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Abstract- Partial shadowing has a significant impact on a
solar system. It is implicitly assumed that the maximum power
of a partially shaded photovoltaic system constantly declines
as the shading heaviness increases since photovoltaic systems
work by using sun irradiance to produce electricity. The
literature has suggested that this might not be the case,
nevertheless. When a specific critical point is reached, the
maximum power of a partially shaded solar system under a set
design and partial shading pattern can be significantly less
susceptible to shading heaviness. In this essay, the effect of
partial shading is examined, as well as the crucial location
that lowers shading heaviness. In this study, solar modules are
connected in series to create a photovoltaic string. The study
of the P-V characteristic curve under various numbers of
shaded modules and shading heaviness implies that when the
irradiance of the shaded modules reaches a specific critical
point, the photovoltaic string becomes insusceptible to
shading heaviness. Depending on how many shaded modules
there are, the critical point may change. With regard to
various solar string diameters and the number of shadowed
modules in the photovoltaic string, the equation developed in
this study helps to identify the critical point.
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I. INTRODUCTION

Conventional electrical power generation based on
coal-fired power plants introduces carbon emissions which
cause air pollution to be released into the Earth’s atmosphere.
To tackle this problem, renewable energy is employed as an
alternative mode of electrical power generation. Among the
renewable energy options, photovoltaic solar power is getting
more and more popular nowadays due to its abundantly
available and inexhaustible nature [1-5]. The non-involvement
of mechanical or moving parts in a photovoltaic power system
also makes it more preferable than other renewable energy
options [6]. In 2016, around 75 GW of solar photovoltaic
capacity was installed worldwide, which is almost a 50%
growth from about 50 GW in 2015 [7,8]. The significant
growth in photovoltaic power systems promotes the popularity
of photovoltaic power system research among renewable
energy researchers.
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Photovoltaic modules or solar panels are the most fundamental
components in a photovoltaic power system which is used to
convert solar energy to electrical power [9-13]. When a
module is connected to a piece of measurement equipment, P-
V characteristics will be obtained as illustrated in Figure 1
[14]. The P-V characteristics demonstrate the electrical power
delivered by the photovoltaic module at different voltages.

In the presence of the P-V characteristics, the
maximum power of the photovoltaic module can be tracked.
For instance, the marked point in Figure 1.3shows the highest
point of the P-V characteristics, which represents the
maximum power delivered by the photovoltaic module[15].
The maximum power of the photovoltaic module is always
harvested from the photovoltaic module for -electricity
generation purposes [16]. Therefore, it is important to
determine the P-V characteristics of a photovoltaic module so
that the maximum power can be tracked and harvested from
the photovoltaic module.

P-V characteristics

Power (W)

Voltage (V)

Figure 1. P-V characteristics of a photovoltaic module.

In a photovoltaic system, multiple photovoltaic
modules are connected in series to form a photovoltaic string
to achieve a required voltage and power output. To achieve an
even higher power, these photovoltaic strings can be
connected in parallel to form a photovoltaic array [17,18], as
illustrated in Figure 2. In general, more than 1000 photovoltaic
modules are employed in a megawatt-scale photovoltaic
system to provide megawatts of electrical power production.
These photovoltaic modules cannot only be connected in
series as this will introduce an extremely high output voltage
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which makes it unfit for grid-connected inverters and energy
storage purposes. Therefore, parallel connection is employed,
as well as series connection, to connect these photovoltaic
modules. Usually, multiple photovoltaic strings are formed by
connecting multiple photovoltaic modules in series. These
photovoltaic strings are then connected in parallel to form the
photovoltaic array in the megawatts scale photovoltaic plant.
Similar to the photovoltaic module, the P-V characteristics of
a photovoltaic string/array need to be determined in order to
track and harvest the maximum power from the photovoltaic
string/array.

Photovoltaic string

— OO OGO

[] Photovoltaic Module
@

Photovoltaic Array

[] Photovoltaic Module
(b)
Figure 2. Photovoltaic system: (a) Photovoltaic string; (b)
Photovoltaic array.

During a uniform irradiance condition, the P-V
characteristics of a photovoltaic string exhibit one peak that
resembles the P-V characteristics in Figure 1. The peak acts as
the global peak which represents the maximum power of the
photovoltaic string [19,20]. When partial shading takes place,
multiple peaks appear on the P-V characteristics due to the use
of a bypass diode [21-23]. Figure 3 shows the P-V
characteristics of a photovoltaic string during a partial shading
condition. The highest peak is the global peak which
represents the maximum power of the photovoltaic string,
while the others are the local peaks [24,25].

Apparently, a photovoltaic system is highly
susceptible to partial shading [26—39]. During partial shading,
the maximum power of a photovoltaic system can drop
drastically, which significantly reduces the energy yield of the
photovoltaic system. However, the susceptibility of partial
shading to a photovoltaic system is not constant. The
susceptibility of partial shading to a photovoltaic system can
be varied due to the partial shading pattern and the connection
employed to connect the photovoltaic modules in the
photovoltaic system [26-29,32-38].
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Figure 3. P-V characteristics of photovoltaic string under
partial shading.

The experimental results in [26] suggested that under
an identical partial shading pattern, the maximum power of a
photovoltaic system should drop at a constant rate as the
shading heaviness increases, as illustrated in Figure 1.6a. It
means that under an identical partial shading pattern, a
partially shaded photovoltaic system is always susceptible to
the shading heaviness. This makes sense as the photovoltaic
system relies on the solar irradiance to generate electrical
power, and the maximum power of a partially shaded
photovoltaic system should be lower and lower as the shading
heaviness is getting heavier and heavier.

However, another phenomenon has been observed by
S. Silvestre et al. [39]. S. Silvestre et al. discovered that a
partially shaded photovoltaic system is not necessarily
susceptible to the shading heaviness. They discovered that
the maximum power of a partially shaded photovoltaic system
decreases as the shading heaviness increases, as presented by
the researchers in [26-38]. However, when the shading
heaviness reaches a certain critical point, the maximum power
remains unchanged even if the shading heaviness is getting
heavier and heavier from that critical point, as illustrated in
Figure 4 b. It means that the partially shaded photovoltaic
system can become insusceptible to shading heaviness when
the shading heaviness reaches a certain critical point. This
finding is inspiring because a partially shaded photovoltaic
system is commonly believed to always be susceptible to the
shading heaviness.

www.ijsart.com



IJSART - Volume 9 Issue 6 — JUNE 2023

Maximum Power Of Partially Shaded Photvoltaic
System Under A Fixed Partial Shading Pattern
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System Under A Fixed Partial Shading Pattern
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Figure 4. Maximum power of a partially shaded photovoltaic
system under a fixed partial shading pattern

(a) as suggested by the experimental results in [26];
(b) as suggested by the experimental results in [39].

It is obvious that lots of research has been conducted
on the impact of partial shading on the photovoltaic system
throughout the years [26-38]. However, none of it has
precisely presented the finding proposed in [39], which stated
that the maximum power of a partially shaded photovoltaic
system can become insusceptible to shading heaviness when
the shading heaviness reaches a certain critical point.
Therefore, it is a good area to further explore.

The finding proposed by [39] regarding the
critical point is  definitely inspiring. However, the
experiment setup used in their research is a photovoltaic
system that consists of nine photovoltaic modules only. They
did not consider cases where a photovoltaic system consists of
a greater number of photovoltaic modules. Besides that, the
partial shading pattern and shading heaviness applied in their
experiment are limited, which is insufficient to really conclude
their finding. According to their result, the critical point can
vary based on the number of shaded modules in the
photovoltaic system. Therefore, an equation to determine the
critical point for different numbers of shaded modules is
highly expected. However, they did not formulate an equation
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to determine the critical point. Furthermore, they did not
verify whether the critical point is also applicable to different
sized photovoltaic systems.

The aim of this research is to investigate the
susceptibility of the shading heaviness to a partially shaded
photovoltaic system and the critical point that decreases the
susceptibility of shading heaviness using a photovoltaic
system with a multiple number of photovoltaic modules and
various partial shading conditions. Besides that, an equation to
calculate the critical point is formulated in this research as
well. Furthermore, the critical point equation is also verified
with different sized photovoltaic systems.

With the increasingly environmental problems and
shortages of traditional fossil fuels, solar energy as clean and
renewable energy has attracted more and more attention.
Photovoltaic power generation which has advantages of
simplicity and convenience can directly convert solar energy
to electrical energy. Coupled with the advancement of
technology, such as improving conversion efficiency of solar
cells and reducing the cost of devices, photovoltaic power
generation is used more widely and has developed many
different forms, including grid-connected or utility-interactive
PV systems and stand-alone photovoltaic systems. But some
undesirable problems such as hot spot and islanding effect
occur correspondingly.

Hot spot occurs if the characteristics of solar cells
mismatch are shaded or faulty, which reduces the short current
of the shaded cell. Once the operating current of module or
system exceeds the short current of the affected cell, the cell is
forced into reverse bias and starts to consume the power
generated by unshaded cells, resulting in overheating[42].
When the temperature of the shaded cell rises highly enough,
the encapsulant, like EVA, will melt and the back sheet, like
TPT, will be broken down, even leading to fire [43]. In
general, bypass diodes are adopted to inhibit the shaded cell to
crack and reduce the formation of hot spot. And the necessary
parameters of bypass diodes and the number of cells in a string
protected by a diode are determined by the parameters of
normal cells [44].The typical group size is approximately 12—
24 cells per bypass diode. However, these principles neglect
whether or not the maximum heating power of the shaded cell
can meet the requirement. It is also shown that bypass diodes
are effective at preventing hot spot in short PV string lengths
but cannot satisfy the demands in typical panel string lengths
[45].
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Il. METHODOLOGY

A photovoltaic string consists of 4 photovoltaic
modules and is used to conduct the experiment in this
research. The photovoltaic modules have an open circuit
voltage of 21.6 V, short circuit current of 7.34 A ideality
factor of 1.5, and series resistance of 0 ohm. Temperature, T =
25°C is used for all the case studies in the experiment. Each
photovoltaic module in the photovoltaic string has one bypass
diode.

There are three experiment setups developed using
the photovoltaic string, including 1 modules shaded, 2
modules shaded and 3 modules shaded setups.

Table 1 shows all the conditions that applied to every
experimental setup. In the experiment, the P-V characteristics
of every experimental setup under all the applied conditions
are determined.

Tablel. Conditions applied to the experimental setups.

Conditions Unshaded Shaded Modules
Modules Irradiance
Irradiance (W/m2)
(W/m2)

1 1200 1000

2 1200 800

3 1200 600

4 1200 400

5 1200 200

6 1200 100

A photovoltaic array that consists of parallel
connected photovoltaic strings and is not used in this research.
This is because a photovoltaic system with a higher degree of
parallelism is less susceptible to partial shading [32]. Similar
statements are also suggested in [33-40], which address the
fact that a higher degree of parallelism in a photovoltaic
system can reduce the susceptibility of partial shading.
Therefore, a photovoltaic array that consists of parallelism is
not used in this research. Photovoltaic string that is in a series
connected configuration is used in this research.

The random partial shading patterns with multiple
shading heaviness are not used in this research. These partial
shading patterns occur due to an uneven cloud distribution. It
is more likely to be experienced by a megawatts scale
photovoltaic plant. The area of the coverage of the
photovoltaic string is not as big as a megawatts scale
photovoltaic system. Therefore, the random partial shading
patterns with multiple shading heaviness are not considered in
this research.
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There is not a standard rule for choosing the
photovoltaic system size to conduct the partial shading
experiment. The size can be chosen based on the designer and
researcher preferences. For instance, Hiren Patel and Vivek
Agarwal [26] chose photovoltaic arrays that consist of 300,
900, and 1000 photovoltaic modules; R. Ahmad et al. [29]
chose photovoltaic arrays that consist of 20 and 25
photovoltaic modules; S. Silvestre et al. [39] chose a
photovoltaic array consisting of nine photovoltaic modules,
and so on. Regardless of the chosen size of the photovoltaic
system, the experimental outcome should be applicable in
certain ways to a megawatts scale photovoltaic plant as tacitly
assumed among the researchers [26—39].

A photovoltaic string model is developed to carry out
the experiment. A solar cell block from the Sim Electronics
block set is used to develop the photovoltaic string model.
This method of modelling has been used by J. C. Teo et al. to
develop a photovoltaic string model [11]. They have
conducted practical measurements to validate the photovoltaic
string model in their research. Hence, it makes sense to use
this method to develop the photovoltaic string model for the
experiment.

The solar cell block is set to a five-parameter
configuration m which is defined in Equations (1) and (2),
where | is the output current, lpy is the photo-generated
current, lo is the diode saturation current, V is the output
voltage, Rs is the series resistance, Ns is the number of cells,
Vr is the junction thermal voltage, A is the ideality factor, k is
the Boltzman constant (1.3806503 x 10—23 J/K), T is the cell
temperature, and q is the electron charge (1.6021765 x 107"
C).

+iRg .
I= Iy —Iyexp (NH_ = 1)

@

7 O]

The short circuit current, open circuit voltage, series
resistance, and ideality factor of the solar cell block are set
according to the experiment requirements. To implement the
bypass diode, the diode block from the Simscape block set is
connected in antiparallel with the solar cell block, as shown in
Figure 6.
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Figure 5. Solar cell block with bypass diode.

Diode

The architecture in Figure 5 represents a photovoltaic
cell with a bypass diode. The architecture is duplicated to one
sets, and these one sets of architecture are then connected in
series to form a photovoltaic string model which consists of 4
photovoltaic modules that are required for the experiment. The
photovoltaic string model is made into a single block known
as PV string, as shown in Figure 6.
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Figure 6. Photovoltaic string model.

Figure 6 shows the entire photovoltaic string model
that was developed to carry out the experiment. The PV string
block is the model for the photovoltaic string. It has 4 inputs
which control the irradiance of every particular photovoltaic
module in the photovoltaic string. The Control Unit block sets
the unshaded modules irradiance, shaded modules irradiance,
and number of the shaded modules in the PV string based on
the parameter in the Unshaded Irr, Shaded Irr, and Shade
Module block, respectively.

During the simulations, the Controlled Current
Source block sweeps the output current of the photovoltaic
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string. The Voltage Sensor block measures the output voltage
of the photovoltaic string. The Product block multiplies the
output voltage and output current of the photovoltaic string to
obtain the output power of the photovoltaic string. The To
Workspace block sends the output power and output voltage
of the photovoltaic string to the MATLAB (R2014a,
MathWorks, Natick, MA, USA) workspace to plot the P-V
characteristics curve.

Basically, the developed photovoltaic string model
shown in Figure 6 is developed by cascading and extending
the photovoltaic string model proposed by J. C. Teo et al. [11].
It is common practice to develop a larger scale photovoltaic
system model by cascading and extending the validated small-
scale photovoltaic system model [26]. The larger scale model
that is developed by cascading and extending the validated
small-scale model should give appropriate results for analysis
purposes, as suggested by [26,39]. The method in [26] has also
been applied by another researcher [29] to conduct a partial
shading experiment.

The experiment can be conducted using the
photovoltaic string model shown in Figure 3.2. To conduct the
experiment for the three modules shaded setup, the Unshade
Irr block is set to 1200 while the Shaded Module block is set
to one. These settings configure the photovoltaic string to a
three modules shaded setup with the unshaded modules
irradiance fixed at 1200 W/m2. The Shade Irr block is set to
1000 to apply the condition 1 in Table 2 to the one modules
shaded setup. Simulation performed under these setting
generates the P-V characteristics of the one modules shaded
setup under condition 1. To obtain the P-V characteristics of
the one modules shaded setup under all the conditions in
Table2, 6 simulations are performed with the Shade Irr block
set to 100, 200, 400, , 600, 800 and 1000, respectively.

Similar procedures are applied to conduct the
experiment for the two modules shaded, and three modules
shaded setup. For instance, for the two modules shaded setup,
the Unshade Irr block is set to 1200 while the Shade Module
block is set to 1000 W/m2. These settings configure the
photovoltaic string to the two modules shaded setup with the
unshaded module irradiance fixed at 1000 W/m2. To obtain
the P-V characteristics of the two modules shaded setup under
all the conditions in Table3, 16simulations are performed with
the Shade Irr block set to 100, 200, 400, , 600, 800 and 1000,
respectively.

To conduct the experiment for the three modules
shaded setup, the Unshade Irr block is set to 1200 while the
Shade Modules block is set to 1000W/m2. The simulations are
performed with the Shade Irr block set to 100, 200, 400, 600,
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800 and 1000, respectively, to obtain the P-V characteristics of
the  three modules shaded setup under the Tables 3.2—
3.4show the parameters set in the model in Figure 6 to
conduct the experiment for the one modules shaded, two
modules shaded and three modules shaded setups.

Table 2. Parameters set in the model shown in Figure 6 to
conduct the experiment for the one modules shaded setup
with Parameter Set in Shade Module Block=1

Condition Parameter SetParameter
Applied to thelin Unshade Irr|Set in Shade
Experiment  [Block Irr Block
Setup

Condition 1 1200 1000
Condition 2 1200 800
Condition 3 1200 600
Condition 4 1200 400
Condition 5 1200 200
Condition 6 1200 100

Table 3. Parameters set in the model shown in Figure 6 to
conduct the experiment for the two modules shaded setup
Parameter Set in Shade Module Block=2

Condition Applied| Parameter Set in | Parameter
to the Experiment | Unshadelry Block | Set inShade
Setup Irr Block

Condition | TZ00 1000
Condition I T200 a00
Condition 3 T200 a00
Condition 4 TZ200 400
Condition 3 T200 200
Condition & T200 100

Table 4. Parameters set in the model shown in Figure 6 to
conduct the experiment for the three modules shaded setup
with Parameter Set in Shade Module Block=3

Condition Applied toParameter Set inParameter
the Experiment Setup {Unshade Irr| Set in Shade
Block Irr Block
Condition 1 1200 1000
Condition 2 1200 800
Condition 3 1200 600
Condition 4 1200 400
Condition 5 1200 200
Condition 6 1200 100

The experiment considers lots of partial shading
conditions, including lightly shaded, heavily shaded, a small
number of modules shaded, a big number of modules shaded,
and lots of shading heaviness conditions. These partial shading
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conditions pretty much cover all the possible partial shading
conditions that might be experienced by a photovoltaic string
at the site. Hence, the data collected in the experiment should
be sufficient to conclude the critical points of a photovoltaic
string, as well as to formulate the equation to determine the
critical points of a photovoltaic string. However, more
simulation work is required to conduct the experiment as it
involves a huge number of partial shading conditions.

1. RESULT

Figure 7 _shows the P-V characteristics of the one
modules shaded setup. Figure 4.1a represents the P-V
characteristics when the shaded modules irradiance is between
500 and 900 W/m2. Figure 4.1b illustrates the P-V
characteristics when the shaded modules irradiance is between
0 and 400 W/m2. Considering the one modules shaded setup
in Figure 7a, the higher voltage peak of the P-V characteristics
is higher than the lower voltage peak when the shaded module
irradiance is between 800 and 900 W/m2.

1200 T T T T

Higher Vgtage Peak
—— 1000Win? N\
— 80wt Lower voliage peak \
600w’ \
— aoowint
200Wi?
L

0 50 100 150 200 250
Votage(V)

Figure 7. P-V characteristics of the one modules shaded
setups: shaded modules irradiance is between 1000 and 100
W/m2;

Figure 8 shows the P-V characteristics of the two
modules shaded setup. Figure 8a represents the P-V
characteristics when the shaded modules irradiance is between
500 and 900 W/m2. Figure 8b illustrates the P-V
characteristics when the shaded modules irradiance is between
0 and 400 W/m2. Similar situations are observed in the two
modules shaded setup shown in Figure 8, where the higher
voltage peak acts as the global peak when the shaded modules
irradiance is above a certain level. The higher voltage peak
reduces as the shaded modules irradiance decreases.
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Figure 8. P-V characteristics of the two modules shaded
setups: shaded modules irradiance is between 1000 and 100
W/m2;

Figure 9 shows the P-V characteristics of the three
modules shaded setup. The similar situation that is observed in
the one and two modules shaded setups is also observed in the
three module shaded setups shown in Figures 9 . The higher
voltage peak acts as the global peak when the shaded modules
irradiance is above a certain level.
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Voltage(V)

Figure 9. P-V characteristics of the three modules shaded
setups: shaded modules irradiance is between 1000 and 100
W/m2

Tables 5- 8 are tabulated based on the data on the P-
V characteristics of Figures 7-9 which show the maximum
power and maximum power delivery voltage of all the
experimental setups under the applied conditions.

Table 5. Maximum powers of the one modules shaded setup
with Unshaded Module Irradiance (1000 W/m?)

Page | 53

ISSN [ONLINE]: 2395-1052

Unshaded shaded Maximum Delivery
Module Module Power (W) | Voltage
Irradiance Irradiance V)
(Wim2) (W/m2)

1200 1000 1055.8 174
1200 800 876.85 125
1200 600 876.84 125
1200 400 876.83 125
1200 200 876.82 125
1200 100 876.81 125

Table 6. Maximum powers of the two modules shaded setup
with Unshaded Module Irradiance (1000 W/m?)

Unshaded | shaded Maximum | Delivery
Module Module Power Voltage
Irradiance | Irradiance | (W) V)
(W/m2) (W/m2)

1200 1000 1025.6 171
1200 800 835.695 173
1200 600 633.548 176
1200 400 577.055 82.13
1200 200 577.038 82.13
1200 100 577.029 82.13

Table 7. Maximum powers of the Three modules shaded setup

with Unshaded Module Irradiance (1000 W/m?)

Unshaded | shaded Maximum | Delivery
Module Module Power Voltage
Irradiance | Irradiance | (W) V)
(W/m2) (W/m2)

1200 1000 1001.1 170.1
1200 800 806.898 170.2
1200 600 606.607 171.9
1200 400 403.088 171.8
1200 200 277.268 39.43
1200 100 277.255 39.43

By using the maximum powers and shaded modules
irradiance in Table 5, a graph such as that illustrated in Figure
10 can be plotted. It shows the relationship between the
maximum powers and the shaded modules irradiance of the
one modules shaded setup.
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Figure 10. Maximum power versus shaded modules
irradiance (one modules shaded).

Similar procedures are applied to Tables 6-7 to
obtain the relationship between the maximum powers and the
shaded modules irradiance for the 2 and 3 modules shaded
setups. Figure 11 shows the relationship between the shaded
modules irradiance and the maximum powers for all the
experimental setups.

- —— one shaded module | _|
—— wo shaded madule
,/ three shaded modie

100 20 30 ) 50 60 70 80 90 1000
‘Shaded Module Iradiance (W)

Figure 11. Maximum power versus shaded modules
irradiance (all experiment setups).

V. CONCLUSION

Photovoltaic systems are highly susceptible to partial
shading. The maximum power of a photovoltaic system can
reduce drastically when partial shading takes place. The
susceptibility of partial shading can vary based on the partial
shading patterns, shading heaviness, and the configuration
employed in connecting all the photovoltaic modules in the
photovoltaic system. Under a fixed configuration and partial
shading pattern, the maximum power of a partially shaded
photovoltaic system is tacitly assumed to decrease at a
constant rate as the shading heaviness increases. This tacit
assumption is proposed based on the functionality of a
photovoltaic system that relies on solar irradiance to generate
electrical power. However, some researchers discovered that
the maximum power under a fixed configuration and partial
shading pattern can be highly insusceptible to shading
heaviness when a certain critical point is met. Furthermore, the
critical point can vary based on the number of shaded modules
in a photovoltaic system. The novelty of this research includes
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the formulation of the equation to determine the critical point
that is applicable to different photovoltaic system sizes and
numbers of shaded modules in a photovoltaic system. Besides
that, the equation has been verified with different sized
photovoltaic systems as well. When 40% of photovoltaic
modules in the photovoltaic system are shaded under an
identical partial shading pattern, the maximum power drops by
approximately 16.27% for every 100 W/m2 drop in the shaded
module irradiance as the shaded modules irradiance lies
between 1000 and 600 W/m2. However, when the shaded
modules irradiance lies between 600 and 100 W/m2, the
maximum power drops only by 9.07% for every 100 W/m2
drop in the shaded module irradiance..
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