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ABSTRACT: Four main types of faults can occur at the DC side of any Photovoltaic System (PVS). These faults are quite
dangerous and can cause permanent damage to the photovoltaic modules if not addressed promptly. The faults include open circuit,
short circuit, degradation, and partial shading. Short circuit faults are classified into line-to-line (L-L) and line-to-ground (L-G).
Detecting these faults requires specialized algorithms. This paper tackles this complex issue through (1) fault-finding equations and
the placement of current sensors, and (2) a new hybrid algorithm based on data from the fault-finding equations and current sensors.
Numerous simulations using PSIM 2021 were conducted to verify this proposed solution. The hybrid algorithm presented here is
original compared to previous studies. It is easy to understand, responds quickly, and can be implemented in systems with
photovoltaic arrays of any size.
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1. Introduction

With the constant increase in green house gas, GHG and CO; emissions and the electricity demand, many have
shifted their generation from conventional systems to Photovoltaic systems (PVS). As the integration of (PVS) grows,
so does the need for fault detection and classification to ensure smooth operation of the (PVS) [1-3]. The entire PVS is
divided into two parts: one is the DC side and the other is the AC side. On the DC side, the PV array is present along
with blocking and bypass diodes. On the AC side, converters and inverters are present [4].

On the DC side, four major types of faults can appear: Degradation, Partial shading, Open circuit, and Short circuit
fault. These faults are quite difficult to ignore as they can cause irreversible power loss of the PVS. These faults can
also decrease the efficiency of the energy conversion. Many fault detection techniques have been developed to detect
the faults so that the PVS can work with maximum possible efficiency. Detection of these faults, particularly on the
Photovoltaic (PV) array side, is quite significant. This will improve the efficiency of energy conversion and reduce the
cost of maintenance [5,6].

For the protection of the PVS, many have used conventional protection devices like Overcurrent protection (OCPD)
and Ground fault protection (GCPD) but as the current-voltage (IV) characteristics of PV modules are nonlinear in
nature and due to the presence of blocking diodes in the strings makes it is hard to detect the actual faults successfully
[1,7,8]. Many techniques have been published in the past regarding PVS fault detection. Still, the majority used a
concept in which the comparison is done among the real-time data with the desired data of the Photovoltaic array.

This paper will revolve around the detection and classification of open circuit faults, degradation, partial shading,
short circuit faults, and further classification of short circuit faults, whether there is an L-L or L-G fault.

https://doi.org/10.70322/ces.2025.10014
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In the past, many researchers have proposed different techniques to detect and classify the faults, but the majority
of the work addressed related to the detection of PVS faults requires complex algorithms and costly materials. The used
methods were statistical, signal-based, artificial intelligence-based, virtual imaging IV curve, sensors, etc. All of the
previous fault detection techniques can be divided into six major categories.

1. Probabilistic/Statistical approach: The basic working principle of these techniques depends upon the comparison
between actual or real-time data with the estimated data of the PV array. The setting of thresholds is quite
significant for detecting the fault. The fault detection technique [4] employed a statistical test known as the #-test,
while the technique [7,8] utilized a simple scientific approach with the aid of formulas to detect faults in a PVS.
The major problem with these two techniques is that the number of sensors required is higher, and the equipment and
materials used are quite expensive, such as an irradiance sensor. The technique [9] successfully identified the open-
circuit fault in the PVS; however, the problem was that it required a spare reference cell to complete the fault detection.

2. Signal Analysis: Numerous techniques are present for the signal analysis of any given fault condition. These fault-

finding techniques are classified as the wavelet packet transform [10,11], autoregressive-based time correlation [6],
outlier rules of detection [12,13], Decomposition of multi-resolution signals [14], and a spectrum time domain
reflectometry [15].
All these fault detection techniques can successfully detect the fault, but are unable to classify the nature of the
fault that occurred in the PVS, except for the technique [16]. Another problem with these approaches is that they
require an extra piece of hardware to assist in extracting and computing the PVS features. All of the above
techniques will only work in any PV array without the presence of the blocking diodes.

3. Artificial intelligence: In recent years, artificial intelligence (Al) based fault finding techniques are quite popular.
To detect PVS faults several researchers of this domain present many Al techniques. Neural network-based
techniques , Another technique that is being used heavily is the K-nearest neighbor (KNN) presented in [17]. Some
researchers used Support vector machine (SVM) mentioned in These Al techniques require extensive time to train
the systems, and then they can detect the fault that occurred in a PVS. The major drawback is the cost; all of the
above techniques can only work with a PV array without blocking diodes.

4. Virtual imaging-based techniques: These techniques have been presented by many researchers over the years. The
techniques [18—20] use infrared cameras and thermal imaging to detect the faults in the PVS. The drawbacks of
these techniques are that they require continuous monitoring, and the equipment used is quite expensive, so these
techniques are not economical.

5. Sensorless techniques: Some of these techniques use a perturb and observe (P&O) maximum power point tracking
MPPT algorithm for extracting the data from the system. A (P&O) technique is presented in [21], and dynamic I-
V techniques [22] are also proposed for sensorless fault detection in PVS. The major drawback of these techniques
is that they require thresholds, and the system requires setting thresholds manually.

6. Sensor-based techniques: A sensor-based technique in [23]. This technique is simple and uses two current sensors
per string to detect and classify the L-L and L-G faults. The drawback of this is that it is only limited to some
specific types of faults which are L-L and L-G. Another sensor-based technique was proposed by [24]. This
voltage-based technique can detect and classify the L-L, L-G, and open faults of PVS. But in technique [24], the
major drawback comes with controllers interfacing; this only works on a system without blocking diodes.

In this paper, a simple and fast technique is proposed. Fault characteristic ratios will be compared with the
thresholds, and two current sensors are employed, one on the top of the first string and the second at the bottom of the
last string. This proposed technique is scalable to any array size. This technique not only detects the faults but also
classifies them. The faults classified are open fault, shading, degradation, and short fault (L-G, L-L).

2. Materials and Methods
2.1. Fault Analysis

The behavior of the PVS is evaluated in this part of the paper. The key elements for the fault analysis are Current
and voltage indicators: The ratios of real-time current and voltage values with the given open circuit voltage (Voc) and
short circuit current (Isc) ratings of the PV module are denoted by (R;), (Ry).

Fault characteristic equations: The equations through which we will be able to create the respective fault thresholds.

Faults thresholds: The thresholds T;g, Tys, T;p which will be compared to the current and voltage indicators

(RI)! (RV)
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Data from the two current sensors: Values of current sensors one placed at the top of the first string (Is up S1) and
the second at the bottom of the second string (Is_low S2) in both fault-free and fault conditions.

Based on these key elements, a new hybrid fault detection and classification algorithm (HFDCA) is proposed,
which will increase the number of faults detected and classified as compared to the previous work. This analysis of
faults will be divided into 6 parts: degradation, open, shading, short, L-G, and L-L faults in a PVS. The faults discussed
are elaborated in Figure 1, and their I-V curves are presented in Figure 2.
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Figure 1. The proposed system configuration with faults.
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Figure 2. I-V curves for each fault.

A. Current and Voltage Indicators

To calculate these indicators, a system will be required to give real-time voltage and current values. These can be
calculated as [25].

R =— (1)
'™ Isc
v

_ 2

Y " Voc )

Here R;, Ry are the indicators used as the current and voltage indicators. I is the real-time output current after the
operation of Maximum Power Point Tracking (MPPT), V is the real-time output voltage. Isc is the rated short circuit
current and Voc is the rated open circuit voltage of the PVS. Both Isc and Voc can separately be calculated by the
following equations.
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Isem_stc
Isc = Np <ﬁ6 + K, (T — TSTC)> 3)
Isc/Np
Voc = Ns | Vocm_stc + Ky (T — Tre) + Veln | 7/——— “4)
h Lsem stc

Here in Equations (3), and (4), Tsr¢ is the standard testing temperature which is 25 degrees Celsius and 7' is the
real-time temperature of the PV module. K; and K}, are the temperature coefficients of the current and voltage,
respectively. Iy src 18 the rated short circuit, and G is value of irradiation under standard testing conditions. Current
at the standard conditions. G is the normal irradiance that is 1000 W/m?. Np is the number of parallel connected PV
modules, while N's is the number of series connected PV modules, and V; is the thermal voltage.

By evaluating the above Equations (1) and (2), the current and voltage indicators for the fault scenario are given as

VM
= — 5
M= 3o Q)
Iy
R = — 6
M= 7o (6)

Here Vy, I, are the output values of the current and the voltage at the maximum power point (MPP) can also be
calculated separately as,

Im = Np (1’"1’8%0 + K, (T - TSTC)> (7)
Here I, stc is the current at (MPP) of the PV module at the standard conditions.
Vm = Ns <thn <1 + M (el\ysolst>> — Iﬂ Rs) (8)
Isc Np

Here Rs is the value of the series resistance.
(4) Fault characteristic equations and fault thresholds.

These equations are significant for the classification of faults in a PVS. Every equation is unique and different for
every type of fault.
(1) Open Circuit Fault

Whenever an open circuit fault (OCF) occurs, the current of the PV array drops drastically, and the fault
characteristics equation can be formulated as.

(Np—1)Im
10 Np  Isc M )
Here the R, is the current indicator and Ry, is the indicator for current in a fault-free condition and,
! 10
a=1—-—
o (10)
TIO = ECZRIM (11)

Here T} is the open circuit fault threshold value, and ¢ is the allowed offset value used which is 9% in the open
circuit fault case.

Sensing Signal: In the system, whenever the value of the current indicator R; < T, It will indicate that the system
has encountered an open circuit fault.

(2) Short Circuit fault

Whenever a Short circuit fault (SCF) occurs, the voltage of the PV array drops drastically, and the fault
characteristics equation can be formulated as,
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Ry, = MV_m = BR (12)
vs Ns Voc VM

Here the Ry is the voltage indicator and Ry, is the indicator for voltage in fault-free conditions and,

g=1- i (13)
Ns
Tys = €BRyum (14)

Here Ty is the short circuit fault threshold value. ¢ is the allowed offset value used, which is 8% in short circuit
fault case.

Sensing signal: In the system, whenever the value of the current indicator Ry, < Ty it will indicate that the system
has encountered a short circuit fault.

(3) Partial Shading
For partial shading conditions, the fault characteristic equations are given in the form of current and voltage

indicators under partial shading conditions.

Imp
R, =— 15
P =T, (15)

Here I, is the maximum value of current under shading conditions.

Vin
Ry = —& 16
™ Voc (16
Here Vp,;, is the maximum value of voltage under shading conditions.
Tip = €Ryp (17)

Here T;p is the shading fault threshold value.

Sensing signal: In the system, whenever the value of the current indicator R; < T}p it will indicate that the system
has encountered a shading fault.

In Equations (11), (14) and (17) the € represents the allowed offset to the threshold values. In the case of open fault
€ is 9% while in every other fault condition, it is taken as 8%.

(4) Degradation

Many classifications of degradation faults have been presented before. One of them is an increment in the series
resistance of the PV module.

Sensing signal: In the system, whenever the value of the current indicator R; < T} and Ry < Ty s will indicate that
the system has encountered a degradation fault.

(B) Data from the two current sensors (Is_up S1), (Is_low S2).

These current sensors will come in handy for further classifying the short circuit fault, whether the fault is L-G or
L-L. Whenever the system encounters our algorithm will quickly compare the sensor connected at the top of the first
string (Is_up S1) and the sensor connected at the bottom of string 2 (Is_low S2).

(1) L-G Fault

The two sensors’ data will be compared to detect which type of short circuit fault is present in our system, so that
a sensing mechanism can be proposed. When an L-G fault occurs, the current in the PV strings will not follow its
conventional path but will follow the short-circuit path. This is elaborated in Figure 3.

Sensing signal: Is up S1 <Is low S2. Whenever this condition is satisfied, it will indicate that our system has
encountered an L-G fault.

(2) L-L fault
Data from the two proposed current sensors will be evaluated and compared with each other. The L-L fault

mechanism is slightly changed from that of L-G in that one string gets attached to the other to cause a short circuit fault.
This can be seen in Figure 4.
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Sensing signal: Is up S2 < Is low S1. Whenever this condition is satisfied, it will indicate that our system has
encountered an L-G fault.
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Figure 3. (a) PV strings in normal condition. (b) PV strings with L-G fault.
Iarray larray
Is_up S1 Is_up S2 Isupst f x Is_up S2 $ &
T 3l 2
O O o0 O O o0 O 0 o O 0 o0
+ 0 0 0 0 0 0
Vv O 00 + O O O x Vpv c Vpv 'y
O O o0 Vev () © © L ) 000 ’
= £
0 00 oo o [exE|t 9 00 OO0 O (e |
| L 5% 8= Vi — L—— 5% 7 Vamn
Of % Of &
S |- l S |-
lF;mIl
| |
+ [0 0o + [0 0 0 000 + 000 S S Sl
N =
vev [0 © © Vv [0 © O 0 00 Vv O © L_L Short Circuit Fault
oo 0% oo o “oo0oof oo of
O O O O O 0 O 0 0 O 0 o0
|— | — |— — |
J_ Is_low S1 -IT- Is_low 82
Is_low S1 = ” Is_low S2 ~ve (b) <
e PV array in e PV array in Is_up S1
Somai] L-L fault in
operating last region
condition

Figure 4. (a) PV strings in normal condition. (b) PV strings with L-L fault.

2.2. Proposed Fault Detection and Classification Circuit (FDCC)

In Figure 5, the proposed fault detection and classification circuit is shown in the proposed circuit. There are four
control blocks used in the sky blue block the MPPT (P&O) is running which will give a duty signal to the switching
device present in the DC-DC converter. Each control block is in sync with each other.
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Figure 5. The proposed fault detection and classification.

After this initial procedure, there comes a threshold block in yellow color, with the help of mathematical equations
discussed in Section 2. Thresholds of four different types of faults are classified. Varray and I array are the inputs of
this block. There will be 5 outputs of this block three of them are the thresholds for open circuit fault T;,, shading fault
T,p, short circuit fault Ty,s. The other two are Voc and Isc which are useful for the calculation of the current and voltage
indicators (R;), (Ry).

The five output signals of the threshold block are the input signals of the fault detection and classification (FDC).
This block is mentioned in the circuit diagram in red color. In this block, a comparison of indicators with the thresholds
is being done, and output signals of this block will detect and classify the faults.

For the further classification of short circuit fault, another control block is used, which is in orange color. There
are three inputs: two of the current sensors’ outputs and one is the short fault. In this block data from the current sensors
is processed. If the FDC detects the presence of a short circuit fault, the L G L_L classification block will start working,
process the information, and classify which type of short fault is present in the system.

2.3. Flowchart of the Proposed HFDCA

With the help of the conditions for the sensing signals in Tables 1 and 2 for FDC, this flowchart of the proposed
HFDCA. In Figure 6, the proposed hybrid fault detection and classification algorithm (HFDCA) is shown.

Table 1. Summary of Faults Sensing signal.

Fault Sensing
Type Signal
Ri>Tio

No fault &&
Ry>Tys
Ri<Tio

Degradation &&
Ry <Tys
Open Ri<Tio
Shading R <Tp

Short Ry <Tys
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Table 2. Summary of Short Circuit Faults Sensing signal.

Fault Sensing
Type Signal
Is up S1
Short (L-G) Figure 3. <
Is low S2
Is low S2
Short (L-L) Figure 4. <
Is up S1

C  Start
———

Initialization: Ns,Np,G,Gp,T
Calculations: Isc,Voc,Im,Vm,Imp,Vmp
Evaluation of voltage and current indicators: Rys,R;0,Rp
Calculation thresholds: Tys Ty Tio.

MPPT collect output V and I
Evaluation of ratios Ry and R,

d |

Kes Ry >Tvs || Rio>T [N}
o /S -
J v >Tys || Rio>Tio R, < Ty
¢ No
Y

Tvs <Ry || No e l

Tio <Ry v

No Partial shading
R, <T
Y 1 10 —
pa Other fault

Degradation

= Yes Ry <Tvs E

l Yes
No

Short Circuit -

v

‘——— Fault Alarm —» END

Yes
A A 4

Other
Is_up of string E Is_low of string l No
< e <
Is_low of string Is_up of string
‘ Yes ‘ Yes

Figure 6. The proposed fault detection and classification algorithm flowchart.

The operation of this HFDCA is divided into three stages. In the first stage, the current and voltage indicators ratios
will be defined alongside these thresholds will be created with the help of mathematical equations discussed earlier in
Section 2 of this paper.

In the second stage, the current and voltage indicator ratios are compared with the thresholds for each type of fault,
and detection and classification will be done. In the third stage of this algorithm, the further classification of short circuit
fault is being done. Here the algorithm will compare the data of two current sensors, one placed on the top of the first
string and the second connected at the bottom of the second string. This placement of sensors can be seen in Fig By doing
this, the algorithm will successfully detect and classify whether either system has an L-G or L-L short circuit fault.
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3. Results and Discussion

All the previous discussions in Section 2 are verified with the help of a simulation of the proposed FDCC. The
simulations are done on the PSIM 2022.1 Version. In Figure 7, the simulation setup for the proposed FDCC is presented.

In the simulation circuit, four controllers are attached to the PV array. A boost converter is also installed in the
proposed FDCC. The two current sensors are attached, and two displays are also attached for the measurement of current.
Firstly, the MPPT (P&O) control block will give the Duty cycle to the mosfet used in the DC-DC Boost converter. Then,
after this, a threshold control block is present, which will give 5 outputs for their values Five displays are attached with
them that will display the threshold values and Voc and Isc. These parameters are discussed in Section 2 of this paper.
For the detection and classification of faults, a controller is presented and five displays are attached. A value of 0.2 will
be displayed on them according to the type of fault that occurs in the PVS.

After this comes a control block that will detect and classify the L-G and L-L faults in the PVS. Three displays are
attached to this block, and a value of 1 will be displayed on them according to the type of fault that occurred in the PVS.

Specifications of the PV module and DC-DC boost converter are given below in Tables 3 and 4.

Table 3. Specification of the PV module.

Maximum PV Module Power (Pm) 59.84 W
Open Circuit Voltage (Voc) 21.1V
Short Circuit Current (Isc) 3.8 A
Max Current at MPP (I mpp) 35A
Max Voltage at MPP (V mpp) 171V

Table 4. Specification of boost converter.

Inductance (L) 2 mH
Capacitance (Cin) 22.59 uF
Capacitance (Cout) 250 uF
Resistive load (R) 12 ohms

Vioad = 53.60267

L 2m Degradation = 0
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;g
L MUY . N @
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Figure 7. Proposed 2X2 PV array schematic of FDCC.

In the No-fault conditions, R;and Ry are both greater than the fault thresholds Tjo, Tys, and Tjp. This can be proved
by Figure 8.
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Figure 8. Current and voltage indicator ratios for no fault.

(A) Degradation:

As discussed in Section 2, whenever the current and voltage indicators are less than the open circuit fault threshold
Tio and short circuit fault threshold 7ys. In Figure 9. R; = 0.48305 and Ry = 0.38573. Where 770 = 0.50197 and Tys =
0.43763. Hence, the sensing condition of Table 1 and 5 is satisfied, and the fault is classified as degradation. This is
verified by a display named degradation in Figure 7, which will display 0.2 while other fault displays will give 0.

(B) Open Circuit Fault:

It is discussed in Section 2 that when the current indicator becomes less than the open circuit fault threshold, the
algorithm in Figure will detect and classify the open circuit fault. In Figure 10. R; = 0.49806 and 770 = 0.50197, hence
the sensing condition given in Tables 1 and 5 is satisfied, and the given fault is classified as the open circuit fault. This
detection and classification is verified by a display named Open in Figure 7, which will display 0.2 while other fault
displays will give 0.

(C) Shading Fault:

Well, according to the discussion in Section 2. When a Shading fault occurs in PVS, the Current Indicator R;
becomes less than the shading fault threshold (77). In Figure 11, R;= 0.58727 and T;p = 0.59684. Hence the sensing
condition mentioned in Tables 1 and 5 is satisfied and the fault is classified as a shading fault. This detection and
classification is verified by a display named shading in Figure 7, which will display 0.2 while other fault displays will
give 0.

(D) Short circuit fault:

In Figure 12, the voltage indicator Ry = 0.42479 and the threshold 7Tys = 0.43763. Hence, the sensing condition in
Table 2 and 6 for the short circuit fault is satisfied. This detection and classification is verified by a display named short
in Figure 7, which will display 0.2 while other fault displays will give 0.

The simulation results of the displays classifying the above faults can be seen in Figures 13—17.

(1) L-G:

When the display named short gives a 0.2 value this will be the input of a block (L_L L G) for the further
classification of the short circuit fault. In that block mentioned in Figure 7, the data from two current sensors Is_up S1
and Is low S2 will be compared. In Figure 18, It is visible that the Is up S1 =3.28797 and Is_low S2 = 3.79967 which
will satisty the sensing condition of Tables 2 and 6. The fault therefore, is classified as L-G fault and is verified by the
display named L-G It will give 1 output value while other displays will show 0. This can also be verified by Figure 19.
(2) L-L:

When the display named short gives a 0.2 value, this will be the input of a block (L L L G) for the further

classification of the short circuit fault. In that block mentioned in Figure 7, the data from two current sensors Is_up S1
and Is low S2 will be compared. In Figure 20. It is visible that the Is up S1 =3.28797 and Is_low S2 = 3.28768 which
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will satisfy the sensing condition of Table 2 and 6. The fault therefore, is classified as L-G fault and is verified by the
display named L-G It will give 1 output value while other displays will show 0. This can also be verified by Figure 18.

Table 5. Summary of Faults Sensing signal.

Current fmd Voltage Thresholds
Indicators
Fault Sensing
Type Ry Ry Tio Tvs T Signal
R;>Tio&&
No fault 0.96611 0.77146 0.50197 0.43763 0.59684 Ry>Tys
Degradation Ri<Tp&&
0.48305 0.38573 0.50197 0.43763 0.59684 Ry <Tys
Open 0.49806 0.6549 0.50197 0.43763 0.59684 R <Tpo
Shading 0.58727 0.73496 0.50197 0.43763 0.59684 R <Tp
Short 0.93259 0.42479 0.50197 0.43763 0.59684 Ry <Tys
Table 6. Summary of Short Fault Sensing Signal.
Current Sensors
Fault String 1 String 2 Sensing
Type (Is_up S1) (Is_low S2)
Signal
Is up S1
Short (L-G) Figure 3. 3.28797 A 3.79967 A <
Is low S2
Is low S2
Short (L-L) Figure 4. 3.28797 A 3.28768 A <
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Figure 9. Current and voltage indicator ratios for degradation.
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Figure 10. Current and voltage indicator ratios for Open circuit fault.
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Figure 11. Current and voltage indicator ratios for shading fault.
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Figure 12. Current and voltage indicator ratios for Short circuit fault.
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Figure 13. Degradation fault display result.
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Figure 14. Open Circuit fault display result.
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Figure 16. Short circuit fault display result.
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Figure 19. Short circuit (L-L) fault display result.
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Figure 20. L L fault current sensor value.

4. Comparative Analysis

In [23], an algorithm detects and classifies L._L and L._G faults by utilizing two current sensors placed per string
in a PV array. The only drawback of this technique is that it requires an additional number of sensors and extra channels
on the microcontroller. Meanwhile, in [26], the algorithm can detect faults using mathematical equations and ratios.
The drawback of this method is that it cannot distinguish between L L and LG faults.

The proposed technique essentially accomplishes both by using a new hybrid algorithm that expands the range of
faults detected and classified.

5. Conclusions

This research introduces a new hybrid fault detection and classification algorithm (HFDCA). It is concluded that
faults are detected and classified through mathematical modeling and data from two current sensors. The algorithm
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effectively operates with blocking diodes in the PVS. Only two current sensors are required. This proposed FDCC and
HFDCA offer a low-cost solution with no interfacing issues. The method successfully detects and classifies degradation,
open circuit, shading, and short (L-G, L-L) faults. The algorithm only takes a few milliseconds to detect the faults.
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Nomenclature
PVS Photovoltaic system
OCPD Overcurrent protection
GCPD Ground fault protection
Voe Open circuit voltage
Lsc Short circuit current
G Irradiation
T Temperature
Tinpp Maximum power point current
Vinpp Maximum power point voltage
STC Standard testing conditions
Tio open circuit fault threshold value
T Partial shading fault threshold value
Tvs Short circuit fault threshold value
R: Current indicator
Rv Voltage indicator
£ Allowed offset value
\Y Real-time voltage value
1 Real-time current value
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