i?‘lg electronics

Article

Improving the Efficiency of Partially Shaded Photovoltaic
Modules without Bypass Diodes

Anas Al Tarabsheh 2*(, Muhammad Akmal 3*

check for

updates
Citation: Tarabsheh, A.A.;
Akmal, M.; Ghazal, M. Improving the
Efficiency of Partially Shaded
Photovoltaic Modules without
Bypass Diodes. Electronics 2021, 10,
1046. https://doi.org/10.3390/
electronics10091046

Academic Editor: Je-Hyeong Bahk

Received: 8 April 2021
Accepted: 24 April 2021
Published: 29 April 2021

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

and Mohammed Ghazal »*

Electrical, Computer and Biomedical Engineering Department, Abu Dhabi University, Abu Dhabi 59911,
United Arab Emirates

Electrical Engineering Department, Faculty of Engineering, The Hashemite University, Zarqa 13115, Jordan
Power, Electrical and Control Group, Department of Engineering and Mathematics,

Sheffield Hallam University, Sheffield S1 1WB, UK

*  Correspondence: anas.altarabsheh@adu.ac.ae (A.A.T.); M.Akmal@shu.ac.uk (M.A.);
mohammed.ghazal@adu.ac.ae (M.G.); Tel.: +971-501-5226 (A.A.T.)

Abstract: Photovoltaic (PV) modules comprise bypass diodes to limit hotspot formation. However,
they suffer from performance reduction in the presence of partial shading. This paper proposes
external circuitry to control the connection type (series/parallel) of the PV cells through a pair of
on/off switches resulting in three different operation modes. Mode 1 represents the typical 36 series-
connected cells, while mode 2 represents two parallel-connected strings, and mode 3 maximizes the
output current where the four strings are connected in parallel. The added values of the approach
are that (1) the output current of the PV module can be increased without the need for a buck-boost
converter and (2) the partial shading has less impact on the output power than the adoption of bypass
diodes. This work shows that simulating three monocrystalline PV modules (120 W, 200 W, and
241 W), consisting of 36, 60, and 72 series-connected cells, lose about 74% when one cell has 80%
shading in the absence of bypass diodes. The application of a bypass diode for each pair of strings in
the PV module improves this decrease to 61.89%, 40.66%, and 39.47%, respectively. According to
our proposed approach, this power loss can be significantly decreased to 19.59%, 50%, and 50.01%
for the three PV modules, respectively, representing more than a 42% improvement compared to
bypass diodes.
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1. Introduction

Recently, renewable energy resources have gained extreme attention because of en-
vironmental concerns. Of the renewable sources, photovoltaics (PVs) have received con-
siderable focus because of the development of their fabrication technologies. PV modules
consist of electrically interconnected PV cells. The modules are encapsulated to protect the
cells from environmental conditions (e.g., water vapor, water, and mechanical damage).
The PV modules can then be connected in series and/or parallel to supply the load demand.
It is a major advantage of PV modules that they can be considered highly modular, and by
proper scaling, and they can be expected to provide adequate power for a wide range
of loads [1]. The PV modules can be utilized for stand-alone and grid-tied systems to
produce an output power ranging from micro-watts to megawatts depending on their
applications, such as in communications, electric vehicles, solar homes, and satellites [2].
The technological development of photovoltaic (PV) cells is identified in [3] by analyzing all
the patents issued in the field of photovoltaics. PV modules have become safe and reliable
power supplies for a lifetime of 20 to 30 years. Their performance is typically rated in the
standard test conditions (STC) (i.e., T = 300 K, solar irradiance = 1 kW /m?, and Air Mass
1.5). The deviation between the real operating conditions and the STC ratings results in a
deviation in the expected PV performance. Some researchers have proposed the combined
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detection and diagnosis of degradation, open circuit, and partial shading where the PV
module’s current-voltage curve is an important index to characterize the performance of
PV modules [4-13].

The open-circuit voltage V. of the PV modules decreases linearly (and depends on the
temperature coefficient of V,) as the ambient temperature increases, while the short-circuit
current s increases linearly as the incident solar irradiance ¢ increases [14,15]. One of the
major challenges for PV modules is the partial shading, where the photo-generated current
of the shaded cell decreases compared to unshaded series-connected cells. Without the
bypass diode present, the shaded PV cells will be reverse-biased, resulting in potentially
damaging reverse breakdown voltage and hotspot failure. The impact of partial shading
is clear in the distortion of the current—voltage curve. PV modules are partially shaded
when the cells share non-uniform irradiance due to the passing of a cloud or surrounding
buildings and trees [16]. The partial shading can lead to the reduction of the PV module’s
maximum power point (MPP) and cause the formation of hotspots [17-21]. The effect
of shading is different, as the effect for monocrystalline modules is more noticeable than
for thin-film PV modules [20]. The monocrystalline modules show better performance
compared to the thin films and polycrystalline technologies. Therefore, this work focuses
on the monocrystalline PV modules. Adopting a bypass diode limits hotspot effects in
parallel with typical 18-24 series-connected PV cells to reduce the maximum reverse voltage
across the shaded PV cells and therefore increase the overall short-circuit current and the
open-circuit voltage [22-25]. Therefore, the bypass diodes have been widely utilized in PV
modules to maximize their output under partially shaded conditions [26,27].

The existing photovoltaic (PV) modules comprise series-connected cells where every
module is rated based on its DC output power under the standard test conditions (STC),
typically with a value of 100-320 W [28]. Figure 1 shows series and parallel combinations
of PV cells; typically, Ns = 36 and N =1 for the 120 W, N; = 60 and N, = 1 for the 200 W,
and N; =72 and Nj, = 1 for the 240 W PV modules.

Figure 1. PV module comprising N series-connected cells and N, parallel-connected strings.
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The PV module’s performance is extracted from its current—-voltage characteristics,
which can be expressed as a function of the PV cells’ parameters and their interconnections,
as in [29-31].

VIR, VIR,

N, N N,
I =N,|I = __F | -1 = _Fr ] 1
p|lo| exp Ifll'd% + Rp sc ()

where N is the number of series-connected cells and N, is the number of parallel-connected
strings. Iy is the reverse-saturation current, n;; is the ideality factor, and I is the short-
circuit current. The term %T is the thermal voltage and equals 259 mV at T = 300 K.
The parasitic resistances Rs and R, reduce the cell performance. The series resistance
Rs prescribes the electrical losses in the bulk of the semiconductor material and all its
metallic contacts in addition to the contact resistance between the semiconductor and the
contacts. The parallel resistance R, prescribes the leakage at the edge of the cell or any
extended defects through the pn-junction. Figure 2 shows the current and power—voltage
characteristics of a single PV cell and the corresponding PV module comprising identical
(same values of Vi , I , and Pyax) PV cells. The PV module’s open-circuit voltage, short-
circuit current and maximum power are N, V., Ny, Is, and N Nyp,Prax, respectively. An
important point to mention is that this study used one PV module. The same concept of
choosing parallel and series connections of PV modules can be applied on a larger scale,
which will be future work.
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Figure 2. Current and power characteristics of a PV cell and the corresponding module comprising
Nj series-connected cells and Np parallel-connected strings.

2. Methodology

The current-voltage characteristics at standard test conditions allow the parameters
of the PV module to be determined. In this work, we simulated typical PV modules
consisting of 36, 60, and 72 series-connected PV cells. Therefore, the cells” voltages were
additive, while the current depended on any possible shaded PV cells’ performance.
The current through the series-connected PV cells was the current capability of the lowest
current-delivering PV cell, as the weakest solar cell cannot support a higher current at a
common illumination level. Power available from higher performance cells was lost while
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trying to push current through the lower performing cells [32,33]. To vary/regulate the
output electrical parameters, switching buck-boost converters can be employed and can
transfer the harvested energy to storage [34]. In this work, no converters were used; these
were replaced by controllable switches as explained below. To simplify the concept, we
began with the 36-cell PV module and compared the performance of this typical module
in the presence of two bypass diodes with the same module’s performance following our
proposed method. In this work, we modified the existing junction box of a PV module by
implementing nine switches (labeled S4 Sp ... Sj) to control the PV cells’ interconnections,
as shown in Figure 3a. It was found in this work that some switches needed to be operated
simultaneously. Figure 3b replaces the notations of the switches to clarify the proposed
conceptas S;1 = S4 and S¢, S — Sp, S3 — Sp, and Sg, S4 — Sr Sg Sy and SI. Therefore,
we can claim that the nine switches were replaced with four different switches to maintain
the same operation at lower system complexity. The actual connections of the switches are
depicted in the same figure.

I,

—
S

Sc

Figure 3. Junction box and the corresponding actual connections of the proposed switches (a) by
implementing nine switches (labeled S 4, Sg , ... S1) and (b) by replacing them by only four switches
to maintain the same function.

When the switches S; and S, were closed, this mode was called “Mode 1”7, where
the 36 PV cells were connected in series. Mode 2 occurred when the switches S; and
S3 were closed and where the PV module was divided into two parallel strings, each
comprising 18 series-connected PV cells. To maximize the current more, Mode 3 was
selected where the switches S3 and S4 were closed, resulting in four parallel strings, each
comprising nine series-connected PV cells. Figure 4 shows the three different modes of
operations, where the voltage and the current could be scaled based on the load’s electrical
needs. A single PV module with variable output current is an alternative solution to
connecting several modules in parallel when a higher current is needed. The modes
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and their corresponding switches’ connections are summarized in Table 1. The typical PV
modules have their PV cells connected according to Mode 1. Since the typical modules have
all the PV cells connected in series, the overall module current is dominated by the shaded
cells. To overcome this scenario, Mode 2 and Mode 3 were chosen to create two and four
parallel strings, respectively, to protect the module from any possible hotspot formation.

(a) Mode 1

(b) Mode 2 () Mode 3

Figure 4. Different modes of operations for the proposed PV module, where the voltage and the current could be scaled
based on the load’s electrical needs.

Our proposed PV modules had the advantage of controlling the PV cells” internal
connections to vary the performance of the PV module. Eighty percent shading was applied
to one of the cells (Cy) to validate our proposed PV module’s potential. The cases were
carefully selected to start from normal system operation (without any shading) and apply
the given modes above to assess the PV modules’ operation when one cell was 80% shaded.

Table 1. Module characteristics at different modes.

Mode N Ny States of Switches Module Voltage Module Current

Mode 1 36 1 S1 and S are closed Highest Lowest
Mode 2 18 2 S1 and Sj are closed Moderate Moderate
Mode 3 9 4 S3 and Sy are closed Lowest Highest

Figure 5 depicts the cases used in this research. The analysis begins with the case
where the connections of the PV cells are according to Mode 1 (default), and no PV cell
is shaded. Figure 5b,c shows different cases for shading with and without the adoption
of bypass diodes to simulate the effect of shading. In Figure 5d,e, the two PV modes
of operation (mode 2 and mode 3) were applied to simulate the same shading effect to
compare the power losses.
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Figure 5. Five cases for the PV module (a) Conventional module without shading; (b) conventional
module with shading; (c) mode 1: the same cell is shaded in the presence of two bypass diodes;
(d) mode 2: the same cell is shaded without bypass diodes; (e) mode 3: the same cell is shaded
without bypass diodes.

3. Results and Discussion

The proposed PV modules in this article were modeled based on the switches’ states
that connected/disconnected the PV strings. Therefore, parallel and/or series strings could
be formed, resulting in a wide range of voltage and current values. When the strings
were connected in series, a higher voltage was achieved, while when they were connected
in parallel, a higher current was achieved. Using this technique, the current and the
voltage could be controlled to meet the load requirement. For each scenario of the string
connections, we tracked the current-voltage characteristics of the proposed PV modules
and compared their performance with the conventional modules with and without shading
effects. MATLAB Simulink® was used in this article to prove the concept of the proposed
model of the PV modules. From the current—voltage characteristics, the open-circuit
voltage, the short-circuit current, and the maximum-power point values were extracted.
The switches were controlled as explained in Table 1, and their instantaneous states are
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depicted in Figure 6. Passive switches were used in this work to mitigate the risk of
any circuit failure. In fact, the four switches could be simplified into two single-pole
double-throw (SPDT) switches. The switches 51 and S, complemented the corresponding
states of the switches S4 and S3, respectively. Therefore, S; and S4 could be combined
as one SPDT switch, while the switches S; and S4 could be combined as a second SPDT
switch. At each time slot, the states of the switches determined which cells were to be
connected. Figure 7 shows the complete model, consisting of 36 identical cells except cell
9, which was 80% shaded. The simulation of the PV module for the five cases is depicted
in Figure 8, which was done to extract the corresponding electrical parameters from the
current-voltage characteristics in every case. As a figure of merit to compare the power
losses due to shading, we assumed the power P,y case(s)) In case (a) as a reference for the
calculation power losses as follows:

Prax — Pmux,case(a)

P

max,case(a)

Ap = ()

Mode1l | Mode?2
(S, &S, ON)i (S, &S, ON)

T
]
I
]
]
I
0.5
ok

0.5
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Figure 6. States of the switches as explained in Table 1.
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Figure 7. Proposed model for the 36-cell PV module designed in MATLAB/Simulink.

1
th

Current 7 (A)
»n o

)
S

-25

L 3 Conventional, -
without shading

Mode 1 : -
Conventional,
Mode 2 with shading
Mode 3
5 10 15 20 25

Voltage V' (V)

Figure 8. Current-voltage characteristics for the PV module for the five cases in Figure 5.
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Table 2 depicts the calculations of Vi, I, and P,y for each of the five cases. It
shows that the PV modules generated a maximum power of 120.6 W/200.98 W /241.19 W
for the 36/60/72-cell modules, respectively. Shading one cell reduced the power to
30.69 W/51.44 W/61.82 W for the aforementioned modules, which could be increased
to 45.96 W/119.27 W /45.99 W, respectively with the help of bypass diodes. The output
power could be further improved by selecting mode 2, where the power was able to reach
73.41 W/139.21 W/167.03 W, which could further be increased by adopting mode 3. When
one of the cells was shaded, it was better to minimize the number of series-connected
cells to this shaded cell. This was accomplished in mode 2, where the given PV module
was divided into parallel strings, each with 18 (for the 36-cell modules), 20 (for the 60-cell
modules), or 24 (for the 72-cell modules) series-connected cells, while mode 3 connected
all the strings in parallel, each with 9, 10, or 12 series-connected cells, resulting in higher
current values.

Table 2. Electrical parameters of PV modules for five cases.

Voc Isc Pmax AP
Mode W) (A) (W) (%)
36/60/72 Cells 36/60/72 Cells 36/60/72 Cells 36/60/72 Cells
Conventional, 21.6/36/43.2 7.34/7.34/7.34 120.6/200.98/241.19 -
without shading
Conventional, 21.54/35.94/43.14 1.47/1.47/1.47 30.69/51.44/61.82 74.55/74.41/74.37
with shading

Mode 1 21.54/35.94/43.14 7.34/7.34/7.34 45.96/119.27/145.99 61.89/40.66/39.47
Mode 2 10.77/11.98/14.38 8.81/14.68/14.68 73.41/139.21/167.03 39.13/30.73/30.75
Mode 3 5.39/6/7.2 23.49/22.02/22.02 96.96/100.49/120.57 19.59/50/50.01

4. Conclusions

This work introduced a smart assembly for PV cells whose interconnections are
controlled by several switches inside a junction box located at the proposed PV modules’
back-side. The first advantage of the proposed PV modules over the existing modules is that
the output current and voltage can be varied without building a buck-boost converter circuit
or introducing other modules in parallel to increase the current. The new consideration in
this paper is that the partial shading effect of a PV cell has less impact on the PV module’s
electrical output power than the use of bypass diodes. This work showed that simulating
three monocrystalline PV modules (120 W, 200 W, and 241 W), consisting of 36, 60, and 72
series-connected cells resulted in a loss of about 74% when one cell has 80% shading in the
absence of bypass diodes. According to this research, this power loss can be significantly
decreased to 19.59%, 50%, and 50.01% for the three PV modules, respectively, representing
more than a 42% improvement compared to bypass diodes. This work proved the concept
of applying two SPDT switches to improve the efficiency of standard photovoltaic modules.
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