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Partial shadowing, bypass-diode issues, photovoltaic (PV) module
deterioration, and wiring issues are examples of PV failures that have a
substantial effect on power production and cause distinct peaks in a PV
system's P-V curves. Various PV fault types have been used in the solar cell
system in this work. Four types were used: open circuit, line to ground,
cross-line to line, and intra-line to line. The impact of various PV system
failure types on the system's performance was emphasized in this study.
MATLAB is used to display the simulation results for the four approaches
(series parallel (SP), total cross tied (TCT), honeycomb (HC), and bridge
link (BL)) under various fault scenarios. The current-voltage (I-V) and
power-voltage (P-V) curves are used to compare the results for each fault
scenario. The open circuit fault between PV (7.8) in the first string and PV
(18.19) in the fourth string resulted in a 40% decrease in the short-circuit
current of the photovoltaic system compared to its normal value in the SP

topology, while in the HC and BL topologies, the current value exceeded the
allowable limit. This, in turn, had an impact on the (I-V) characteristics of
this topology. The fault's impact was minimal and within the typical bounds
of its (1-V) characteristics in the TCT topology.
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1. INTRODUCTION

The global renewable energy market has seen tremendous technological advancements due to the
negative climate implications of fossil fuel-based power facilities. The increased governmental incentives
and ongoing technology advancements aimed at lowering carbon footprints have made distributed generation
(DG) using renewable resources increasingly appealing [1], [2]. The worldwide energy demand per person is
rising as a result of the acceleration of industrial expansion and the ongoing rise in energy consumption. This
cleared the path for in-depth study of novel green power technologies, including geothermal, biomass, hydro,
wind, and solar power. These technologies are safe and sustainable.

Research on renewable energy technology is primarily concerned with converting renewable
resources into electrical energy to support consumer loads or the utility grid [3]. Over the past few years, the
solar company has grown quickly, with photovoltaic (PV) systems seeing the most expansion. One of the
most important ways to improve the PV system's lifespan, dependability, and efficiency is to identify and
anticipate different defects [4], [5]. PV malfunctions, including partial shadowing, bypass-diode
malfunctions, PV module degradation, and wiring problems, significantly impact power output and result in
different peaks in a PV system's P-V curves [6], [7]. A few things need to be made sure of in order to
maximize the amount of energy harvested by photovoltaic systems: optimal irradiance levels, low
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temperatures for PV cells, proper positioning and orientation of the panels toward the sun, and avoiding areas
of shade. The dependability and efficiency of the entire PV installation are lowered by dirt, snow, and sand,
which obscure solar irradiation. For this reason, the connections between PV modules and the cleanliness of
PV panels play a critical role in the production of energy. Regular maintenance and diagnosis are
increasingly important for this reason. The relevance of PV systems has increased due to the solar industry's
tremendous rise in recent years. To improve solar PV array dependability, efficiency, and safety, fault
analysis is essential. If faults go undetected, power generation may be reduced, system aging may speed up,
and the availability of the entire system may be in jeopardy [8].

Global installations of large-scale solar PV power plants have grown impressively quickly in the last
several years. Since the majority of these systems have multi-MW ratings and capabilities, they are made up
of thousands of modules dispersed over hectares of land [9]. Keeping an eye on all these elements separately
is time-consuming, expensive, and frequently not feasible. According to investigations, a number of factors,
including extended outdoor operation, poor maintenance, enclosure issues, thermal cycling, grounding issues,
and corrosive conditions, can cause PV modules to deteriorate prematurely [10]. The advantages of free solar
energy for the environment and economy have made the PV sector more well-known in recent years. The
total installed PV capacity is anticipated to increase to 438 GW between 2017 and 2022 [11]. Photovoltaic
(PV) array fault analysis is thought to be crucial for raising the system's efficiency and safety. In addition to
decreasing efficiency, faults shorten a system's lifespan [12]. PV panels are becoming more and more
common. Their flaws, risks, and hazards are increasingly being used as a focal point for research to lower
associated risks and accidents [13].

Despite the steady increase in the world's PV capacity, defect detection in PV systems is still a need
that has not received enough attention [14]. Because of its many safety features, NEC article 690 is
extensively used worldwide in the context of line-line (LL) and line-ground (LG) fault detection in PV
arrays. Sadly, reports in the literature also indicate that NEC 690 standards have limits when it comes to
identifying LL and LG errors [15]-[17]. Defect identification in solar PV arrays is an essential duty to boost
PV systems' dependability, effectiveness, and security. Uncleaned faults in PV arrays not only result in
power losses but also have the potential to generate safety concerns and fire threats if improper fault
detection is carried out [18]. Regretfully, compared to the lightning-fast progress made in the field of
maximum power point tracking thus far, awareness of PV defect detection is comparatively quite slow,
maximum power point tracking (MPPT) [19]. Modern research on fault diagnosis in PV arrays is driven by
the increasing prevalence of PV systems in modern electricity grids [20]. Electrical faults in PV arrays,
especially LG and LL faults, pose a significant obstacle to the rapid advancement of PV power generation
worldwide. Therefore, given the numerous unique operating characteristics of PV-producing systems, a
thorough study of the compatibility of the LL/LG fault prevention standards specified for PV arrays is
necessary [21].

Ground faults have the potential to go unnoticed and result in significant harm to both the PV array
and the surrounding environment because of certain limitations in traditional detection procedures. Similar
circumstances could occur in the event of line-to-line errors [22]. When any DC carrying conductor in one of
these systems unintentionally connects to the earth or a grounded surface, a ground fault occurs. When
ground faults arise, dc leakage becomes more intense and travels across the earth or other conductive
pathways before coming back to the source [17]. PV installations comply with standards such as IEEE
Standard 1374, National Electric Code (NEC) 690, and European International Electro Technical
Commission Standard (IEC) 62548. LL and LG fault detection features have also been included to power
conversion equipment (PCE) safety standards such as IEC 62109-1, IEC 62109-2, and Underwriters
Laboratories UL 1741 in recent years. Thus, a thorough analysis of these standards' ability to identify LL and
LG errors is also necessary. While there are many PV array problems, some have received more attention than
others, including line-to-line faults (LLF), ground faults (GF), arc faults (AF), and hot spot faults (HSF) [23].

In this paper, different types of PV faults have been applied to a solar cell system. Four types, such
as intra-line to line, cross-line to line, line to ground, and open circuit fault, these faults were applied in this
work. This proposed PV system consists of a 5x5 matrix of PV arrays. The simulation results of the four
methodologies (SP — TCT — HC — BL) under various fault cases are presented in MATLAB. The obtained
results are compared in terms of the (I-V) curve and P-V curve all fault scenarios. In standard test condition
(STC) (irradiance 1000 W/m?, cell temperature 25 °C) the four topologies give the same (I-V) and (P-V)
characteristics.

2. METHOD AND TOOLS

Single PV cell can produce tiny generated power and for high power proposes or grid connections, a
group of parallel and series arrangements of PV cells to produce the required power for such applications.
These kinds of arrangements are called PV modules which they form the PV panels. In this work a PV panel
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with specification listed in Table 1 has been used as shown in Figure 1. A collection of linked solar modules,
each with many solar panels, is called a solar array. Photovoltaic arrays, another name for solar arrays, are
erected to supply enormous amounts of energy to residential and commercial structures.

In this work, MATLAB/Simulink was used to model a 5x5 PV array for various PV array
topologies, where each module consists of 36 cells connected in series. A bypass diode is linked to every
module. By controlling the output value of the voltage source (112 V) to linearly increase, the output current
and voltage of the PV string are recorded, the associated data is then entered into the MATLAB workspace to
produce the (I-V) characteristic curve. A blocking diode is used in the PV string's output to prevent negative
currents from occurring. As illustrated in Figure 2, the impact of the most frequent flaws in the PV array
characteristics on the array's performance was studied at STC in constant weather circumstances.

Table 1. PV module specifications

(PV module) parameter Value
Maximum power (PMAX) 170w
Voltage at maximum power (Vmp) 183V
Current at maximum power (Imp) 9.29A
Open circuit voltage (Voc) 224V
Short circuit current (Isc) 10.22 A

Temperature coefficient of Voc (Kv) -0.29 V/°C
Temperature coefficient of Isc(Ki) -0.05 A/°C
Maximum power (PMAX) 170 W

@' Out.Ipv I

Current Sensor To Workspase

Controlled @
Voltage Source

mp
(5*5) PV Array

0<V<VO.C Voltage Sensor To Workspase
VO0.C=(22.4"5) V

Figure 2. (1-V) & (P-V) testing circuit of PV array modelling via MATLAB/Simulink

3. PV ARRAY TOPOLOGIES

The topology of series and parallel PV panels has some drawbacks, such as less current and voltage.
Therefore, many configurations of PV arrays have been proposed in this field that which is commonly
categorized as [24]:

3.1. Series-parallel (SP)
Although a series-parallel PV model connection cannot improve voltage and current range at the
same time, it is still preferred because of its low cost, minimal electrical losses, good dependability, and it
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differs from the series topology in that it has fewer mismatch losses. Because it has fewer series modules
than the total number of series modules connected in a topological series. As seen in Figure 3, an
arrangement of five modules connected in series complying strings five of these strings joined in parallel to
obtain the SP configuration. The most popular configuration, series-parallel, is simple to utilize. Although the
series and parallel configurations increase the PV system's overall output, they have the disadvantage of
being less effective when there is partial shadowing.

3.2. Total cross tied (TCT)

Unlike SP, the TCT configuration is retrieved from the topology of SP, although it is more difficult
to implement. As seen in Figure 4, it features a cross-rows and cross-columns connected arrangement where
the total voltage and total current are equal throughout all rows and all columns, respectively. The TCT
scheme has the drawback of having more times than SP, which raises cable losses even though it performs
better than SP in terms of shading and mismatch losses.

b REERE
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NN N NN
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Figure 3. SP topologies of (5 x 5) PV array Figure 4. TCT topologies of (5 x 5) PV array

T
>
O O Tl Ty

3.3. Bridge linked (BL)

The bridge-linked topology, as illustrated in Figure 5, is derived from TCT and has the advantages
of requiring fewer connections, requiring less time to build the wiring, and having fewer cable losses;
however, under shading conditions, it has a negative impact on the total voltage and current.

3.4. Honeycomb (HC)

This topology is based on the TCT concept, which uses a honeycomb structure. As seen in Figure 6,
the connection shape of the ties differs slightly from BL. Although output power losses in this design can be
lowered, it is limited in that power losses cannot be reduced in all shading conditions.

Figure 5. BL Topologies of (5 x 5) PV array Figure 6. HC Topologies of (5 x 5) PV array
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4. FAULTS IN PV ARRAYS

Two typical fault scenarios for PV arrays exist [25]. Electrical issues are the first, while shade faults
are the second. Anomalies that arise in the system's internal electrical architecture are the cause of electrical
problems. However, changes in the external environment and isolation levels are causing shade defects [26].
As shown in Figure 7, the three most prevalent types of electrical faults are i) line to line (L-L), ii) line to
ground (L-G), and iii) open circuit (OC). These issues could lead to decreased power production and possibly
irreversible harm to the photovoltaic system [17]. When there is a short circuit between any two locations in
the PV array, line-to-line faults are produced. Furthermore, interesting and cross-string faults are LL faults
that occur in both the same string and two distinct strings. Significant problems, such as power outages,
possible damage to the PV modules, and safety risks, can result from this kind of malfunction. Low
irradiance makes it challenging to identify LL faults with low levels of mismatch fault because the fault
current is of a small size and goes unnoticed. The number of PV modules involved in the fault is indicated by
this mismatch level. The mismatch level and fault path impedance are the two main factors that determine
how severe an LL fault is. The fault current will be minimal if the mismatch level is low and the impedance
is high [27].

The connection between the earth ground conductor (EGC) and the current-carrying conductor
(CCQC) is the usual cause of LG faults, although they can also originate from internal PV cell failure or cable
insulation failure. An LG fault occurs due to a blocking diode and zero fault resistance. Modules are
identified by their location in the PV array. The current from the defective modules might even go in two
different directions: either via the short-circuit route or through the healthy module. An open circuit defect is
any situation in when there is an open circuit between two panels that prevents power from flowing. Many
factors can cause overcurrent faults (OC faults), including a broken cable between two strings, an object
falling on the panels, a bad connection between two locations, or an unintentional break in a current-carrying
conductor [12]. Arc faults, on the other hand, result from open circuit faults in a string or from insulation
failure between two portions of adjacent strings. They can occur in parallel or sequence and pose a serious
risk for fire.

In this work, four PV system topologies are connected to be investigated under four common
electrical faults, as shown in Figure 7. Such as: i) cross string line-line fault, ii) intra string line-line fault,
iii) line to ground fault, and iv) open circuit fault. These kinds of faults are considered the most common of
electrical faults, with an incidence percentage of about 30% to 60% of all faults, depending on the PV cell
circumstances regarding to the installation and the environment [28]. Each of the chosen topologies consists
of a PV array (5x5) built in MATLAB/Simulink with solar modules having the data as listed in Table 1 under
STC.

@ Cross String Line Line Fault
@ Intra String Line -Line Fault

+

@ Line to Ground Fault

@ Open Circuit Faulr

12

Blocking Diode

13 I Array

V Array

Figure 7. PV system under four electrical faults
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5. RESULTS AND DISCUSSION

This section presents the MATLAB simulation results for the four techniques (SP, TCT, HC, and
BL) under different fault scenarios. For every failure scenario, the resulting results are compared using the (I-
V) and (P-V) curves. As indicated in Table 2, under typical circumstances, all four topologies at STC provide
the same (I-V) & (P-V) properties. When operating faultlessly in all four topologies, the PV array's
generating output power is 4.2163 K watts (STC) at 1000 W/m? of irradiance and 25 °C in temperature.

Table 2. PV array output at STC
Topology Vo.c(V) Is.c(A) Vmax (V) Imax (A) PMPP (W)

SP 111.3 51.73 91.16 46.28 4216.3
TCT 111.4 51.73 91.01 46.26 4216.27
HC 1114 51.73 91.10 46.24 4216.3
BL 1114 51.73 91.10 46.24 4216.3

5.1. Cross string line-line fault in the PV array

There's a problem between these two strings. Figure 8 results demonstrate that, for the (P-V)
characteristics, the whole range of the (I-V) characteristics remains unaffected in the SP topology,
irrespective of the number of panels impacted by the fault. The maximum power reached 3680.66 watts when
the fault between PV1 and PV7 occurred because the voltage value in the SP topology was 12.3% lower than
it was in the typical scenario. Since it is the current from the non-faulty strings that can go straight into the
faulty string in the event of a short circuit, avoiding the load. This may result in overcurrent in the impacted
strings, harming these modules. Similar to the SP topology, the defect causes current from non-faulty strings
to be diverted into the faulty strings, but the cross-ties allow for some current redistribution across the PV
array. Depending on the number of panels implicated in the failure, it is discovered that the open circuit
voltage in the TCT topology decreases dramatically. Since the defect was between PV1 and PV10, the
voltage dropped by 60.3%, which had a significant impact on the system's functionality. The TCT topology
saw a reduction in the majority of the power generated at this fault. If the maximum power value drops to
1410.95 watts when the fault happens between PV1 and PV10. Though, depending on how the problem
affects the system, some power might still be available from unaffected strings.

Because there is less chance of an excessive current in any one string due to the more even
distribution of current throughout the array, the HC topology provides superior protection for the modules. In
comparison to SP and TCT topologies, the power loss is less severe, although the array output will still be
impacted. If the fault arises between PV1 and PV10, the maximum power in HC drops to 1694.83 watts.
Depending on how serious and where the defect is, the system can still function less efficiently. In BL
topology, the bridge connections facilitate alternating current routes in the event of a cross-string line-line
fault. This effectively isolates the fault and reduces its influence on the remaining portions of the array. The
impact of a defect occurring in both the HC and BL topologies is comparable. When the number of panels
impacted by the problem rises, it is evident how the fault reduces the open circuit voltage; nevertheless, this
effect is not as great as it would be in a TCT architecture.

5.2. Intra string line-line fault in the PV array

A direct short circuit between two places in the same string is caused by the defect. Table 3 shows
the results of highlighting the error in each of the four topologies. This reduces the number of active modules
in the string by creating a bypass for the current in the SP topology around the section of the string between
the fault spots. As a result, the damaged string's voltage output dramatically decreases. Because the voltage
of the afflicted string is lower, the PV array's overall power output is decreased. Nevertheless, depending on
how serious the error is, some strings might keep working as they should. It is observed that the short-circuit
current was not impacted by the fault, irrespective of the number of panels impacted, and consequently, the
overall range (I-V) characteristics in the SP architecture were not impacted. allows the current to be
redistributed throughout the PV array in the TCT design, potentially lessening the effect on the system as a
whole. The impacted string's voltage output decreases, but because the cross-ties enable other strings to make
up for the loss, the voltage across the array is stabilized. A significant drop in the open circuit voltage is
observed to change the (I-V) characteristics of the TCT topology, depending on how many panels are
affected by the fault. Furthermore, the maximum voltages dropped as the number of defective panels in a
string rose, affecting the (P-V) characteristics of this system. As a result, when the malfunction happened at
PV, less electricity was generated at 1410.45 watts (1,2,3,4). Three sequential PV models (1, 2, and 3) within
one string in the HC and BL topologies experienced significant wave distortion [18] and open circuit voltage
readings outside of the permitted range.
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Table 3. PV array performance under intra line — line fault

Fault location  Topology Vo.c (V)

Is.c (A)  Vmax (V)

Imax (A) Pmpp (W)

P 1114
TCT 1114
AtPVL HC 111.4
BL 111.4
sp 1114
TCT 89
AtPV(12) HC 11086
BL 11086
P 111.4
APV (123) o e
P 111.4
AtPV (1234)  TCT 444
HC 97.7

AtPV (1, 3.4) BL

51.73 79.95 46 3680.63
51.73 95.55 38.65 3692.38
51.73 93.66 37.6 3519.78
51.73 93.89 37.8 3549.47
51.73 91.00 37 3376.26
51.73 76.07 385 2982.87
51.73 83.75 38.33 3210.43
51.73 82.02 38.41 3153.32
51.73 91.10 37 3373.03
51.73 56.6 38.27 2167.84
51.73 90.86 37 3377.03
51.73 37 38.11 1410.45
51.73 59.99 28.6 1716.72
51.73 63.78 38.38 2448.15
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5.3. Line — ground fault in the PV array

Table 4 illustrates that the (I-V) features of the SP topology were unaffected by this fault, regardless
of its location, when it was projected between the string and ground cells. When a line-ground fault happens
in the SP topology, the impacted string or module may provide a low-resistance channel to the ground. The
current flow through the ground path may significantly rise as a result of this. A voltage imbalance in the
impacted string due to the defect may result in a decrease in the string's overall output voltage. Due to the
loss of the string current that caused the fault, we observe a decrease in the maximum current value to 37 A.
In contrast, the open circuit voltage remained at its normal value, with the exception of the last case, in which
PV5 was impacted by the fault, and the maximum voltage value was noted to have decreased by 12% from
its value in the normal case. The failure at P\VV3 to ground would cause the maximum power output to drop to
3375.23 watts. When using TCT topology, the defect may cause the voltage in the impacted string to drop,
much like in the SP topology. Because the strings are interconnected, the TCT topology may be able to
partially alleviate this voltage drop, but the overall output of the array will still be impacted.

The location of the fault and the efficiency of the cross-ties in redistributing the current determine
how much of a reduction in power output occurs. It's possible that the array will keep running less efficiently.
The findings suggest that when the fault was concentrated at the start of the string and the ground, the TCT
topology saw the largest fall in the values of the open circuit voltage and short circuit current. This, in turn,
had an impact on the (I-V) characteristics of this topology. The voltage drop was near when the fault
happened between PV1 and ground or PV2 and earth, but the largest current value occurred when the failure
happened between PV1 and ground because the string current leaked to ground. The other problem locations
did not experience any change in the maximum current value.

5.4. Open-circuit fault in the PV array

Testing an open circuit fault within one of the strings reveals that, as seen in Figure 9, it is clear how
faults affect current reduction in SP topology. Due to the string current loss where the fault occurs, this effect
manifests when the fault happens in any string inside this topology. The damaged string doesn't provide any
power; hence, the overall output of the array is decreased even though the other parallel strings are running
normally. The amount of impacted strings directly correlates with the power loss.

This is demonstrated by the fact that when a fault occurs in one string, the maximum power value
lowers from its normal value of 4216.3 watts to 3373.01 watts, and when a fault occurs in two strings, the
power drops to 2529.78 watts. The current from the other parallel modules is redistributed through the other
functional modules at the TCT topology when an open-circuit fault occurs in one of the modules. Although
the array's output is decreased, it can still provide power. In comparison to the SP arrangement, the TCT
configuration minimizes power loss by enabling surrounding strings to adjust for the voltage of the
malfunctioning string. Consequently, we discover that the TCT topology experienced the least reduction in
maximum power, dropping to 3692.31 watts. Better current redistribution is possible in the event of an open-
circuit fault with the HC configuration. Since the problematic module's current is more efficiently distributed
among nearby modules, the impact of the failure is reduced. The greatest power in this topology was 3413.75
watts. However, in BL Topology, the bridge connections permit the current to travel through the defective
string in the event of an open-circuit malfunction. The array's output is barely changed, and the unaffected
modules keep running. Because of the way the BL topology isolates the problematic module, there is less
disturbance to the remainder of the array's functionality. The maximum power drops to 3449.14 according to
the results.

Table 4. PV array performance under line—ground fault
Fault location Topology Vo.c (V) Is.c(A) Vmax (V) Imax (A) Pmpp (W)

From PV1 SP 111.4 51.73 91.10 37 3373.03
TCT 22.47 41.38 18.69 37 692.92
BL 68.92 41.34 39.27 28.17 1105.24
From PV2 SP 111.4 51.73 91.01 37 3368.78
TCT 21.73 51.73 17.78 46.5 828.57
BL 68.02 51.73 38.55 27.99 1083.97
From PV3 SP 111.4 51.73 91.05 37 3373.03
TCT 4411 51.73 36.24 46 1675.64
BL 90.41 51.73 39.03 46.85 1827.93
From PV4 SP 111.4 51.73 91.20 37 3375.23
TCT 66.5 51.73 54.40 46.2 2522.43
From PV5 SP 1114 51.73 79.95 38.9 3680.63
TCT 88.9 51.73 72.8 46.33 3369.4
HC 106.6 51.73 74.98 46.43 3481.53

BL 105.54 51.73 76.49 46.34 3539.71
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Figure 9. PV array characteristics under open circuit fault: (I-V) curve for SP; (b) (P-V) curve for SP;
(c) (I-V) curve for TCT; (d) (P-V) curve for TCT; (e) (I-V) curve for HC; (f) (P-V) curve for HC;
(9) (1-V) curve for BL; and (h) (P-V) curve for BL

5.5. Comparison of performance of the PV array configurations

In order to compare the performance of the four topologies when faults occurred, these faults were
placed in the same location for all of these topologies at STC, and the results showed in Figure 10 that, the
effect of the open circuit fault between PV (7,8) in the first string and PV (18,19) in the fourth string, it led to
a decrease in the short-circuit current of the photovoltaic system by 40% from its value in the normal state in
the SP topology, while the value of this current increased beyond the permissible limit in the HC and BL
topologies, and this in turn affected the (1-V) characteristics of this topology. While in the TCT topology, the
effect of the fault was limited and within the normal limits of its (I-V) characteristics.

As for the (P-V) characteristics, the performance of the TCT was better than the other topology, as it
had the highest power generated under the influence of this fault. As for the SP, the power generated under
the influence of this fault decreased significantly, reaching 40% of its value in the normal state. When the
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intra-line-line fault was imposed between PV (1,2) in the four topologies, it led to a decrease in the value of
the open circuit voltage by 40.3% from its value in the normal case in the TCT topology. There was a
significant distortion [29] in the characteristics of the HC topology, despite the closeness of the results
between it and the BL topology. The (P-V) characteristics under the influence of this fault were the best in
the SP topology, as it gave the highest generated power, as shown in Figure 11.

When the cross-line — line fault is highlighted between PV1 in the first string and PV8 in the second
string, we notice the effect of the fault in decreasing the open circuit voltage in the TCT topology, which
affected its (I-V) characteristics as shown in Figure 12. This fault also affected the (P-V) characteristics of
this topology. The (I-V) and (P-V) characteristics of the HC and BL topologies are very similar. Despite the
occurrence of distortion, the dynamic and intricate interactions that occur within the photovoltaic array as it
attempts to redistribute current, regulate voltage, and preserve overall system balance are the main cause of
the noise shown in the P-V curve. The P-V curve exhibits abnormalities or noise due to transient effects,
voltage variations, and harmonic distortions caused by these interactions. Although the BL &HC architecture
is intended to reduce the impact of failures, the quick modifications and adjustments necessary to isolate the
fault and redistribute power may cause momentary disruptions in the output characteristics of the system, the
HC wave [29]-[31]. The SP & BL topology had the best performance under the influence of this fault.
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Figure 10. PV array characteristics under open circuit fault: (a) (I-V) curve and (b) (P-V) curve
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Figure 11. PV array characteristics under intra line — line fault: (a) (1-V) curve and (b) (P-V) curve
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Figure 12. PV array characteristics under cross line — line fault: (a) (I-V) curve and (b) (P-V) curve

Line-to-line faults in electrical networks can be closely associated with the PV system's power curve
spikes. A sudden short-circuit condition between two phases results in a rapid rise in current during a line-to-
line fault. This causes a brief disruption in the system, which causes a sudden increase in power when the
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fault briefly produces a high-power state. Before preventive devices like relays or circuit breakers turn on to
isolate the fault, these spikes show how the system responded to the fault right away. ldentification and
mitigation of such incidents can be facilitated by analyzing these spikes, which can yield important insights
on fault detection and system stability. As for the line — ground fault from PV15 in the third and ground
string as shown in Figure 13, it led to a decrease in the open circuit voltage in the TCT, HC and BL
topologies. Which affected their (1-V) characteristics. The (P-V) characteristics of the HC and BL topologies
were very similar. The characteristics of the SP topology were the best in this case.
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Figure 13. PV array characteristics under line — ground fault: (a) (I-V) curve and (b) (P-V) curve

6. CONCLUSION

This study emphasized the impact of various PV system failure types on the system's performance.
In MATLAB, the simulation results for the four methodologies (SP, TCT, HC, and BL) under various failure
scenarios are displayed. The obtained results are compared for each fault scenario using the 1-V and P-V
curves. When compared to other topologies at the same fault site, the open circuit failure was determined to
have the least effect on the TCT topology because it generated the highest maximum power. The TCT
topology offers a balanced solution with moderate fault tolerance and complexity. Regarding the effects of
both intra- and cross-string line-line faults, the SP and BL topologies fared the best. The BL topology offers
the best fault tolerance with the least amount of impact on performance and safety, making it perfect for
large, crucial applications where reliability is crucial. It also significantly lowers the risk of module damage
and allows the array to continue operating with minimal power loss because it can reroute current away from
the fault. The choice of topology depends on the particular requirements of the PV system, such as its size,
the significance of fault tolerance, cost considerations, and the necessity of sustaining continuous power
output. Each topology offers varying degrees of fault tolerance and complexity.
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