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Abstract: The rapid expansion of the solar industry has underscored the importance of photovoltaic
installations in the ongoing transition to sustainable energy. With this growth comes the crucial task of
effectively monitoring and controlling the power generated. Photovoltaic systems are particularly
vulnerable to defects due to their exposure to challenging environmental conditions, which can lead to
reduced power output and an increased risk of fire. Therefore, a thorough analysis of any faults is
essential in order to mitigate potential damage to the system. The present study proposes a
comprehensive analysis of the behavior of a photovoltaic generator comprising four modules.
MATLAB/Simulink software is used to model the generator in healthy operation. Subsequently, a
simulation of the generator in faulty conditions is conducted, considering four fault cases: partial
shading (PS), open circuit fault (OCF), bypass diode disconnected (PSBD), and twinned fault bypass
diode disconnected plus open circuit (PSBDOC). A detailed examination of the simulation results for the
taults above reveals that the twinned fault results in a substantial reduction in the output current, as
well as an elimination of the open circuit voltage of the photovoltaic generator. This contrasts the
behavior observed in a system comprising two modules, wherein the open circuit voltage remains
unaltered. This particular fault offers a compelling rationale for the monitoring of photovoltaic
installations, to enhance overall productivity while avoiding any potential damage to the system.

Keywords: Faults, Modeling, Photovoltaic generator, Simulation.

1. Introduction
1.1. Motivation

In a context marked by the promotion of access to reliable, sustainable, modern, and affordable
energy services [ 17, the pace of development of renewable energies is increasing. Among these energies,
photovoltaic solar power has experienced significant growth in recent decades. This growth is
supported by factors such as reduced production costs, government policies, and the need for
alternatives to fossil fuels[27]. Alternatively, solar power can be adapted to various geographical areas,
including remote and impassable regions. Its non-polluting nature, ease of implementation, low
maintenance cost, and durability make it an attractive option. There's also a growing interest in using
solar power to enhance the reliability of electrical systems through decentralized energy sources [37].
Despite their numerous advantages, photovoltaic systems often operate at less than full capacity due to
exposure to harsh environmental and climatic conditions. This can lead to faults in PV modules, cables,
and inverters, which, if not detected in time, can result in power loss, fire risk, or complete system
shutdown [47. It is crucial to analyze the behavior of the PV generator to identify and eliminate any
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anomalies that may pose safety hazards and fire risks [57. After the installation of a PV system, it is
crucial to implement systematic monitoring to guarantee optimal operation. This process entails
technicians performing field measurements to identify and rectify any potential faults. This proactive
approach also inspires researchers to improve system reliability through the analysis of characteristic I-
V curves [67]. The analysis of IV or PV characteristics is an essential process for understanding fault
scenarios and their impact on parameters such as open circuit voltage (V) and the short-circuit current
(Isc), the voltage and the current at the maximum power point (Viypp, Impp) [7]. The examination of
PV generator behavior under faulty conditions begins with identifying and categorizing faults based on
their frequency. According to Toche et al. [27], environmental and electrical faults are the most common
and hazardous for PV systems. The authors explain that undetected environmental faults can lead to
electrical faults.

1.2. Related Literature

Several methods have been proposed in the literature to detect and locate defects in photovoltaic
(PV) systems. These methods include visual, thermal, and electrical approaches [2, 47]. Among these,
electrical methods utilizing electrical signatures are considered more advantageous and promising for
analyzing and diagnosing PV systems [6, 77]. Shah et al. [107] have proposed a modeling and simulation
technique based on MATLAB/Simulink to implement and determine the characteristics of a PV module
and its performance under different irradiation and temperature values. A hybrid approach based on
classification algorithms has been used to predict the output power of a PV system by combining the
one-diode model and the two-diode model of a solar cell [117]. An experimental study on a 1.5 k€W PV
field was conducted to detect diode bypass, module faults, and mismatch faults using electrical
parameters [ 127]. Additionally, modeling a PV system using MATLAB/Simulink has provided data on
physical and electrical faults [97]. This data was utilized to train the Random Forest algorithm to detect
and classify the defects. The results indicate that the proposed model has an accuracy of 98.6% for defect
detection and 94.2% for classification. Hammond et al.[ 137 proposed three independent applications to
evaluate the impact of dirt on PV modules. Modeling the electrical performance of a generator under
constant electrical loads made it possible to determine the current/voltage operating point of the PV
module for each electrical load [147. A simulation procedure of a PV cell/module/field is proposed
using MATLAB/Simulink tools to analyze the characteristics of a PV system under different operating
conditions [157]. Novel analytical methods have been developed for identifying shading defects, non-
shading zero-yield faults, and brief zero-yield faults [167]. The use of MATLAB/Simulink has allowed
for analyzing the functionality of solar cells under different temperature and irradiance conditions,
enabling a comprehensive assessment of solar module performance across various environmental
scenarios [177]. To predict solar energy production, a photovoltaic (PV) module based on the Bishop
model was simulated using MATLAB/Simulink software under a range of irradiation and temperature
conditions [18, 197]. Compaoré et al [207], studied the impact of faults in a photovoltaic generator.
Furthermore, a methodology based on the complete IV characteristic has been proposed for evaluating
the performance of the PV module under fault conditions [217]. The analysis of the presented work
shows that the authors' primary goal was to model the generator to forecast the output power of PV
modules. However, research on simulating modules under faulty conditions has mainly focused on
relatively simple defects such as shading and degradation of the PV module. The study of the impact of
accumulated defects has not been sufficiently addressed. Nonetheless, some authors have examined the
condition of a system consisting of two PV modules, emphasizing the impact of an accumulated bypass
diode fault with an open circuit [227]. The authors illustrate that this fault is similar to the open circuit
fault in this configuration of two modules in parallel, although confirmation on a larger system is
needed. The aim of this paper is to analyze the impact of partial shading (PS), open circuit (OCF), bypass
diode disconnected (PSBD), and paired bypass diode disconnected plus open circuit (PSBDOC) faults on
the parameters of generator output for multiple PV modules.
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1.3. Contribution
The main contribution of this paper is to examine the influence of a twin fault on a series-parallel
circuit of a photovoltaic generator:
e Examine the effects of the twin fault (PSBDOC) on a four PV modules system
e Contrast the impact of this issue with that identified in a two PV modules system
Section 2 of the paper outlines the modeling of a PV generator under normal conditions, section 3
focuses on simulating the various selected faults, and section 4 is dedicated to presenting the results and
discussions.

2. Modeling a PV Generator

When modeling a PV generator, it's essential to factor in scale parameters such as the number of
cells per module, the number of modules connected in series per string, and the number of strings in
parallel. Additionally, understanding electrical parameters is crucial for accurate modeling, V., I,
Vinpp» Impp, the temperature coefficient in open circuit (k,)and short circuit (k;). In our analysis, we
will assess the health of the PV generator based on its configuration and the specific symptoms
associated with each fault in the characteristic IV curve. We will focus on a PV system consisting of four
PV modules and model four different fault scenarios to generate the IV curve. This particular
configuration is chosen to highlight the similarities between the symptoms of open circuit faults (OCF)
and the twin fault (PSBDOC) observed in two PV modules connected in parallel [227]. The construction
of this generator is based on repetition and combination of blocks from the solar cell

2.1. Modeling a Solar Cell

In the existing literature on solar cell equivalent circuits, the single-diode model is widely used and
has been shown to produce satisfactory results [237. The electrical circuit of this model is composed of a
current source Ippdelivered by the sunlight received on the surface of the cell and a current diode
Igwhich provides an unilluminated PN junction. The series resistance (Rg) represents the contact and
connection resistance, taking into account the ohmic losses of materials and semiconductors. This
ensures the interconnection between cells. A shunt resistor (Rg) is included to represent the leakage
current of the PN junction, which is placed in parallel with the diode. Additionally, a voltage source (V)
is incorporated to provide the output voltage of the cell. In a study by Ding et al [247, a single-diode
model was proposed for use in modelling photovoltaic modules using MATLAB/Simulink. Figure 1
shows the equivalent circuit of a single diode solar cell consisting of five parameters (I,p, I, Rs, Rsp, 1).

Rs |

Id Ishy
Iph(D D Rsh2 v

Figure 1.
Electrical circuit of a single diode solar cell.

The general equation of a cell to a diode is given by equation (1) applying Kirchhoff's law
[ =1Ipp—1g—Isp (1)
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G
Iph = [Isen + ki (T, — T)] a (2)

|4
I =I{ex (—)—1} 3
d = 10)€xXp nVy (3)
In a short circuit situation, the photo current I,pis confused with the short circuit current Ig as

I=Ie—1I, {exp (%) -1 } (4)

= Jy: The saturation current of the diode is the asymptotic value of the current in reverse bias. It
depends only on the temperature and is given by the relation (4)

shown in equation (3) forV = 0

T.1° g r_1
Iy = Ipq [T—C] ek (T T (3)
n

* 1 : reverse saturation current of the diode given by (5)

_sc

for = [ 1] (6)

enkT — 1

NOCT-20
o T. =T,+ o8

e T,:Ambient temperature

e T, :Outlet temperature in STC

e K :Boltzmann constant 1.3806503 x 10723J/K
e Eg:energyband 1.1ev

X G: cell temperature

e n:diode ideality factor between 1 and 2

, al . . .
o ki= ds;n: temperature coefficient of short-circuit current

e [y, : inverse saturation current of the diode given by the relation

o Vr= %z PN junction thermal voltage

The input current of the shunt resistor Igyis given by the relationship below:
I V + IR, .
sh — Rsh ( )

By replacing the expressions in equation (8), the general equation of a photovoltaic cell is given by
the following relationship:

((V+IRS)) VHIR,
I=Iph—lo{e T _1}_E (8)
e Expression of series resistance, R
The increase in series resistance causes the current to drop rapidly. The impact of the voltage drop
is not significant for the typical value of Rgsince V + IRgis always low, Rgdetermines the slope close to
V,cwhich can be used to determine Rj.
The power is maximum when Z—s = 0 and the solution to this equation at the point of maximum

power has coordinates (Vinp , Imp) Thus,
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dpP dl 9
W|mp:0@lmp+vmpﬁ|mpzo (9)
dl Iy
— = —— 10
77 mP 7 (10)
Furthermore, the derivative of (11) with respect to V is given by:
av 1
Rs:_ﬁlmp(lmpzo;vmp:%c)_‘x_v (11)
IO V;)c
Ky = ep (L) o
v nVT eXp nVT ( )

However, to power a large load in practice, the power delivered by the solar cell is insufficient, it is
necessary to combine several cells in series or parallel in order to form a photovoltaic module capable of
powering a load.

2.2. Modeling a PV Array

In free fault, the optimal voltage for a photovoltaic (PV) module is achieved by connecting multiple
solar cells in series, assuming that the cells are all identical. Nevertheless, in the context of a
photovoltaic field, an association of Nymodules in series and Npstring in parallel is carried out to obtain
the current and the output voltage of the desired field as shown in Figure 2.

Np
(Ns/Np)*Rs
33
- AAA—O
A
Ns : .
Np.lph ~ (Ns/Np)*Rsh Vv
yyy Ty
-

Figure 2.
Modeling a PV generator.

Equations (13) and (14) show the relationships between the array output current as a function of
voltage and the two parameters NjandNg

I'= Np(Ipn —Ia) = Isn (18)
By substituting the diode current by its expression, we have the relation of the output current of the PV
array.
(¥
mwr VN,/Ns + IR
I =Nyly, — Nylyie —1p- % (14)
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I = Np X Istring
V = Ng X Vipoa (15)
P=VxI
I: PV array output current
V: PV array output voltage

3. Simulation of the PV System in Fault Conditions
The simulation of the various selected faults is performed according to the configuration shown in
Figure 3.
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Figure 3.
Structure of the PV array.

3.1. Description of the PV generator

The photovoltaic (PV) generator under consideration in this study is composed of four solar
modules, arranged in two chains of two modules in series. Each module is composed of 36 cells, which
are divided into two groups of 18 cells. Each cell is protected by a bypass diode. The photovoltaic (PV)
module employed in this study is a product of the BLD SOLAR brand. The technical specifications of
this module are presented in Table 1.

Table 1.

Technical specification of the BLD SOLAR monocrystalline solar module
Electrical parameters Values
Nominal power (Py,p) 50W
Open circuit voltage (Vgc) 22.1V
Short circuit current (Is¢) 2.81A
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Voltage at maximum power (Vi) 18.1V
Current at maximum power (Ip) 2.76 A
Number of cells 36

3.2. Fault configuration

1693

The configuration of different faults is accomplished through the utilization of the gain block in
conjunction with supplementary resistors. Four distinct types of defects are considered in this analysis,

which excludes the healthy case:

e Partial shading fault (PS): a module is obscured by adjusting the value of the block gain in an
interval of [0 1007 to control the irradiation of the module. The occultation rate varies from 0

to 100%.

e Open circuit fault: a string is in open circuit if it is connected in series with a resistor
e Shading fault with bypass diode disconnected: module is obscured by adjusting the block gain
and disconnecting the bypass diode

e Bypass diode disconnected plus open circuit, the module is blanked in an interval of [0 1]
corresponding to a rate of 0 to 100%, with the series connection of the Roc resistor on the

shaded string. Table 2. represents the summary of the different selected defects.

Table 2.

Setting parameters for different faults.

Faulty condition PS degree (%) | R¢e(2) | Roc(2) | Ry(2) | Rep(2)
NF 0 10° 1075 | 1075 10°
PS 1 module [0-100] 105 10~5 10~5 10°
OCF 1 string 0 10° 10° 1075 10°
PSBD 1 module [0-100] 105 105 1075 10°
PSBDOC 1 module and 1 string [0-100] 10° 10° 1075 10°
3 4 - .
1 module 6L 2stringsx2modules
1 sfringx2 modules
- 3 51,
) a _ 2stringsximodule
= 1 cell = <4l
@ 9cells ¥, g X
5 18 cells = E
3 |
01 ——— 36 cells 0 0, \
1 1module
V * X *]
©o|gve | teve v Vmod  2Vmod| | | |
0 “ | y | y | \ 0 \ 1stringx2modules \k
‘ . n 0 . .
0 5 10 1520 0 10 20 30 40 0 10 20 30 40
VUItage (V) Voltage (V) VOltage (V)
(a) Cell to module (b) Module to string (c) String to array
Figure 4.

Behavior of'a PV generator under different configurations.
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4. Results and Discussion
4.1. Symptom Analysis in Free Fault

Figure 2 illustrates that the placement of the GPV in series increases the open circuit voltage (V,.),
while its placement in parallel increases the value of the short circuit current (Ig.), regardless of the
configuration of the PV generator. To illustrate, in the transition from the cell to the module (Figure
4a), the module voltage is 36 times that of the cell, or 22.1 V, corresponding to approximately 0.61 X 36.
A similar phenomenon occurs at the level of. Figure 4b illustrates a scenario where the voltage of the
string is equal to twice that of the module, or 44.2 V, corresponding to approximately 22.1 x2.
However, when we transition from the string to the PV field (Figure 4c), the voltage and current
increase due to the series-parallel configuration of the modules. This increase is proportional to the
number of modules in a string and the number of parallel strings in the PV field. Figure 4c illustrates a
short-circuit current of 5.86A, which corresponds to 2 x 2.93A.

Table 2.
Impact of defects on characteristic IV.
Condition Impact on curve IV Symptoms
1-V in Healthy condition
6
5
<4
NF None 5,
5
2
1
0
0 10 20 30 40
Voltage (V)
Partial shading (PS)
6
Appearance of an inflection point about 1/2 of 5
Vocthe healthy condition as there are two 4
modules in a string with one module shaded. £
P.S. The current at the inflection point is weaker as s : \F
the degree of shading is greater. 2 PS =20%
PS=40%
— 1 PS=60%
Voc(PS) - E oc(NF) . PS=80%
0 10 20 30 40
Voltage (V)
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Open circuit fault (OCF)
° \
The current Igin the presence of the open 5 |
circuit fault decreases by % of that Iy in | 2, }
healthy condition B, !
OCF 1 3 1
Isccocry = 5 Iscavr) 2p oy \
During this time, the open circuit voltage 1 Reduction of Irradiation intensity \
remains unchanged. o T w
Voltage (V)
Bypass diode disconnected (PSBD)
6 |
The current I in the presence of the partial | 4 |
shading fault with bypass diode disconnected |z, :
decreases by 2/3 of that I;.in healthy condition | 4| Reduction of irradiation
PSBD I _« é intensity
sc(PSBD) — 3 sc(NF) 21— N
The open circuit voltage remains unchanged
during this period o T e
Voltage (v)
. . . Twin fault (PSBDOC)
The current Igin the presence of the partial To0hWim2
shading fault with bypass diode disconnected | ° aobwim2
and open circuit decreases by 1/2 of that Iscin | 2 —
healthy condition = -
2 x
PSBDOC 1 S L | — PsBDOC with PS=50%
IscpsBpoc) = 5 Iscnr) ©2 }
The open circuit voltage in this case is zero ( R:';ucﬁon of irradiation intensity
Voc(PSBDOC) =0V) Oo 10 20 30 40
Voltage (V)

4.2. Symptom Analysis in Faulty Condition

However, in the case where the PV generator is composed of two modules mounted in parallel, this
voltage is no longer zero, the fault becomes similar to the open circuit fault [227. The figure 5
illustrates the similarity between the two fault cases with two modules connected in parallel
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Impact of fault in I-V curve Impact of fault in I-V curve
6L 6l
5| 51
$ 4t $ 4t
5 5
5 v N i—
—_— NF
O2r ——ps=s0% {9 PS =50%
—OCF ——OCF
1 — — —=PSBD ] Tt PSBD
. — — —PSBDOC | . . —%— PSBDOC | B
0 9) 10 15 20 0 10 20 30 40
Voltage (V) Voltage (V)
(a) (b)
Figure 5.

(a)Two modules in parallel, (b) Four modules 2stringsx2modules.

As mentioned in the work of Toche et al. [227, in a system comprising two modules operating in
parallel, the open circuit fault and the twin fault manifest similar symptoms on curve IV. Indeed, a
reduction in the short-circuit current is observed, despite a constant open circuit voltage. Moreover, in
this identical configuration, the partial shading fault (PS) and the partial shading fault with bypass diode
disconnected (PSBD) also manifest with identical symptoms. A distinction between these faults becomes
apparent when the number of modules in the string is increased. To illustrate, in our configuration
(Figure 5b), the OCF and PSBDOC faults exhibit identical short-circuit current values but distinct
open-circuit voltages. In contrast to the open circuit voltage of the OCF fault, which remains constant,
the open circuit voltage of the PSBDOC fault is zero. A similar observation is made at the level of the
partial shading fault and the disconnected bypass diode, where an inflection point is noted in relation to
the reduction in the short-circuit current and the open circuit voltage. In contrast, the open circuit
voltage remains constant in an open circuit fault situation (Figure 5a).

5. Conclusion

The present paper describes the simulation of a photovoltaic (PV) system comprising four PV
modules in the MATLAB/Simulink environment. Four additional fault cases were simulated outside the
normal case, namely partial shading faults, open circuit, disconnected bypass diode and twin faults. A
comprehensive examination was conducted to ascertain the influence of the various defects on the IV
curve. A comparative analysis of the proposed configuration with the configuration of two modules
mounted in parallel revealed that the twin fault and the open circuit fault are similar only in the
configuration of two PV modules. IFurthermore, in the proposed configuration, an open circuit fault
results in a reduction in the short circuit current with a constant open circuit voltage. In contrast, this
open circuit voltage is cancelled in the presence of a twin fault (PSBDOC). Nevertheless, future work
should integrate an MPPT converter to enhance this simulation strategy. This will facilitate the real-
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time evaluation of the impact of a series of paired faults on a large field comprising more than four PV
modules. The aforementioned conclusions were drawn.
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