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Abstract: Extensive research on fault diagnosis is essential to detect various faults that occur to
different photovoltaic (PV) panels to keep PV systems operating at peak performance. Here, we
present an impact analysis of potential induced degradation (PID) on the current–voltage (I-V)
characteristics of crystalline silicon (c-Si) solar cells. The impact of parasitic resistances on solar cell
performance is highlighted and linked to fault and degradation. Furthermore, a Simulink model for
a single solar cell is proposed and used to estimate the I-V characteristics of a PID-affected PV cell
based on experimental results attributes. The measured data show that the fill factor (FF) drops by
approximately 13.7% from its initial value due to a decrease in shunt resistance (Rsh). Similarly, the
simulation results find that the fill factor degraded by approximately 12% from its initial value. The
slight increase in measured data could be due to series resistance effects which were assumed to be
zero in the simulated data. This study links simulation and experimental work to confirm the I-V
curve behavior of PID-affected PV cells, which could help to improve fault diagnosis methods.

Keywords: degradation; defects; fill factor; EL; energy; MATLAB/Simulink; parasitic resistance;
potential induced degradation; solar cell performance

1. Introduction

Solar photovoltaic systems (PVs) are expected to account for 710 GW of global cu-
mulative installations by the end of 2020, up from 635 GW in 2019 [1]. With such rapid
growth, the need for dependable monitoring and fault diagnosis systems has become a
real necessity to maintain PV system performance at peak output levels. PV systems are
subjected to numerous failures and degradations during their operational years, which are
caused by either ambient conditions [2] or system configuration error [3]. Certain types of
these faults go undetected for a portion of operational time, resulting in output power loss.
As a result, it is critical to understand fault behavior in greater detail to develop a more
realistic fault diagnosis system.

Visual inspection technique is utilized to identify PV module and system faults, such
as discoloration, browning, junction box failure, and delamination. Electroluminescence
(EL) and thermal imaging are also used to detect hidden cracks and hotspots [4]. Electrical
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inspection, such as illuminated/dark curve measurement, is another technique to identify
faults in PV modules and systems. Using electrical signatures to detect failures is more
advantageous and promising for diagnosing and monitoring PV systems [5,6]. Various
types of PV module faults were studied and analyzed using simulation work [7–9]. These
faults are specified for PV array systems, such as open-circuit, short-circuit, connection, and
shading faults, as well as aging faults to some extent. W. Chine et al. [10] developed a novel
fault diagnosis technique based on I-V characteristics to identify eight types of PV array
faults. The author compared simulation and measurement data of four series-connected
PV modules’ I-V characteristics. The results showed that the simulated and measured data
agreed well, with minor error ranges of 1.1–1.6%, 1.5–4.7%, 1.5–4.7%, and 1.1–3.8% for short
circuit current (Isc), maximum output current, open-circuit voltage (Voc), and maximum
output voltage, respectively.

Degradation faults are considered more difficult to define because they are related
to several factors and influence several electrical parameters, resulting in a serious mal-
function in the PV system or module. This refers to the deterioration of PV module
components/materials (glass, encapsulation, seals, etc.). For example, electromigration in
metal fingers of solar cells may cause an increase in the temperature of affected areas. As a
result, encapsulant material may deteriorate, causing delamination failure [11]. In addition,
potential induced degradation (PID) is one of the degradations that reduces output power
by more than 40% in less than a year due to the high leakage current caused by a high
voltage system [12]. Because there are no visible symptoms of PID defect in PV modules, it
is more difficult to detect it in the early stages and is detected only when degradation is
severe. Recently, researchers have begun to implement methods to detect PID failure in PV
systems at earlier stages [13]. PID is typically detected using various methods, such as mea-
suring shunt resistance [13,14], thermal or EL imaging [15,16], and measuring open-circuit
voltage at both ends of a PV string in low light conditions [17]. The mode of PID failure is
loss of fill factor which is associated with decreased shunt resistance when measuring the
IV curve and indicates PN junction deterioration by creating a parallel recombination path
within the cell [18]. SV Spataru et al. [19] proposed a fault identification method based on
light and dark IV characteristics to distinguish four types of degradation modes, including
PID. On the basis of light IV data at standard test conditions, they discovered that the
common losses associated with PID fault are maximum output current and fill factor (FF).

Our research will contribute to a better understanding of the I-V curve behavior
under fault conditions at the cell level and will aid in estimating the I-V curve behavior at
module and array levels. As previously stated, the majority of simulation work focuses on
general PV system faults such as short-circuiting or shading. Furthermore, there is a lack
of explanation about the root cause of degradations and parameters affected by specific
faults, resulting in only a high-level view of output power. As a result, the PID fault will
be investigated in this study. We analyzed the solar cell using real experimental work and
compared the results with MATLAB/Simulink model results. The comparison was based
on localized affected regions of the solar cell area to predict the performance deterioration
of a solar cell due to the presence of a PID fault.

2. Solar Cell Characteristics and Parasitic Resistance

The one-diode and double-diode models are commonly used to describe the electrical
properties of solar cells. However, the one-diode model is the one more commonly used
for greater accuracy and simplicity. Figure 1 depicts the main elements of this model, with
the corresponding characteristic equation represented by Equation (1).

I = IL − Io

[
exp

(
V + IRs

nVt

)
− 1

]
− V + IRs

Rsh
(1)

where IL stands for photogenerated current; Io stands for diode saturation current; Rsh
stands for shunt resistance; Rs stands for series resistance, diode ideality factor n; and Vt
stands for thermal voltage (KT/e), where T is the temperature, e is the electron charge, and
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k is the Boltzmann constant. These parameters represent the solar cell’s operation state,
and monitoring them provides information about electrical and mechanical mismatches.
As a result, for a healthy PV system, these parameters remain stable; however, any changes
in their values may indicate temporary failure or long-term degradation [20]. From the
standpoint of PV module failures and degradation, we will demonstrate the effects of series
and shunt resistances on solar cell performance, as well as the corresponding degradation
modes that are responsible for resistance value changes.
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Figure 1. One-diode model of Solar Cell.

2.1. Shunt Resistance

Shunts cause leakage current and are the local alternative paths of short-circuit current
in the solar cell, which is depicted as parallel resistance in the solar cell equivalent circuit
model [21–23]. Fill factor and open-circuit voltage are generally affected when shunt
resistance is reduced, resulting in a reduction in the overall maximum power of the solar
cell [24]. At the same time, the reliability of the cell itself or the module is affected due to the
heating caused by local shunting. Therefore, heating caused by local shunting compromises
the reliability of the cell or module. Shunt resistance can be reduced for a variety of reasons,
including impurities near the PN junction that can form during the manufacturing process.
Poor edge isolation, crystal defects [25], and solar cell cracks [4] are examples of these, as
they increase leakage current and thus shunt resistance. PID failure is another factor that
contributes to shunt resistance losses.

PID is considered major reliability trouble for PV modules. This type of degradation
happens in PV strings when PV modules are connected in series, which creates voltage
potential in the string. As a result, the PV modules will exhibit a potential difference of
1000 V to 1500 V between the cells and the frame [26]. As a result of this electric field,
sodium ions (Na+) contained in the glass start to migrate to the solar cell through the
encapsulant layer [12]. These Na+ create a leakage current upon reaching the cell’s surface
and deteriorate the PV module performance due to the reduced shunt resistance [27].

2.2. Series Resistance

In the design of a solar cell, the series resistance is a combination of resistances from
different layers. It is made up of four components: material bulk resistance, emitter
resistance, contact resistance, and metal resistance. Each of these areas can contribute to
the overall losses of series resistance. Manufacturing flaws that cause increased series
resistance are frequently inhomogeneously distributed across the solar cell plane. Imperfect
contact formation or problems during screen printing, for example, could arise during the
firing process [28]. Furthermore, the type and technology of metal used in the metallization
process of a solar cell may influence the series resistance value. According to Bahabry RR
et al., using NiSi/Cu metallization for rear contact of the c-Si solar cell reduces the value of
series resistance by 33.1% when compared with Ag–Al screen printed [29]. A summary
of the common defects that affect series resistance is provided in [30] for c-Si PV modules.
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These include broken interconnects, metallization corrosion, delamination, and failures of
solder bonds.

3. Methodology
3.1. Experimental and Characterization Procedure

A PID failure experiment was performed to investigate the shunting defects on a
156 mm × 156 mm commercial p-type c-Si solar cell to validate the simulation model
proposed in this paper. The sample structure is identical to the standard PV module which
is made up of two sets of 200 mm × 200 mm soda–lime glass, two sets of 0.43 mm thick
encapsulation ethylene-vinyl acetate (EVA) films, and a back-sheet. It is critical to note that
the PV module sample was not laminated during the experiment to avoid any difficulties
when extracting the solar cell after the PID stress test was completed.

The PID stress test was carried out following the International Electrotechnical Com-
mission (IEC) IEC 62804-1 standard test procedures. To ensure uniform distribution of
the voltage applied to the surface of the PV module sample, an aluminum plate with
conductive rubber was placed on top of the glass and connected to the power supply’s
positive terminal. The PV module’s positive and negative terminals were short-circuited
and connected to the power supply’s negative terminal, as shown in Figure 2. PID was pro-
voked by biasing of “−1000 V” concerning the modules glass frame in a climate chamber
at environmental conditions (85 ◦C/85% of RH) and a duration of 100 h.
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Figure 2. Schematic of PID test setup.

Sun-illuminated I-V measurement, electroluminescence imaging, and lock-in-thermal
(LIT) imaging were used to characterize the test sample before and after the PID stress
test. The solar cell’s electrical parameters, such as power, open-circuit voltage, short-circuit
current, fill factor, series resistance, and shunt resistance, were measured from the one
sun-illuminated I-V under the AM1.5 G condition. Moreover, the EL image was captured
in forwarding bias with a current of 40 mA/cm2 using the InGaAs camera (model: Xeva
1.7 320) at the resolution of 320 × 256 pixels with a 30 µm pixel pitch. LIT images were
captured by an InSb camera, cooled at approximately 200 K using a THEMOS-1100L system
(Hamamatsu Photonics K.K., Shizuoka, Japan).

3.2. Simulation Modeling

This work’s solar cell modeling is based on a single solar cell divided into 15 sub-cells
that are connected in parallel. As shown in Figure 3, each sub-cell represents a portion of the
entire solar cell and is connected to an individual irradiance source block. A clear image of
the Simulink diagram can be seen in Supplementary Materials Figure S1. When connected
in series or parallel, solar cells obey Kirchhoff’s voltage and current laws. In a series
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connection, the output voltage is added together while the current remains constant; in a
parallel connection, the current is added together while the voltage remains constant [31].
It should be noted that the short-circuit current for a high-quality industrial c-Si solar cell
with a surface area of 156 mm2 is approximately 10 A. Details of the Simulink setup and
the code for drawing the I-V curve are described in Supplementary Materials with attached
Figures S2–S4.
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Figure 3. Solar Cell Simulink Model.

This paper’s simulation model focuses on the PID fault of solar cells caused by shunt-
ing defects. On the basis of cell area, assumptions have been made about shunting defects
that cause the decrease in shunt resistance and how they affect the I-V curve behavior. This
was accomplished by changing the parameter values for a group of sub-cells at various
positions. Nonetheless, whether the sub-cell is located at the beginning, middle, or end
of the connection, the effects have a homogeneous distribution. As a result, the first three
sub-cells were selected as defective regions. Furthermore, simulation model assumptions
were based on real experimental results related to the PID defect, which will be analyzed
and correlated with the simulation modeling results.

4. Results and Discussions

Figure 4 shows EL and LIT images for a fresh solar cell sample after 100 h of PID stress
testing. The influence of PID stress resulted in three major shunting regions. Furthermore,
EL images showed that these regions appeared dark throughout the PID stress test duration.
These areas were also visible as hot spots in LIT images, which corresponded to shunting
regions in EL images. It has been stated that the initiation of this hot spot is due to the
defective regions’ lower short-circuit current compared with the overall current of the solar
cell area, causing them to be in reverse biasing. As a result, any generated power will be
dissipated as heat energy, indicating performance degradation. The dark regions of the EL
images and the hot regions of the LIT images in the affected locations are proof of PID by
junction leakage caused by a 93% decrease in shunt resistance from the initial value.

To compare experimental results with Simulink model results, the assumption was
made that only three regions of the cell are affected by shunt resistance reduction. This
assumption is based on LIT and EL images of experimental results of PID stress, as shown
in Figure 4, which shows several hot areas and dark areas in the EL image. Figure 5 depicts
a solar cell with presumed defect areas. As mentioned in the previous section, many defects
in the manufacturing phase or during field operation can affect series and shunt resistance.
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Figure 5. (a) Commercial Single c-Si Solar Cell, (b) Single Solar Cell with Assumed Defect Areas.

Before and after the PID test, the electrical characteristics of the solar cell were mea-
sured. Figure 6a depicts the characteristics of one sun-illuminated I-V curve which shows
significant power degradation due to the evaluation of PID effects. Table 1 depicts electrical
properties such as efficiency (η), fill factor, open-circuit voltage, short-circuit current, and
shunt resistance. The open-circuit voltage decreases slightly while the short-circuit current
remains constant. After PID stress, shunt resistance decreased significantly from 25.41 Ω to
1.435 Ω, which could be attributed to the presence of sodium ions which are responsible for
increased non-radiative carrier recombination and increase in leakage current paths. The
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efficiency of the solar cell sample decreased by 14.7%, indicating that PID has a significant
impact on cell performance. Furthermore, the fill factor dropped dramatically from 73.6%
to 63.46%, owing to the decrease in shunt resistance. This is consistent with the findings
of [32,33] who stated that the mode of PID failure is a loss of fill factor which is related to
decreased shunt resistance when measuring the IV curve.
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Figure 6. Validation of the Simulation model: (a) One sun-illuminated I-V curve fresh and after
PID stress test, (b) I-V curves of simulated and measured fresh cells, and (c) IV curve of simulated
PID effect.

Table 1. Electrical Characteristics of Experimented and Simulated Before and After PID Stress.

Electrical
Characteristics Isc (A) ∆Isc

(%)
Voc
(V)

∆Voc
(%)

Imp
(A)

∆Imp
(%)

Vmp
(V)

∆Vmp
(%) FF (%) ∆FF

(%) η (%) ∆η
(%)

Fresh 9.138 0 0.6201 0.02 8.525 0.3 0.4892 6.3 73.6 6 17.14 6.2

After PID 9.163 0.3 0.61 0.7 7.675 0.3 0.4634 7.9 63.64 8 14.62 8

Fresh (simulated) 9.138 0 0.62 0.02 8.5 0.3 0.52 6.3 78 6 18.2 6.2

After PID
(simulated) 9.138 0.3 0.614 0.7 7.7 0.3 0.50 7.9 68.6 8 15.8 8

The simulated and measured IV curves of fresh solar cells are shown in Figure 6b.
The curve of measured data is steeper than the curve of simulated data at high voltage
ranges, owing to series resistance effects. The logical explanation for this phenomenon
is that manufactured solar cells contain natural series resistance which is impossible to
avoid, as explained in Section 2; however, the series resistance was assumed to be zero in
the simulation graph.

Figure 6c depicts the effect of simulated PID on solar cell performance. In Simulink
modeling, the solar cell is considered to have infinite shunt resistance; thereby, only the
first three cells model were modified to have a shunt resistance of 1.5 Ω, 1.5 Ω, and 1.8 Ω,
respectively, while the remaining cell models were treated as unaffected regions. The
simulation result follows a similar pattern to the experimental PID stress. Table 1 shows the
electrical parameters of the solar cell model as a result of the reduced shunt resistance. The
effect of reduced shunt resistance cannot be overlooked as only three regions are affected,
resulting in a power loss of up to 13% of the output power.

Furthermore, there is no discernible difference in open-circuit voltage or short-circuit
current. However, the fill factor was the most affected parameter, with a 12% reduction
from the initial value due to the effect of shunt resistance, which exhibits almost identical
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behavior to PID stress results. The small difference between the simulated and measured
fill factor is due to the series resistance after PID stress, as shown by the I-V curve. Be-
cause of the complexity of this phenomenon, the series resistance in the simulation model
was ignored.

For comparing the simulated and the experimented results, the percent of error was
calculated using the following equation.

%error =
[
|Simulated values− Experimented values|

Experimented values

]
× 100 (2)

The percentage of errors is shown using “∆” in Table 1. Overall, the simulated and
experimented results show a very low error, and in some cases, it is zero. ∆Vmp and ∆FF
of simulated and experimented values after the PID effects show 7.9% and 8%, respectively.
These values are the highest percentage error among others. The simulation outcomes
represent the behavior patterns of the same actual solar cell based on its mathematical
model in Equation (1). The Simulink solved the model equation, then processed the
equation results based on the input values to obtain the desired performance parameters.
Nonetheless, the percentage errors occurred as a result of the discrepancy between the real
and estimated cell designs.

5. Conclusions

In conclusion, this study has added useful information to our understanding of
the I-V curve behavior under fault conditions at the cell level, which helps to predict
the I-V curve behavior for module and array levels. Impact analysis of PID fault on
I-V characteristics has been discussed by linking experimental work and a simulation
model using MATLAB/Simulink for a c-Si solar cell. Furthermore, the impact of parasitic
resistances was discussed, particularly series resistance, which is more responsible than
shunt resistance. The influence of the PID stress test was identified and located using
EL and LIT characterizations which revealed three shunting regions at different locations.
Experiential results revealed that shunt resistance was reduced by more than 90% from
the initial value, causing the fill factor to drop by more than 13% from the initial value.
Furthermore, the I-V curve of the Simulink modeled solar cell successfully matched the real
solar cell with little variation in the curve at high voltage. The simulation results based on
the shunt resistance effect were found to be in good agreement with the measured results
having a small error of 1.78%. The findings of this study may help in the improvement
of the diagnostic system for solar PV system failures. In future work, the PID behavior
could be investigated on the I-V curve of a p-type solar cell under positive potential voltage.
In addition, the proposed single solar cell model could be improved to investigate other
degradations that have complex behavior, such as corrosion or metallization degradations.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/ma15228056/s1, Figure S1: Actual Simulink model diagram of
the solar cell; Figure S2: Solar cell block diagram in MATLAB/SIMULINK; Figure S3: Solar cell block
parameters in MATLAB/SIMULINK; Figure S4: Simple code for drawing the I-V curve.
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