.1 25 72.2 12.5 904.5 45.22 7.77 2 88.8 25 75 12.9 968.5 41.34 8.32 2 6.61 23.740

1 1 0

3
1

88.3 19.2 70.4 18 1270 23.08 10.91 1 88.3 19.2 70.4 18 1270 23.08 10.91 1 0.00 0.001
2 0 0

4
1

88.1 25 72.2 15.5 904.5 45.22 7.77 2 88.3 19.2 70.4 18 1270 23.08 10.91 1 28.78 0.001
1 1 0

5

3

3
87.3 25 34.4 23.5 808.7 51.02 6.95 2 87.7 25 34.4 23.5 808.7 51.02 6.95 2 0.00 14.890

1 1 1

6
2

87.6 19.2 71.5 12.5 896.3 45.71 7.70 2 87.6 19.2 73.7 12.9 950.2 42.45 8.16 2 5.67 0.001
2 1 0

7
2

87.3 25 34.4 23.5 807.7 51.08 6.94 2 87.6 19.2 73.7 12.9 950.2 42.45 8.16 2 15.00 0.001
1 1 1

8
3

86.7 19.2 34.8 18 625.3 62.13 5.37 2 86.8 19.2 34.6 18 622.2 62.31 5.34 2 −0.50 30.061
2 1 1
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Table A3. Cont.
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9

4

2
87 13.3 70.9 12.6 889.6 46.12 7.64 1 87 13.3 70.9 12.6 889.6 46.12 7.64 1 0.00 0.002

2 2 0

10
2

86.7 19.2 34.8 18 625.3 62.13 5.37 2 87 13.3 70.9 12.6 889.6 46.12 7.64 2 29.71 0.002
2 1 1

11 5
3

86 13.3 73.3 7.1 521 68.44 4.48 2 86.1 13.3 75.3 7.3 548.1 66.80 4.71 2 4.94 0.002
2 2 1

Table A4. System 2 × 4 case studies and the resulted data.

C
ase

N
um

ber.

N
um

ber
of

Shaded
M

odules

Partial
Shading
Pattern

Series-Parallel Total-Cross-Tied

K
T %

K
R

T %

V
O

C

ISC

V
G

M
PP

IG
M

PP

P
G

M
PP

PL
%

Efficiency
%

N
um

ber
of

LocalM
PPs

V
O

C

ISC

V
G

M
PP

IG
M

PP

P
G

M
PP

PL
%

Efficiency
%

N
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0 0
0

89.4 33.3 70.2 31.4 2201 0.00 14.18 1 89.4 33.3 70.2 31.4 2201 0.00 14.18 1 0.00 0.000
0 0 0 0

1 1
1

89 33.3 70.6 25.9 1826 17.04 11.76 2 89 33.3 72.9 26.5 1913 13.08 12.32 2 4.55 0.000
1 0 0 0

2
2

88.5 33.3 71.3 20.4 1452 34.03 9.35 2 88.5 33.3 73.9 21 1549 29.62 9.98 2 6.26 14.890
1 1 0 0
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Table A4. Cont.
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%

N
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3

2

1
88.5 33.3 71.3 20.4 1452 34.03 9.35 2 88.6 27.5 70.4 25.9 1820 17.31 11.72 1 20.22 0.001

1 1 0 0

4
1

88.6 27.5 70.4 25.9 1820 17.31 11.72 1 88.6 27.5 70.4 25.9 1820 17.31 11.72 1 0.00 0.001
2 0 0 0

5

3

3
87.9 33.3 35.1 31.1 1097 50.16 7.07 2 88 33.3 75.5 15.3 1159 47.34 7.47 2 5.35 23.800

1 1 1 0

6
2

88 27.5 71 20.4 1446 34.30 9.32 2 88.2 27.5 72.7 20.9 1521 30.90 9.80 2 4.93 0.001
2 1 0 0

7
2

87.9 33.3 35.1 31.1 1097 50.16 7.07 2 88.2 27.5 72.7 20.9 1521 30.90 9.80 2 27.88 0.001
1 1 1 0

8
4

87.3 33.3 34.4 31.1 1078 51.02 6.94 2 87.3 33.3 34.4 31.1 1078 51.02 6.94 2 0.00 25.090
1 1 1 1

9

4

3
87.6 27.5 72.2 14.9 1075 51.16 6.93 2 87.6 27.5 74.7 15.3 1146 47.93 7.38 2 6.20 20.361

2 1 1 0

10
3

87.3 33.3 34.4 31.1 1078 51.02 6.94 2 87.6 27.5 74.7 15.3 1146 47.93 7.38 2 5.93 20.361
1 1 1 1

11
2

87.7 21.7 70.6 20.4 1439 34.62 9.27 1 87.7 21.7 70.6 20.4 1439 34.62 9.27 1 0.00 0.002
2 2 0 0
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Table A4. Cont.
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12
2

87.5 27.5 72.2 14.9 1075 51.16 6.93 2 87.7 21.7 70.6 20.4 1439 34.62 9.27 1 25.30 0.002
1 2 1 0

13
2

87.3 33.3 34.4 31.1 1078 51.02 6.94 2 87.7 21.7 70.6 20.4 1439 34.62 9.27 1 25.09 0.002
1 1 1 1

14

5

4
86.8 27.5 34.6 25.8 894.7 59.35 5.76 2 86.8 27.5 34.5 25.8 891.8 59.48 5.74 2 −0.33 20.731

2 1 1 1

15
3

87 21.7 71.6 14.9 1067 51.52 6.87 2 87.1 21.7 73.5 15.3 1125 48.89 7.25 2 5.16 0.002
2 2 1 0

16
3

86.8 27.5 34.6 25.8 894.7 59.35 5.76 2 87.1 21.7 73.5 15.3 1125 48.89 7.25 2 20.47 0.002
1 1 2 1

17

6

4
86.3 21.7 35 20.3 712.2 67.64 4.59 2 86.5 21.7 76 9.7 738 66.47 4.75 2 3.50 30.382

2 2 1 1

18
3

86.6 15.8 71 14.9 1060 51.84 6.83 1 86.6 15.8 71 14.9 1060 51.84 6.83 1 0.00 0.003
2 2 2 0

19
3

86.3 21.7 35 20.3 712.2 67.64 4.59 2 86.6 15.8 71 14.9 1060 51.84 6.83 1 32.81 0.003
1 2 2 1

20 7
4

85.5 15.8 72.9 9.5 690.8 68.61 4.45 2 85.9 15.8 74.9 9.7 726.1 67.01 4.68 2 4.86 0.003
2 2 2 1
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Table A5. System 2 × 5 case studies and the resulted data.
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V
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%

Efficiency
%

N
um
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LocalM
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0 0
0

89.4 41.6 70.2 39.2 2751 0.00 14.18 1 89.4 41.6 70.2 39.2 2751 0.00 14.18 1 0.00 0.000
0 0 0 0 0

1 1
1

89.4 41.6 70.5 33.7 2376 13.63 12.24 2 89 41.6 71.7 34.5 2475 10.03 12.76 2 4.00 0.000
1 0 0 0 0

2

2

2
88.6 41.6 71 28.2 2002 27.23 10.32 2 88.7 41.6 73.2 29 2124 22.79 10.95 2 5.74 10.380

1 1 0 0 0

3
1

88.6 41.6 71 28.2 2002 27.23 10.32 2 88.7 35.8 70.3 33.7 2370 13.85 12.21 1 15.53 0.001
1 1 0 0 0

4
1

88.7 35.8 70.3 33.7 2370 13.85 12.21 1 88.7 35.8 70.3 33.7 2370 13.85 12.21 1 0.00 0.001
2 0 0 0 0

5

3

3
88.3 41.6 71.8 22.7 1630 40.75 8.40 2 88.3 41.6 74.6 23.4 1745 36.57 8.99 2 6.59 16.310

1 1 1 0 0

6
2

88.4 35.8 70.7 28.2 1995 27.48 10.28 2 88.4 35.8 72.1 28.9 2085 24.21 10.75 2 4.32 0.001
2 1 0 0 0

7
2

88.3 41.6 71.8 22.7 1630 40.75 8.40 2 88.4 35.8 72.1 28.9 2085 24.21 10.75 2 21.82 0.001
1 1 1 0 0

8
4

87.8 41.6 34.9 39.1 1366 50.35 7.04 2 87.9 41.6 75.9 17.8 1348 51.00 6.95 2 −1.34 32.260
1 1 1 1 0
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9

4

3
87.9 35.8 71.4 22.7 1622 41.04 8.36 2 88 35.8 73.8 23.4 1725 37.30 8.89 2 5.97 13.321

2 1 1 0 0

10
3

87.8 41.6 34.9 39.1 1366 50.35 7.04 2 87.8 41.6 34.9 39.1 1366 50.35 7.04 2 0.00 31.361
1 1 1 1 0

11
2

88 30 70.5 28.2 1990 27.66 10.26 1 88 30 70.5 28.2 1990 27.66 10.26 1 0.00 0.002
2 2 0 0 0

12
2

87.9 35.8 71.4 22.7 1622 41.04 8.36 2 88 30 70.5 28.2 1990 27.66 10.26 1 18.49 0.002
1 2 1 0 0

13
2

87.8 41.6 34.9 39.1 1366 50.35 7.04 2 88 30 70.5 28.2 1990 27.66 10.26 1 31.36 0.002
1 1 1 1 0

14

5

5
87.3 41.6 34.3 39.2 1348 51.00 6.95 1 87.3 41.6 34.3 39.2 1348 51.00 6.95 1 0.00 20.430

1 1 1 1 1

15
4

87.4 35.8 72.8 17.2 1255 54.38 6.47 2 87.6 35.8 75.3 17.8 1337 51.40 6.89 2 6.13 21.071
2 1 1 1 0

16
4

87.3 41.6 34.3 39.2 1348 51.00 6.95 1 87.6 35.8 75.3 17.8 1337 51.40 6.89 2 −0.82 21.071
1 1 1 1 1

17
3

87.6 30 71.1 22.7 1616 41.26 8.33 2 87.7 30 72.6 23.3 1694 38.42 8.73 2 4.60 0.002
2 2 1 0 0
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18
3

87.4 35.8 72.8 17.2 1255 54.38 6.47 2 87.7 30 72.6 23.3 1694 38.42 8.73 2 25.91 0.002
1 1 2 1 0

19
3

87.3 41.6 34.3 39.2 1348 51.00 6.95 1 87.7 30 72.6 23.3 1694 38.42 8.73 2 20.43 0.002
1 1 1 1 1

20

6

5
86.9 35.8 34.6 33.7 1164 57.69 6.00 2 87 35.8 34.5 33.7 1161 57.80 5.98 2 −0.26 27.841

2 1 1 1 1

21
4

87.1 30 72.2 17.3 1245 54.74 6.42 2 87.2 30 74.5 17.8 1323 51.91 6.82 2 5.90 17.782
2 2 1 1 0

22
4

86.9 35.8 34.6 33.7 1164 57.69 6.00 2 87.2 30 74.5 17.8 1323 51.91 6.82 2 12.02 17.782
1 1 1 2 1

23
3

87.3 24.1 70.7 22.8 1609 41.51 8.29 1 87.3 24.1 70.7 22.8 1609 41.51 8.29 1 0.00 0.003
2 2 2 0 0

24
3

87.1 30 72.2 17.3 1245 54.74 6.42 2 87.3 24.1 70.7 22.8 1609 41.51 8.29 1 22.62 0.003
1 2 2 1 0

25
3

86.9 35.8 34.6 33.7 1164 57.69 6.00 2 87.3 24.1 70.7 22.8 1609 41.51 8.29 1 27.66 0.003
1 1 2 1 1

26
5

86.5 30 34.8 28.2 981.3 64.33 5.06 2 86.6 30 34.6 28.2 975 64.56 5.02 2 −0.65 25.002
2 2 1 1 1
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27

7

4
86.7 24.1 71.6 17.3 1237 55.03 6.37 2 86.8 24.1 73.4 17.7 1300 52.74 6.70 2 4.85 0.003

2 2 2 1 0

28
4

86.5 30 34.8 28.2 981.3 64.33 5.06 2 86.8 24.1 73.4 17.7 1300 52.74 6.70 2 24.52 0.003
1 1 2 2 1

29

8

5
86.1 24.1 73.6 11.9 872.6 68.28 4.50 2 86.2 24.1 75.6 12.1 917.5 66.65 4.73 2 4.89 25.413

2 2 2 1 1

30
4

86.4 18.3 71.2 17.3 1230 55.29 6.34 1 86.4 18.3 71.2 17.3 1230 55.29 6.34 1 0.00 0.004
2 2 2 2 0

31
4

86.1 24.1 73.6 11.9 872.6 68.28 4.50 2 86.4 18.3 71.2 17.3 1230 55.29 6.34 1 29.06 0.004
2 2 2 1 1

32 9
5

85.7 18.3 72.7 11.8 860.9 68.71 4.44 2 85.8 18.3 74.5 12.1 903.2 67.17 4.65 2 4.68 0.004
2 2 2 2 1
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Figure A3. (I-V) and (P-V) Characteristic curves of the PV 2 × 3 system under different numbers of 
shaded modules as follow: (a) One shaded module, (b) Two shaded modules, (c) Three shaded 
modules, (d) Four shaded modules, and (e) Five shaded modules.  

Figure A3. (I-V) and (P-V) Characteristic curves of the PV 2 × 3 system under different numbers
of shaded modules as follow: (a) One shaded module, (b) Two shaded modules, (c) Three shaded
modules, (d) Four shaded modules, and (e) Five shaded modules.
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Figure A4. (I-V) and (P-V) Characteristic curves of the PV 2 × 4 system under different numbers of 
shaded modules as follow: (a) One shaded module, (b) Two shaded modules, (c) Three shaded 
modules, (d) Four shaded modules, (e) Five shaded modules, (f) Six shaded modules, and (g) Seven 
shaded modules. 

Figure A4. (I-V) and (P-V) Characteristic curves of the PV 2 × 4 system under different numbers
of shaded modules as follow: (a) One shaded module, (b) Two shaded modules, (c) Three shaded
modules, (d) Four shaded modules, (e) Five shaded modules, (f) Six shaded modules, and (g) Seven
shaded modules.
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Figure A5. (I-V) and (P-V) characteristic curves of the PV 2 × 5 system under different numbers of 
shaded modules as follow: (a) One shaded module, (b) Two shaded modules, (c) Three shaded 
modules, (d) Four shaded modules, (e) Five shaded modules, (f) Six shaded modules, (g) Seven 
shaded modules, (h) Eight shaded modules, and (i) Nine shaded modules. 
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