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Abstract: Solar photovoltaic (PV) generation suffers from multiple serious issues, for example
shading effects directly affect the performance of installed PV arrays. By studying these issues, it
can play a key role in improving the limitations and performance of PV panels. The study of PV
arrays under partial shading conditions is mentioned in many papers as a part of other studies and
as an independent phenomenon. Therefore, it is essential to improve these studies and update them
with new research and study this problem in detail to know how to limit the effects of partial
shading irradiance conditions on PV arrays performances, including economical aspects. This paper
proposes to study the effects of different partial shading irradiance conditions for a PV array in
various configurations. The analysis is proved in detail through the simulation of the proposed PV
array in the Matlab/Simulink environment. The obtained results show the performances of
interconnected PV arrays under different partial shading irradiance and temperature conditions,
including the solar array I-V and P-V characteristics. In addition, different PV array configurations
with and without bypass and blocking protection diodes improve and minimize the effect of partial
shading conditions and avoid the reductions in output power.

Keywords: photovoltaic (PV) arrays; solar power generation; partial shading; bypass diodes;
simulation; modeling

1. Introduction

Solar photovoltaic (PV) power is one of the main most important emerging renewable energy
sources [1]. The PV solar arrays absorb the sunlight and generate electricity into the power grids [2].
Various control techniques of PV systems [3] like the maximum power point tracking (MPPT) control
[4-12], solar tracker [13], power quality and reactive injection capability [14], anti-islanding [15-18],
and fault detection and diagnosis [19,20] are developed to support the solar power generation to
become more competitive. Electricity production from PV solar arrays depends very much on
environmental and weather conditions, such as solar radiation and ambient temperature [21-30].

The partial shading represents a condition when the PV solar arrays receive nonuniform solar
irradiance (unevenly distributed) [31,32]. Thus, the total or partial shading can be produced by the
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shadows of passing clouds, dust, trees, buildings (or nearby buildings), and by part of the system
itself (self-shading) [8,33]. The partial shading directly affects the performance of PV solar arrays [34],
causing significant power losses and can even lead to hot spot formation and module damage [35].
The PV systems use bypass diodes to prevent hotspot formation and heating and minimize the
energy deficiency because of partial shading [39,45] and blocking diodes to restrict the reverse flow
of electricity [39]. Bypass diodes protect the solar PV modules by redirecting the current when there
is negative voltage on a substring of solar PV cells, to avoid damage to individual solar PV cells
because of overcurrent [41,42].

However, bypass diodes have some limitations [40] and induce multiple local maximum power
points (LMPPs) in the output P-V characteristics of the solar PV arrays under partial shading
conditions [43-45] implying energy losses and low efficiency [44]. To improve the energy harvesting
during partial shading and mitigate its effects various reconfiguration strategies for PV solar arrays
are developed, like [32,36-55].

All these aspects of partial shading influence the economy of the PV power plants, especially in
the case of large PV solar arrays with a lot of PV solar panels. Most important PV economic
parameters involved are the total costs of installing PV systems, electricity price, and power energy
payback time [56-61].

The study of PV solar arrays under partial shading irradiance operating conditions is an
important topic in green power generation (electricity production from renewable energy sources).
There are many papers that analyze the effects of partial shading of PV arrays, like [62-70]. Earlier
studies with partial shading in real PV systems are presented as a part of another research or as a
separate phenomenon. Therefore, it is necessary to improve and update these studies with new
research through the detailed analysis of the effects of partial shading irradiance operating conditions
on performances of PV solar arrays, including the main economic aspects. At this moment, the
practical solution to avoid partial shading and attenuate its unwanted effects is using bypass and
blocking diodes.

To overcome these limitations and the main drawbacks of bypass diodes, this article introduces
the configurations of PV arrays with both bypass and blocking protection diodes to minimize the
effect of partial shading operating conditions, avoid the overheating and associated power losses,
and reduce the impact on the economics of solar PV power.

The main scope of this work is to enhance the performances, limit the effects, and protect at
partial shading solar irradiance operating conditions into the large, interconnected PV solar arrays or
PV solar power plants focusing on irradiance and temperature.

The paper aims to analyze the PV solar arrays under partial shading to maximize the energy
production, reduce power losses, and avoid overheating. The objective/goal of this paper is to
improve the performance of PV solar arrays under shading and limit its effects.

The main contribution of this paper is performance analysis of different system configurations
with and without protection diodes for solar PV systems considering solar irradiance and the ambient
temperature of solar PV modules under partial shading mode. The studied configurations are
evaluated and analyzed in different conditions and partial shading scenarios. Moreover, the impact
of the proposed configuration on the total system efficiency in terms of produced electric power is
also studied.

The main purpose of this paper is to study and analyze the effects of partial shading and PV
solar cell junction temperature in large solar PV arrays or interconnected solar PV power plants to
limit the power losses in the system in various configurations (system topologies) with and without
bypass and blocking protection diodes. The study of these issues can improve the PV solar arrays
operations in terms of power yield and even for the economic parameters.

The paper's main contribution can be the didactic approach to adding a valuable new
perspective in studying this subject through modeling and simulation of PV solar arrays under partial
shading in Matlab/Simulink. This analysis aims to prove which of these configurations with and
without bypass protection diodes is suitable for PV solar arrays in case of analysis depending on
environmental conditions like irradiance and temperature considering the partial shading operating
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conditions to choose the best choice when an analysis is wished about the energy maximization
produced by the PV solar arrays under partial shading depending on the irradiance and temperature.

The paper is organized as follows. Section 2 describes the analyzed PV solar array under
different partial shading irradiance conditions in various configurations with and without bypass
and blocking diodes. Section 3 presents and discusses the results and effects of partial shading
irradiance conditions in analyzed configurations of PV solar arrays with and without protection
diodes concerning the electrical power production in each case and scenario. Section 4 discusses and
interprets the results of suggested PV solar array configuration from the perspectives of existing
studies in literature. Finally, the main conclusions that can be extracted from this study are presented
in Section 5.

2. Materials and Methods

This section describes in detail the proposed simulation model of the studied PV solar array in
multiple configurations with or without bypass and blocking protection diodes under different
partial shading irradiance conditions. To allow replicating and building of the obtained results in this
paper, all Matlab/Simulink models, computer code to plot I-V and P-V characteristics of PV array
under partial shading irradiance and temperature variations, and simulation data associated with the
paper are available on IEEE DataPort in [71]. The proposed PV solar arrays are validated in the
Matlab/Simulink environment and the implemented model can be used to verify the obtained results
in real-time power hardware-in-the-loop (HIL) testing and simulations.

The PV solar arrays emulators are usually used for testing and reproducing the desired weather
conditions in laboratories in a controlled and repeatable manner instead of real PV panels [72]. Most
commercial PV emulators (with a single I-V characteristic at fixed solar irradiance and temperature
conditions) present limitations [73] and cannot reproduce the variation of I-V and P-V characteristics
parameters over the time in fast irradiance transitions [74], while the advanced PV solar arrays
emulators with dynamic partial shading capability are expensive [75]. Thereby, the implemented
model allows evaluating the behavior of proposed PV solar arrays under different partial shading
irradiance and temperature conditions without costly physical prototypes. Modeling of PV solar
panels and arrays and an implementation of a PV solar array simulator in Matlab/Simulink are
presented in [76].

In this paper, the operation of a PV solar array connected to a variable DC source with partial
shading is presented to prove the I-V and P-V comportment at maximum power point (MPP) under
such irradiance conditions involving different by-pass protection diodes configurations. The
implemented simulation setup is given in Figure 1.
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Figure 1. Diagram of 2.5-kW solar PV array installation under partial shading irradiance conditions.
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The PV solar array strings implement a home installation system of 6 x LG Electronics Inc.
LG400N2W-AS5 PV solar array modules connected in series and parallel (3x2) that can generate 2400
W of electric active power under standard test condition (STC) at 1000 W/m? solar irradiance and
25<C ambient temperature and 1.5 air mass (AM). The main electrical properties of a single PV solar
module under STC are given in Table 1. A LG NeON® 2 PV solar module is formed by 72 series-
connected solar cells [77].

The variable subsystem diagram of the studied PV solar array under system test is depicted in
Figure 2. The PV solar array is formed by 6 PV panels under various shading irradiance conditions.
Throughout the simulation only one subsystem is active, e.g., “Without Shading”, as depicted below.

Duﬁ DT:*' - s
‘N

Without Shading Shading and Bypass Protection Diodes
+A +A
- -a

Shading Without Protection Diodes Shading and Both Protection Diodes

Figure 2. Diagram of variant subsystems of 2.5-kW solar PV array during studied case studies.

The implementation of the studied PV solar array without shading for case study 1 is depicted

in Figure 3.
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Figure 3. Diagram of implemented subsystems of 2.5-kW PV solar array strings without shading (case
study 1).
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The implementation of the studied PV solar array with partial shading and without protection
diodes for case study 2 are depicted in Figure 4.

PV array with partial shading
and without protection diodes + D

Irradiance
(W/m2)

PV1

Irradiance
(W/m2)

Pv2

Irradiance
(W/m2)

PV3

Irradiance
(W/m2)

PV4

Irradiance
(W/m2)

PV5

Irradiance
(W/m2)

PV6

<>

Figure 4. Diagram of implemented subsystem of 2.5-kW PV solar array strings with partial shading
and without protection diodes (case study 2).

In Figure 5 are represented the implementation of the studied PV solar array with partial
shading and bypass protection diodes for case study 3.
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Figure 5. Diagram of implemented subsystem of 2.5-kW PV solar array strings with partial shading

and bypass protection diodes (case study 3).
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Finally, the implementation of the studied PV solar array strings with partial shading and both
bypass (on each PV solar module) and blocking protection diodes (on each series string of PV solar
modules) for case study 4 are depicted in Figure 6.
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Figure 6. Diagram of implemented subsystem of 2.5-kW PV solar array strings with partial shading
and both bypass and blocking protection diodes (case study 4).

Table 1. Electrical properties of LG Electronics Inc. LG400N2W-A5 PV solar module under STC.

Parameter Value
Maximum power (Pumuax) 400 W
MPP voltage (Vinpp) 40.6 V
MPP current (Impp) 9.86 A
Open circuit voltage (Vo) 493V
Short circuit current (Is) 10.47 A
Module efficiency (7) 19.3%
Power tolerance 3%

The I-V and P-V characteristics of the analyzed PV solar array under different irradiance and
temperatures are shown in Figure 7.

PV string P-V characteristic of studied solar PV array under partial shading operating conditions
are illustrated in Figure 8 [71]. At 1000 W/m? solar irradiance on all PV solar modules and 25<C
ambient temperature, the PV solar power system generates 2400 W electric power. Under partial
shading operation (obtained by reducing the solar irradiance on some PV solar modules), the PV
solar array produces 920 W electric power at 225 V PV string voltage. As can be seen from Figure 8,
on the PV curve characteristic, the system is working at a LMPP but not at the global maximum power
point (GMPP). At the GMPP point the PV solar array generates 1365 W at 168 V PV string voltage.

Global I-V and P-V characteristics of the entire studied 2.5-kW PV solar array under partial
shading irradiance conditions are exemplified in Figure 9. All these characteristic curves are
presented because it is especially important to know and better explain the real influence of the
variation of temperature and solar irradiance during exploitation of PV power system installations
machines during partial shading.

The implemented script and PV solar power plant model generates the current-voltage (I-V) and
power-voltage (P-V) characteristics of the studied PV solar power plant or module (PV solar array)
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under the partial shading irradiance condition. The I-V and P-V curves are especially important for
PV inverter design and to evaluate the effectiveness of the MPPT algorithm. Ideally, given the solar
irradiance level and PV solar panel temperature, the PV solar array always operated at peak power.
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Figure 7. -V and P-V characteristics of the studied 2.5-kW PV solar array: (a) PV solar array under
different irradiances; (b) PV solar array under different temperatures.
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Figure 9. Global I-V and P-V characteristics of studied solar PV array under partial shading.

3. Results

This section supplies the obtained simulation results, as well as their interpretation.

Analyzed case studies illustrate the performance of PV solar arrays under partial shading in
different configurations with and without bypass protection diodes. To evaluate whether the studied
PV solar array configurations are effective under partial shading irradiance conditions, the I-V and
P-V characteristic curves given by the studied configuration are presented in the following graphics
for each considered case study. All PV solar cells are similar, and the junction temperature is uniform

across the PV solar array.

3.1. Case 1: Without Shading

reprints202402.1038.v1

The simulation results in case study 1, without shading and without any bypass protection
diodes under uniform solar radiation and temperature are plotted in Figure 10.
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Figure 10. -V and P-V characteristics of studied PV solar array without shading under uniform

irradiance and temperature.
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3.2. Case 2: Partial Shading and Without Protection Diodes

In Figure 11, the simulation results in case 2 with partial shading and without protection diodes
and different solar radiation across the PV solar modules is presented. As can be seen from the
obtained simulation results in this case study, the maximum output power of the PV solar array is

significantly reduced.
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9 T T 1200
8t T=15°C
T=25°C 1000

7r T=35°C
& T=45°C »? 2
E6f T=55°C i 1800 3
.- " -
® 50 P @
1 P ©
z - 600
i e -2
’ g
= 3 ’ 400 %
O = a

21 7’ %

»” 200
1,7
e
'
0 . : 0
0 50 100 150

Voltage (V)

Figure 11. -V and P-V characteristics of studied PV solar array under shading and without protection
diodes and different solar radiation across the PV solar modules.

3.3. Case 3: Partial Shading and Only Bypass Diodes

Figure 12 illustrates the simulation results in case 3 with partial shading and only bypass diodes
and different solar radiation across the PV solar modules. There is an improvement in the PV solar
array maximum output power. From the obtained simulation results, multiple (three) LMPPs with
bypass diodes can be seen. This effect is especially important while evaluating the performance of
the MPPT control algorithms (in future studies).

Solar PV characteristics with only bypass diode
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Figure 12. I-V and P-V characteristics of studied PV solar array under shading and bypass protection
diodes and different solar radiation across the PV solar modules.
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Figure 12 reveals that all PV solar modules in the PV solar array strings generate electric power
close to the highest voltage (i.e., in the case of large resistive loads). In the middle voltage range, the
3rd solar PV module in the PV solar array string with the lowest radiation input is bypassed by the
diode. In this case study, in the lower voltage range (i.e., in the case of low resistance loads) only the
first PV solar module with the highest solar radiation input generates electrical power to the load,
while the remaining PV solar modules are bypassed.

3.4. Case 4: Partial Shading and Both Bypass and Blocking Protection Diodes

Figure 13 presents the simulated I-V and P-V characteristics of the studied PV solar array with
both bypass and blocking protection diodes under partial shading with different radiation across the
PV solar modules. As can be seen from Figure 13 and Table 2, in which are centralized the output
results, the partial shading reduces the voltage and maximum output power of the PV solar array
because of voltage drop across the blocking protection diode. In this case study, the power obtained
is higher than in case study 2 (Figure 11).

Solar PV characteristics with both bypass and blocking diode
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Figure 13. I-V and P-V characteristics of studied PV solar array under shading and both bypass and
blocking protection diodes and different solar radiation across the PV solar modules.

The above graphics have shown the shaded I-V and P-V characteristics curve of the studied PV
solar array with and without protection diodes. The output maximum power, MPP voltage, and MPP
current for each case scenario at 25<C solar cell junction temperature are listed in Table 2. It can be
concluded that the protecting diodes improve the output power of the PV solar arrays under partial
shading operating conditions, but the shaded -V and P-V characteristics have many LMPPs, as was
shown in Figure 12.

As a result, to extract the largest amount of energy from the PV solar arrays under partial
shading conditions and connecting them to electricity networks, it is needed a good MPPT algorithm
in the inverter control to follow the GMPP.

Table 2. Output maximum power, voltage, and current of the studied PV solar array under partial
shading conditions with and without protection diodes.

Output Parameters Case 1 Case 2 Case 3 Case 4
Maximum power (Pumax) 23972 W 1073.4 W 1181.6 W 1173 W
MPP voltage (Vinpp) 12192V 131.88 V 83.958 V 83.366 V

MPP current (Impp) 19.662 A 8.1393 A 14.074 A 14.071 A
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4. Discussion

This section discusses and interprets the findings and implications of obtained simulation results
from the context and perspective of earlier studies concerning partial shading of PV arrays from
literature and considered working assumptions.

Overall, the simulation results verified the efficiency of the proposed PV solar array
configurations under different solar irradiance temperatures in partial shading operating conditions,
which are the environmental key factors in electricity production from PV power systems.

The energy production from the PV solar arrays is the highest in the proposed configuration
with bypass and blocking protection diodes and which is higher than other existing configurations
applying into PV solar arrays under partial shading from existing studies in literature [32,36,45,49].
It results in high electricity production, which makes it suitable for implementation in large-scale PV
power plants. Moreover, compared to other configurations [48,64,70], the power losses are
significantly reduced. In general, any change in the solar irradiance that affects the power losses of
PV solar array can be found and electrically separated from the PV solar array with bypass and
blocking diodes.

The use of such a system can improve the yield of power and reduce the factor of production
cycle (the cost of production), or minimize the economic charges usually known in such classical
power systems.

5. Conclusions

In this paper, the behavior of PV solar arrays subjected to partial shading irradiance operating
conditions has been investigated. Several case studies were presented to cover the resulting behavior
and effects subject to different partial shading operating scenarios. It has been revealed that there are
some simple methods implemented with bypass and protection diodes by which the performance of
PV solar arrays under partial shading can be significantly enhanced. The proposed combined
configuration of PV solar arrays with bypass and blocking protection diodes has been shown to
minimize the effect of partial shading operating conditions, avoid the overheating and associated
power losses, and reduce the impact on the economics of solar PV power. Simulation results prove
the performances of PV solar arrays in proposed configuration with bypass and blocking protection
diodes under different partial shading solar irradiance and temperature operating conditions. Future
studies will involve the analysis and improvement of a complete grid-connected PV system under
partial shading by changing the MPPT control system of its inverter to follow the GMPP.
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