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Te performance of distributed PV systems is often hindered by edge soiling, mainly due to the challenges associated with
centralized cleaning. In recent years, half-cell modules have gained popularity over conventional full-cell modules due to their
potential for improved performance. However, limited research has been conducted to compare the efects of edge soiling on full-
cell and half-cell modules, particularly in various mounting orientations. Furthermore, there is a scarcity of methods that integrate
simulation and experimentation to analyze the characteristics of shaded PV modules. Tis study aims to optimize module
selection and mounting orientation to mitigate the impact of edge soiling. Simulated models and experimental setups were
developed for both full-cell and half-cell modules in both landscape and portrait orientations. Te results reveal that the degree of
shading correlates with the ratio of shaded substrings within a module. In addition, module performance can be signifcantly
enhanced by altering the mounting orientation. Specifcally, the fndings demonstrate that half-cell modules outperform full-cell
modules when mounted in the portrait orientation. However, in the landscape orientation, the advantage of half-cell modules
diminishes. Remarkably, the choice of mounting orientation is found to be contingent on the severity of edge soiling for half-cell
modules. Tis work signifcantly contributes to the understanding of shading efects in PV systems and ofers practical guidance
for optimizing distributed PV systems against edge soiling.

1. Introduction

Te use of distributed energy resources is gaining popularity
as a complementary and alternative solution to conventional
central power stations [1, 2]. With advancements in pho-
tovoltaic (PV) technology, distributed PV systems for res-
idential buildings have become a prevailing trend, ofering
greater efciency (>20%) and various advantages, such as
easy local accommodation, minimal impact on the power
grid, and better utilization of ambient resources [3].

One of the primary considerations when establishing
a distributed PV system is the impact of shade on PV
modules [4]. Partial shading caused by chimneys, trees, or
accumulated dust can signifcantly impede PV output
performance [5, 6]. Specifcally, “soiling” means contami-
nation of module surfaces, and thus dust accumulation near

the edge of the PV modules is called “edge soiling.” Edge
soiling is infuenced by many factors, such as PV module tilt
angle, dust compositions and particle size distributions,
wind speeds, and relative humidity [5, 7–9]. In distributed
PV systems, edge soiling, often resulting from the lack of
centralized cleaning, poses a considerable challenge. Te
presence of edge soiling leads to inhomogeneous shading
and a sharp decline in PV module performance [10].

Shaded cells within a module become reverse biased,
acting as loads rather than electrical generators. Tis gen-
erates excessive heat, potentially causing irreversible damage
to the cells or modules [11, 12]. For a PV array, edge soiling
causes inhomogeneous solar irradiance, leading to an
electrical mismatch between the components, and aggra-
vating the power output [13–15]. Bypass diodes have been
introduced to mitigate the current mismatch between series

Hindawi
Journal of Engineering
Volume 2023, Article ID 5572523, 10 pages
https://doi.org/10.1155/2023/5572523

https://orcid.org/0009-0009-8626-4974
https://orcid.org/0000-0002-6157-3457
mailto:614365591@qq.com
mailto:jiangbingchun_2008@163.com
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1155/2023/5572523


[16]. However, they also bring multiple electrical power
output peaks in the power characteristic curves. Multiple
local peaks increase the difculty and complexity of system
design to track the global peaks [17, 18].

New PV modules such as half-cell modules emerging
within a few years begin to occupy the market. Half-cell
modules are believed to have less electrical resistance and
light losses compared with full-cell modules, resulting in
improved module efciencies [19, 20]. Half-cell modules
also exhibit diferent shading responses [21]. However, re-
search on the efects of edge soiling on both full-cell and half-
cell modules simultaneously have been limited. In addition,
the fundamental characterization of PV modules under edge
soiling is lacking, leading to ambiguous analyses of bypass
diode working principles and other electrical parameters.
Moreover, the combination of simulation and experimen-
tation to study the comparison between full-/half-cell
modules under edge soiling remains scarce, hindering
practical applications.

In this work, we optimize the practical mounting ori-
entations by analyzing the edge soiling efects on the full-/
half-cell modules. As shown in Figure 1, four typical soiling
patterns are designed. First, we demonstrate the method to
create the soiling patterns in Simulink to theoretically
predict the module characteristics under edge soiling
models.With simulation results, corresponding experiments
are conducted under the standard testing condition (STC)
with available commercial PV modules. According to
contrasting performance of full-cell and half-cell modules
under diferent shading conditions, it can be hypothesized
that the choice of module type and mounting orientation
should be tailored to the specifc shading characteristics of
the installation site to maximize energy generation. Tis
work ofers an important opportunity to advance the un-
derstanding of the essence of edge soiling efects and dif-
ferent responses of full-cell and half-cell modules. It also
provides insightful models to investigate PV modules and
practical guidance for selecting suitable PV module types for
distributed PV systems.

2. Methodology

In our study, we investigated two types of commercial PV
modules: the full-cell module and the half-cell module. Te
full-cell module consists of 60 solar cells connected in series
(Figure 2(a)). To prevent hotspots and signifcant power loss,
these cells are divided into three substrings, each equipped
with a bypass diode (Figure 2(a)). In contrast, the half-cell
module contains 120 halved cells, with 60 cells arranged in
series for each part (Figure 2(b)). Te two parts are then
connected in parallel to the terminals, which are situated

along the middle and parallel to the width of the module.
Tis interconnection arrangement results in six substrings
formed by three bypass diodes (Figure 2(b)). By using these
interconnection designs, both module types aim to optimize
performance and reduce the impact of shading on PV
output.

Figures 2(c) and 2(d) illustrate the characteristic
curves of both modules under the standard testing condi-
tion. Table 1 presents the comprehensive electrical param-
eters employed for the simulations. Notably, the full-cell
module exhibits an efciency of 19.2%, while the half-cell
module achieves a slightly higher efciency of 20.3%. Tese
results suggest that both modules perform comparably
under unshaded conditions.

A bypass diode is typically connected in parallel to
a solar cell or substring, albeit with reversed polarity.
During normal operation, each solar cell becomes forward
biased, rendering the bypass diode efectively reverse bi-
ased, thus behaving as an open circuit. Nevertheless, when
a solar cell experiences reverse bias due to a disparity in
short-circuit current among multiple series-connected
cells, the bypass diode becomes conductive. Tis conduc-
tive state allows the current generated by the unafected
solar cells to fow within the external circuit rather than
causing forward bias in each of the unafected cells. A more
comprehensive illustration is shown by Figures 2(e) and
2(f ), where the I-V curves of the shaded cell, other normal
cells and the combined substring are depicted. As a channel
for excessive current, the bypass diode avoids power loss
and heating by shaded cells.

A PV module can be seen as an interconnection of cells.
Before obtaining the module characteristics, we should
frstly introduce the mathematical model of a single solar
cell. A solar cell is electrically equivalent to a diode with
a photocurrent source (Iph), a series resistor (Rs), and
a shunt resistor (Rsh) [22], which can be expressed as
follows:

Photocurrent Iph: Iph � Isc + ki · (T − 298)  ·
G

1000
, (1)

Saturation current I0: I0 � Irs ·
T

Tn

 

3

· exp
q · Eg0 · 1/Tn − 1/T( 

n · K
 ,
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Figure 1: Flowchart of the contents.
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Figure 2: Schematics and characteristic curves of the standard 60-full-cell module and 120-half-cell module. (a, b) Schematic views of the
full-cell and half-cell modules in portrait mounting orientation, respectively. Each module contains three black dots, which represent the
bypass diodes strategically positioned to divide the cells into three (full-cell module) or six (half-cell module) relatively independent
substrings, as indicated by the green dotted boxes. Te orange arrows indicate the current directions and the polarity of each cell within the
modules. (c, d) Characteristic curves of the 60-full-cell module and the 120-half-cell module, respectively. Te solid line represents ex-
perimental results while the dots represent simulated results. (e, f ) Te I-V curves of a substring with (e)/without (f ) a bypass diode for the
shaded cell. All line charts in this paper are edited by Origin.
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Reverse saturation current Irs: Irs �
Isc

exp q · Voc/n · K · T(  − 1
, (3)

Current through shunt resistor Ish: Ish �
V + I · Rs

Rsh
, (4)

Output current I: I � Iph − I0 · exp
q · V + I · Rs( 

n · K · T
  − 1  − Ish, (5)

where Isc (A) is the short-circuit current under the STC; ki
(0.0032) is the attenuation coefcient; T (K) is the tem-
perature of the cell; Tn (298K) is the nominal temperature;G
(W·m−2) is the incident solar irradiance; q (1.6e− 19°C) is an
electron’s charge; Voc (V) is the open-circuit voltage; n (1∼2)
is the diode ideality factor; K (1.38e10− 23 J·K−1) is Boltz-
mann’s constant; Eg0 (eV) is the band gap for semi-
conductors; and V (V) is the output voltage.

Te forward biased I–V curve for solar cells uses the one-
diode model defned in equation (5) while the reverse-biased
I–V curve is simulated by using the Bishop model expressed
in the following equation [23]:

I � Iph − I0 · exp
q · V + I · Rs( 

n · K · T
  − 1 

− Ish 1 + α 1 −
V + I · Rs

Vbr
  ,

(6)

where Vbr (V) is the junction breakdown voltage.
In Simulink, we build submodels for every equation and

then encapsulate them together to a whole module/unit (to
distinguish the theoretical modules from real PV modules,
we use “unit” to represent the encapsulated equations (1)–(5)
in Simulink). As shown in Figure 3, the exemplar model for
the half-cell module consists of six units, which corresponds
to the number of the module’s substrings (Figure 1(b)). Each
unit is composed of 20 series halved cells and is independent
of each other as the input irradiance and temperature can be
set up separately. Tree bypass diodes and one series diode
are also introduced to simulate the electrical interconnection
of cells in a PV module. Similarly, the model for the full-cell
module consists of three units (half of that of the half-cell
model), three bypass diodes and one series diode. Each unit
is composed of 20 series full cells.

To simulate the edge soiling, we can change the irra-
diance proportionally to the shaded area while keeping the
temperature at 25°C to draw standard characteristic curves.

Assuming that the incident irradiance on the shaded area
(As) is 0, the relation between Iph and As can be expressed as
follows:

Iph � 1 −
As

A
 Iph0, (7)

where A is the efcient light absorption area of a cell and Iph0
is the unshaded photocurrent at 25°C.

According to equation (1), we can also build the relation
between Iph and input irradiance Gi as follows:

Iph �
Gi

G0
Iph0, (8)

where G0 represents the AM1.5 reference solar spectra,
namely, 1000W·m−1. Hence, the relation between Gi and As
can be formulated as follows:

Gi � 1 −
As

A
 G0, (9)

which means Gi is the remaining irradiance received by the
shaded cells.

Indeed, it is important to acknowledge that the simulated
model used in our study involves signifcant simplifcations,
particularly in making the irradiation homogeneous for cells
within one substring. In addition, we neglect the current
mismatch within substrings by considering them as units.
Specifcally, when shaded cells in a substring suppress other
cells’ currents, it can lead to the occurrence of hotspots.
However, if all cells within the substring are equally shaded,
no hotspot will occur, and the characteristic curves for both
cases should be identical (provided they are measured under

Table 1: Electrical parameters of commercial PV modules in this work.

Parameters Notation Unit
Value

Full-cell Half-cell
Open-circuit voltage Voc V 40.72 41.12
Short-circuit current Isc A 10.04 10.37
Voltage at MPP Vmax V 33.26 33.99
Current at MPP Imax A 9.52 9.85
MPP Pmax W 316.75 334.98
Fill factor FF % 77.50 78.53
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the same temperature). Tis theoretical simplifcation is
appropriate for studying the efects of edge soiling as dis-
cussed in our work and is applicable to most practical
scenarios as well.

Te standard testing conditions (STC) include ambient
temperature (25°C), solar irradiance (ASTM G173-03 ref-
erence spectra [24]), and wind speed (0m·s−1). In this work,
the PASAN HighLIGHTsystem (Figure 4) by Meyer Burger
is introduced to obtain characteristics and electrical pa-
rameters under STC.

As the light source, the lightbox has two lamps with
shading sheets and spectral flters. Te shading sheets ensure
the light is evenly illuminated on the PV modules. Te
spectral flters can simulate the AM1.5 solar spectra. Te
generator contains capacitors which are used to adjust the
light intensity on the surface of the PV module.

Te monitoring battery is connected to the generator at
one end and the electronic load at the other. On the one
hand, the monitoring battery monitors the irradiance of the
module surface, as well as the ambient temperature. Ten, it
feeds the temperature data back to the electronic load which
can issue instructions to adjust the capacitor voltage. On the
other hand, the monitoring battery adjusts the target value of
the light intensity. Under the combined eforts, the light
intensity and the temperature are controlled to strictly meet
the standard requirements.
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Figure 3: Simulation model by Simulink for the half-cell module. Te half-cell module is composed of six units. Te frst and second three
units are connected in series, respectively and then connected in parallel with three bypass diodes. Te module is also connected to a series
diode, a capacitor, voltmeter, an ammeter, and other measuring units. Te small boxes with an arrow pointing to the unit are the input
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Figure 4: Schematic of the experimental setup. Te system is
mainly composed of a ministering battery, a lightbox, a generator,
an electronic load, and the computer. Tere is a DUT box between
the PV module and the electronic load. A programmable logic
controller (PLC) is used to control the system components to
maintain the testing conditions. We change the incident irradiation
for a certain unit to simulate shading conditions in the simulation
model while using opaque covers to shade a certain percentage of
cells in the experiment.
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Tere are four distinct soiling patterns corresponding to
the full-cell and half-cell modules in both landscape and
portrait orientations. In our simulation, we systematically
vary the irradiance of individual units within the module.
For modules in the landscape orientation, the irradiance of
each unit is successively reduced to 1000, 875, 750, 500, 250,
and 0W·m−2, respectively. Simultaneously, in the experi-
mental setup, we shade a row of cells at diferent percentages,
ranging from 0% (no shading) to 100% (full shading), as
depicted in Figures 5(a) and 5(b). Similarly, for modules in
the portrait orientation, we reduce the irradiance of three
units consecutively to the same values mentioned above
(1000, 875, 750, 500, 250, and 0W·m−2) through simulation.
Correspondingly, in the experimental setup, we shade an
entire row of cells at varying percentages, ranging from 0%
to 100%, as shown in Figures 5(c) and 5(d).

3. Results and Discussion

Solution to shading efects has always been a heated topic for
PV system, while most of the previous work concentrated on
the level of PV arrays by reconfguration. Comprehensive
theoretical and experimental studies have been reported on
diferent PV array confgurations [25–29]. Limited research
has studied on scale of PV modules [30–32]. For instance,
Jiadong Qian et al. studied the hotspot efect of half-cell
modules using parallel connected cell substrings in com-
parison with conventional full-cell modules according to the
evaluation of the maximum temperature [33]. Compared
with previous works, we focus on soiling efects and show
a signifcant impact of mounting orientation and cell in-
terconnection on module performance.

In the landscape orientation, both full-cell and half-cell
modules exhibit similar resistance to edge soiling, as shown
in Figure 6(a). Te characteristics of the modules directly
refect the shading efects, which can be analyzed from
a circuit perspective. As the shading ratio increases, the
module’s short-circuit current remains constant, while the
open-circuit voltage experiences a slight decrease. Te I-V
characteristic of the module follows a step-like curve due to
the activation of bypass diodes, and the P-V characteristic
displays two maximum power points (MPPs). When the I-V
characteristic follows a step-like curve and the P-V char-
acteristic features multiple MPPs, it indicates that the
substrings within the module are shaded to varying degrees.
Conversely, if the substrings are uniformly shaded, the
short-circuit current will decrease to, the short-circuit
current will decline to Isc � (1 − As/A) · Isc0 and the P-V
characteristic will have only one MPP.

If we neglect the voltage of bypass diodes, the output
current is approximately equal to the nominal short-circuit
current, Isc0 (∼10A) when the voltage climbs from 0 to 20V;
and the steady current illustrates the shunt function of
bypass diodes. When the voltage continues to increase, the
current begins to decline rapidly to I � (1 − As/A) · Isc0,
which means the substring of the shaded cells begins to
contribute output power and add its voltage to the module;

and the current no longer goes through the bypass diode of
the afected substring. As shown by the blue line (legend
“100%“) in Figure 6(a), the frst MPP is approximately equal
to 2/3 Pmax and the output current and power falls to zero at
2/3 Voc. Tis observation allows us to assume that the frst
MPP is primarily determined by the other unshaded sub-
strings, and the shaded substring has minimal impact on this
MPP. However, as the shading ratio increases from 0 to
100%, the secondMPP gradually declines to 0, indicating the
signifcant infuence of the shaded substring on the overall
module performance.

For the full-cell modules in the portrait orientation
(Figures 7(a) and 7(c)), we observe that the open-circuit
voltage experiences a slight decrease, while the short-circuit
current directly declines to Isc � (1 − As/A) · Isc0 directly
with the increase of the shading radio. Te P-V charac-
teristic exhibits only one maximum power point (MPP),
indicating that the bypass diodes are reverse biased. Tis
outcome arises because the edge soiling simultaneously
afects three substrings (Figure 5(c)). Moreover, there is no
current mismatch in the module circuit since the currents
in each substring are identical, owing to consistent shading
ratios for every substring. Analyzing the P-V characteristic
curve further reveals that the trend of the MPP with output
voltage closely resembles the Isc, which is proportionate to
(1 − As/A). When the shading ratio reaches 100%, the
module output falls to zero. According to Figures 6(a) and
6(c), when the full-cell modules are mounted with land-
scape orientation, the MPP reaches 2/3 Pmax even though
the bottom row is completely shaded; however, multiple
MPPs are still a problem waiting to be addressed by other
tracking technologies. When mounted with portrait ori-
entation, the MPP vanishes when the bottom row is
completely shaded; and it decreases more quickly with the
increase of shading ratio (Figures 7(a) and 7(c)). Te results
make the landscape orientation more advantageous for the
full-cell modules.

For the half-cell modules in the portrait orientation
(Figures 7(b) and 7(d)), the short-circuit current declines to
Isc � (1 − 0.5 · As/A) · Isc0 with the increase of the shading
radio. Interestingly, the MPP still reaches 1/2 of Pmax even
when the shading ratio is 100% (for the full-cell module,
MPP is 0). In other words, with portrait mounting orien-
tation, the half-cell module shows better performance than
the full-cell module against edge soiling. Te advantage
stems from the fact that the half-cell module has twice as
many independent substrings as the full-cell module. When
some substrings are shaded, the others continue to normally
work thanks to the bypass diodes and parallel in-
terconnection. Consequently, the impact of shading is
proportional to the ratio of shaded substrings over the
module. It is noteworthy that the landscape orientation is
not always superior to the portrait orientation for half-cell
modules, unlike the case with full-cell modules. Instead, the
performance in the portrait orientation surpasses that in the
landscape orientation when the shading ratio is less than
50% (Figures 6(b), 6(c), 7(b), and 7(c)).
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(a) (b)

(c) (d)

Figure 5: Schematics of edge soiling. Te deep blue squares represent the shaded cells while the light blue squares represent the unshaded
ones. (a, b) Edge soiling for the full-cell and half-cell modules in the landscape orientation, respectively. (c, d) Edge soiling for the full-cell
and half-cell modules in the portrait orientation, respectively.
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Figure 6: Edge soiling efects on the landscape-mounted modules. (a, c) Characteristic I-V and P-V curves for the full-cell modules under
edge soiling. (b, d) Characteristic I-V and P-V curves for the half-cell modules under edge soiling.
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Figure 7: Edge soiling efects on the portrait-mountedmodules. (a, c) Characteristic I-V and P-V curves for the full-cell modules under edge
soiling. (b, d) Characteristic I-V and P-V curves for the half-cell modules under edge soiling.
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4. Conclusion

Tis work provides a comprehensive investigation into the
edge soiling efects on both full-cell and half-cell modules.
Te simulation procedure involves the development of
a practical and straightforward model for both PV modules
using Simulink. In the experimental setup, we utilize the
PASAN HighLIGHT system to achieve the standard testing
condition andmeasure the shaded characteristics of both PV
modules in both landscape and portrait mounting orien-
tations. Both the simulated and experimental parts are
validated and replicable. By uncovering the distinctions
between full-cell and half-cell modules in diferent mounting
orientations, this research ofers valuable insights for de-
signing distributed PV systems to maximize efciency and
performance under varying shading conditions.

Notably, while the half-cell modules do not demonstrate
superiority over the full-cell modules in the landscape orien-
tation, they exhibit better resistance to edge soiling when
mounted in the portrait orientation.Te extent of edge soiling’s
infuence is directly proportional to the ratio of shaded sub-
strings within a module. For full-cell modules, the landscape
mounting orientation is preferred when considering edge
soiling, as the MPP reduces to 0 in the portrait orientation
when the bottom row is entirely shaded. In contrast, for half-
cell modules, the MPP with portrait orientation outperforms
the landscape orientation when the shading ratio is less than
50% (Table 2). Terefore, other factors such as available areas
and supporting structures should be considered during
practical installation to decide the optimal mounting orien-
tations for half-cell modules. Tese fndings contribute to the
advancement of PV technology and the promotion of sus-
tainable and reliable renewable energy systems for practical
applications. Although this work only discussed commercial
PV modules, more sophisticated interconnections of cells can
be designed to further improve the resilience of edge soiling.
Besides, other parameters such as local heating and irregular
shading can be included in future research.
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