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ABSTRACT Accurate and fast fault monitoring system is important for photovoltaic (PV) systems to
reduce the damage and energy loss associated with faults. This paper presents a fast fault detection and
classification scheme for PV systems. The rate of change of the measured power at the array level is firstly
used to detect and differentiate between shading and PV system short-circuit faults. Then, the measured
cross-strings differential currents classify the fault type in the case of short-circuit faults. The proposed
method accounts for intra-string, string-to-negative terminal, cross-string (string to string), and pole-to-pole
short-circuit faults, as well as open circuit faults. Two current transducers per two strings are only required
to apply the method leading to a significant reduction in the number of transducers/sensors compared to
the literature, making it a cost-effective solution. The fault is detected and classified in 1 ms. A 400 kW PV
system consisting of 4 arrays simulated using MATLAB/Simulink package is used for the evaluation process.
Short-circuit faults are imposed at different conditions of mismatch levels and fault resistance values. Also,
operation at reduced irradiance level is considered, and shading faults are simulated in different levels. The
simulation results prove the ability of the proposed scheme to detect and differentiate between shading and
short-circuit faults. The proposed method can correctly classify different fault types in almost all cases. The
low implementation cost due to the lower number of required sensors and the fast-operating time (1 ms)

boost the feasibility of the proposed method.

INDEX TERMS Fault classification, PV system, shading, short-circuit.

I. INTRODUCTION

The electric load demand is increasing, intending to electrify
the transportation sector, which increases the need for
more energy generation. The unfavorable environmental
impacts of conventional generation plants hinder building
new conventional units [1]. In 2019, the electricity generation
sector in the United States of America was the second-
highest source of greenhouse gases with 25% [2], and it
accounted for 21% of emissions in the United Kingdom
for the same year [3]. Renewable energy sources are the
target for different countries as a clean energy source to
tackle this problem [4], [5]. Renewable energy sources
include photovoltaic (PV), hydro, wind, fuel cell, geothermal
and tidal power plants [4], [5]. The PV power plants are
considered a clean and promising source of energy [6].
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However, PV power plants have two main drawbacks.
The first is the high initial cost and the need for a wide
construction area, while the second is the low operating
efficiency [7].

Fault detection and classification techniques help pre-
venting catastrophic failures in PV systems [8]. Some
researchers relied on artificial intelligence techniques to
detect and classify faults in PV systems [9]-[14]. The model
presented in [9] suggested using two diodes connected at
the upper and lower terminals of each string to facilitate
the fault detection and classification. This method depended
on using two current transducers for each string to measure
the upper and lower currents. The detection algorithm
was built based on both neural patterns recognition (NPR)
and ensemble bagged trees (EN) algorithms. The main
drawbacks of this method are related to using large number
of diodes and sensors for large PV systems and a large
number of samples is required for the training of both NPR
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and EN algorithms. Furthermore, shading faults were not
considered in [9].

In [10], graph-bass semi-superposed learning (GBSSL)
technique was used to build a model used to detect and
classify the fault types. The presented model was built to
protect the PV system during the inverter side AC system
faults. A large number of training samples (7488) were
used for training the GBSSL model, which increased the
simulation time. Furthermore, string to string, pole-to-pole,
and shading faults were not considered. A model based
on radial basis artificial neural network (RB-ANN) and
fuzzy logic (FL) interface system was proposed in [11]. The
faulty array and partial shading were only considered with
detection accuracy up to 92.1%. The classification between
high and low string faults, the string to string, pole-to-pole,
and open circuit faults were not covered. Reference [12]
suggested a random forest model for detecting the PV
system faults. The cell-to-cell, degradation, open circuit, and
partial shading faults were considered high detection and
classification accuracy. The string to string, pole-to-pole, and
complete shading faults were not considered. Also, it did
not distinguish between low and high string faults, and a
large dataset was required for the training process. The
grey wolf optimizer (GWO) approach was used to detect
and classify the PV system fault types [13]. The suggested
GWO detection accuracy was compared with both the genetic
algorithm and Tabu search algorithm. The short and open
circuit faults were considered in this work, but pole-to-
pole and shading faults were not considered. The effect of
irradiance variations was not taken into consideration. In [14],
the fuzzy logic interface (FL) algorithm was implemented
for detecting and classifying the PV system fault types. The
presented algorithm was used to detect shading, PV array, and
hot spot faults, but it had a complexity to be implemented.

Another category of techniques depends on analyzing the
voltage and current waveforms of the PV system [15]-[26].
In [15], a fault detection and classification technique based
on scanning the I-V curve of the array has been reported.
Firstly, the abnormal condition was detected based on
comparing the disturbance in the current with a threshold
level. Then, the fault was classified by initiating an order
to trigger scanning the I-V curve to define the number of
maximum power points and the presence of inflection points.
The technique accounted for intra-string, cross-string, open
circuit, and partial shading faults and did not consider string
to the negative terminal and pole-to-pole faults. It was not
clear if scanning the I-V curve was online or offline. The
rate of change of voltage-current has been used in [16] to
detect and classify different faults. This method depended on
measuring the voltage and current of each string. The intra-
string, cross-string, string to the negative terminal, pole-to-
pole, and shading faults have been detected and classified
but not open circuit fault. With two transducers per string,
the implementation cost increases with large PV systems.

Reference [17] presented a fault detection model to detect
cell to cell and cell to ground faults during normal and low
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irradiance and partial shading periods based on the maximum
power point tracking (MPPT). The proposed model separates
between normal and faulty states without separation between
fault types. Open circuit, string to string, and pole-to-pole
faults were not considered. In [18], a fault detection method
was presented based on measuring the voltage of both the
upper cell and the lower cell in each string and the total
array voltage and current. The suggested model was used to
identify and detect the string to string, the string to ground,
open circuit faults, and partial shading faults. The main
drawbacks of this model are evaluating many conditions for
classifying each fault type, the complexity of the suggested
algorithm, the irradiance effect has not been considered, and
it did not separate between low and high fault levels. The
model presented in [19] was built to detect and identify
the PV system fault types based on the normalized super-
imposed power component of the PV array. This method
distinguished between short-circuit faults and partial shading
without classifying the short-circuit fault types. In [20],
a technique based on the difference between the maximum
power tracking point for the simulated and the real PV arrays
(output voltage, current, and power) has been proposed.
It classified string and shading faults without distinguishing
between low and high fault states. Also, this model did
not consider the pole-to-pole faults and irradiance reduction
effect on the PV system faults. In [21], the PV system fault
detection model was built based on the local outlier factor of
the string’s current. The model was used for classifying sting,
open circuit, and shading faults with different irradiance
levels. The suggested model did not consider the pole-to-
pole and string to string fault types and did not distinguish
between low and high string faults. The fault detection model
presented in [22] relied on an optimal number of voltage
sensors required for a PV system connected to an AC grid.
The model is only used to detect the short circuit faults of each
string. The complexity of the suggested model to determine
the fault location in each string with the lack of detection of
string to string, pole-to-pole, and open circuit faults represent
the main drawbacks of this model. In [23], a fault detection
method based on the PV system power losses and current and
voltage indicators was reported. The model focused only on
detecting the PV system faults during the partial shading and
the inverter maloperation periods. This model is valid during
low irradiance periods and cannot be implemented to detect
faults during normal irradiance conditions. A simple PV
system fault detection technique was presented in [24] based
on the array voltage and current besides the irradiance and
temperature sensors. Threshold values for voltage and current
were determined considering the PV system configurations.
The threshold values were used for detecting string fault
types. The open circuit, pole-to-pole and shading faults as
well as the irradiance effect were not considered in this work.
The model presented in [25] is based on the power loss in the
PV system. The suggested model diagnosed the PV system
grounding, string short circuit, blocking diode failures and
shading faults. The detection algorithm ignored the string
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open circuit, the complete string shadow, and the irradiance
reduction. In [26], a detection method that used temperature
and irradiance sensors and power meter for each string to
diagnose the short and open circuit faults has been presented.
The suggested algorithm detected only string cell to cell and
open circuit faults and ignored the other fault types.

The literature shows the shortage in the existing fault
detection and classification techniques for PV systems. For
instance, some techniques ignored many fault types while
some other techniques use two sensors for each string which
increases the implementation cost. Also, some techniques are
complex. This paper proposes a simple and fast fault detection
and classification model to overcome the limitations in the
literature. The proposed method uses the rate of change
of the measured power at the array level to detect and
distinguish between shading and PV system short-circuit
faults. Cross-strings differential currents are used to classify
the short-circuit faults. The proposed method is efficient
for detecting intra-string, string-to-negative terminal, cross-
string (string to string), pole-to-pole short-circuit faults, and
open circuit faults. Two current transducers per two strings
are only required to apply the method, leading to a significant
reduction in the number of transducers/sensors compared to
the literature, making it a cost-effective solution. A 400 kW
PV system consisting of four arrays simulated using MAT-
LAB/Simulink package is used for the evaluation process.
Short-circuit faults are imposed at different conditions of
mismatch levels and fault resistance values. Furthermore,
operations at different irradiance levels are considered for
short-circuit and shading faults. The proposed technique has

the following features:
o It can detect and classify different fault types (intra-

string, cross-string (string to string), string-to-negative
terminal, pole-to-pole, shading, and open circuit) at
different irradiance and fault resistance levels.

« It uses only one current transducer per string. It signifi-
cantly reduces the implementation cost compared to the
existing methods.

« Fast operation as it operates in 1 ms.

o It can easily be applied to different PV system sizes
as the controlling parameters are calculated from either
the PV system parameters or through simple simulation
studies.

Il. PROPOSED METHOD
A. CONCEPT AND REQUIRED MEASUREMENTS
The proposed protection and monitoring system depends on
measuring the differential current between every two strings’
upper and lower terminals. To illustrate this concept, consider
two strings with upper and lower currents, as shown in Fig. 1.
The proposed method measures the differential current (1,41)
between the upper current (/11) and the lower current (I27)
of two neighboring strings and the differential current (I;2)
between the two other currents (/12 and I51).

The differential current can be measured using a single
current transducer (CT), where the two current-carrying
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FIGURE 1. Proposed protection system using the differential current
approach.

conductors pass through the transducer hole. Therefore, for
every two strings, two CTs are used.

B. PERFORMANCE DURING INTRA-STRING FAULT

When a fault occurs between terminals of a single or a group
of modules in the same string, the blocking diode prevents
the reverse current flow and isolates this string from the
system. The current in the faulty module(s) increases while
the upper and lower currents in the faulty string become
zero, as shown in Fig. 2. The other healthy strings continue
to operate normally, and their currents are not affected by
this type of fault. The upper and lower currents of the two
neighboring strings and the expected differential currents can
be summarized as follows:

I =12=0

by =In =1,

g1l = |1 — I2|

a2| = |12 — D21

a1l = a2l = I (1)

where [,,, is the current in the healthy string, the string current
is at the maximum power point (MPP).

Depending on the fault resistance value and the number of
faulty modules, the current generated by the fault module(s)
is divided between the fault branch (/) and the string current
(I11). Therefore, the upper and lower currents in the faulty
string decrease significantly but not to zero. In this case,
the differential currents (Z;1) and (I;7) will be less than the
healthy string current (1,,,). However, the two differential
currents are still large and equal. The fault is classified as
intra-string LOW for this case. On the other hand, the first
case where the whole current passes through the fault branch
is classified as intra-string HIGH. For the HIGH fault case,
the number of modules participating in the fault is large, for
the same fault resistance, compared to the intra-string LOW
case, which means more damage if the fault is not accurately
detected.
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FIGURE 2. System configuration with an intra-string fault.
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FIGURE 3. System configuration with a string-to-negative terminal fault.
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C. PERFORMANCE DURING STRING-TO-NEGATIVE
TERMINAL FAULT

In this case, the fault occurs between a module in the
string and the negative terminal current-carrying conductor,
as depicted in Fig. 3. Like the intra-string case, the diode
isolates the string preventing any reverse current infeed.
However, the lower side current in the fault string holds
the whole fault current and the module short-circuit current
(Zsc)- The four currents of interest and the corresponding two
differential currents are given by (2). The first differential
current has a high value, but the second differential current
is small. As is clear, the relation between the values of the
differential currents for this fault case is different from the
intra-string case. Therefore, the two differential currents can
be used to distinguish between the two fault types.

I =0

I, = I,

by =In=1Iy

a1l = In

a2l = |se — Inl 2
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FIGURE 4. System configuration with a cross-string fault.

The string-to-negative terminal fault is also split into HIGH
and LOW. For higher fault resistance values or the small
number of modules included in the fault, the upper current in
the faulty string (/11) will not be zero. This, in turn, decreases
the value of (I;1) to be less than the healthy string current
(In), and the fault is classified as string-to-negative LOW.

D. PERFORMANCE DURING CROSS-STRING FAULT
Cross-string fault occurs between two strings, as shown in
Fig. 4. The direction of the fault current depends on the
relative number of modules participating in the fault from
the two strings. Assuming the number of lower modules in
the left-hand side string is higher than those in the right-hand
side string, the fault current path will be shown in Fig. 4.

The upper current in the left-hand side string (/11)
decreases to zero due to the diode effect, while the lower
current (/12) increases to the short-circuit current (/). Most
of the fault current passes through the upper part of the right-
hand side string (I21) with a very low current return to the
left-hand side string through the lower part of the right-hand
side string (I7). Accordingly, the differential currents can
be estimated by (3). Unlike the intra-string and string-to-
negative terminal faults, both differential currents have small
values for the cross-string faults. Therefore, the cross-string
fault can be differentiated from the other two fault types. The
fault is classified as cross-string HIGH for this case.

For a cross-string LOW fault, the current (/1) does
not decrease to zero but will be a portion of the lower
current (/12). Also, the current (15,) is not reversed. The two
differential currents (I;1) and (Iz7) slightly increase but are
still not as high as their values with the intra-string LOW
faults.

I =0
Iy = I
b = I (alittle bit < I.)

I, = small value

a1l
[Iz2] = |12 — L1 = small value (3)

|11 — I»z| = small value
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FIGURE 5. System configuration with a pole-to-pole fauit.

E. POLE-TO-POLE FAULT

For a fault between the positive and negative terminals
(pole-to-pole) as depicted in Fig. 5, high current flows
through the fault path coming from different strings leading
to significant loss in the whole array output power. The
measured differential currents will be zero during this fault
assuming equal pre-fault currents in the strings.

F. OPEN CIRCUIT FAULT

An open circuit in a string leads to zero current getting out
from this string which is similar to an intra-string HIGH fault
(refer to Fig. 2 and (1)). Accordingly, the performance of the
proposed method is similar for both open circuit and intra-
string HIGH faults, and the faulted string can be located. The
open-circuit fault causes a reduction in the array output power
without damage in the string’s modules because the current
is zero.

G. SHADING FAULT
It is important to distinguish between short-circuit faults and
temporary shading because the latter does not require system
interruption. The distinct feature for the shading fault is the
low rate of change of power (RoCoP). During short-circuit
faults, the RoCoP is very high, and the power changes almost
instantaneously. On the other hand, the shading requires a
longer time (low RoCoP) that can be as high as few hundreds
of milliseconds or even in seconds [15]. Fig. 6 shows the
change in the output power from a PV system during a
short-circuit fault and a shading fault on a string (irradiance
changes from 1000 to 200 W/m? within 100 ms). Even if
the shading has been simulated to be as fast as 100 ms, it is
very slow compared to the short-circuit fault. The RoCoP
at the array level (or the inverter level) where the power
is inherently measured is used as a detector to distinguish
between shading and short-circuit faults. Then, the proposed
current differential scheme is implemented to classify the
fault type.

The RoCoP is calculated using two measurement samples
by (4), where k is the sample number and T is the
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FIGURE 6. Output power during short-circuit and shading.

measurement sampling time. The threshold value for the
RoCoP, used to distinguish between shading and short-
circuit, can be estimated from the worst-case scenario for
a shading fault. Assume the power has changed during the
shading fault as depicted in Fig. 6. The maximum RoCoP
for this shading fault corresponds to the maximum possible
change in the power and the minimum possible shading
time. Numerical threshold is given later in the performance
evaluation section.
|P(k) —Pk—-1]|

|RoCoP| T. “

H. FAULTS DURING REDUCED IRRADIANCE LEVEL

The previous analysis for the short-circuit faults considers
zero differential currents before the fault inception. Suppose
one of the two strings operates at a reduced irradiance level
due to shading. In that case, there will be a difference in
the strings currents, and the measured differential currents
will not be zero during the non-fault (healthy) condition.
Of course, the shading will be detected while it is occurring,
based on the RoCoP. However, the case intended here
concerns short-circuit occurrence after the shading becomes
stable. Here are two points to consider.

The first point is the discrimination between the
cross-string fault and the other fault types. As previously
mentioned, the differential currents are small during the
cross-string fault (refer to (3)). With the mentioned effect
of reduced irradiance, the differential currents may not be
small during the healthy condition and will not be small when
a cross-string fault occurs. However, the increment in the
differential current due to the cross-string fault is what will be
small. Therefore, to distinguish between cross-string fault and
other types, the incremental differential current (Aly) is used,
which is the difference between two successive samples.

The second point is the classification of the fault as HIGH
or LOW for both the intra-string fault and the string-to-
negative terminal fault. The classification depends on the
relative value of the differential currents with respect to the
rated current at MPP (/,;,) as previously explained and given
in (1) and (2). For HIGH faults, both differential currents
are equal to I, for an intra-string fault, and one of the two
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differential currents is equal to [, for a string-to-negative
terminal fault. However, suppose the fault occurs on a string
while the neighbor healthy string operates at a low irradiance
level. In that case, the differential currents will be less than 7,
even if the fault is HIGH because the current in the healthy
string is less than the rated ,,. The fault will incorrectly be
classified as LOW when using I, as the threshold value to
differentiate between HIGH and LOW faults.

An adaptive threshold level is proposed to classify HIGH
and LOW faults for the intra-string and string-to-negative
terminal faults to overcome this problem. As previously
mentioned, the pre-fault differential current is not zero for
this situation. This pre-fault differential current Isre is used
to calculate the threshold current /0 as (5), which is used to
distinguish HIGH from LOW faults. It is proposed to consider
a margin of 5% to account for possible fault transient effects.
If the differential current during the fault period is greater than
the threshold current /0, then the fault is HIGH. Otherwise,
the fault is classified as LOW.

Io = 0.95 x (Iy — 1) 3)

It is worth noting that in case the two strings operate at the
same low irradiance level, the pre-fault differential current
will be zero, and the proposed method may not be able
to differentiate between HIGH and LOW faults. However,
the fault is still classified as one of the main fault types but not
as HIGH or LOW. The PV systems usually have irradiance
sensors installed at different locations for the purpose of
maximum power extraction. The irradiance value measured
by these sensors can be used to update the current value at the
MPP in the proposed method to further enhance the system
performance.

In order to distinguish normal system operation from the
previously explained fault types, the RoCoP at the array
is used. In normal conditions, the power slightly oscillates
around the maximum power-point. The change in the power
is very little and is a function of the MPPT algorithm
used. Therefore, a small RoCoP value (RCPy) is used to
differentiate between normal and abnormal conditions. The
flowchart in Fig. 7 illustrates the procedure for fault detection
and classification. This procedure is implemented on every
two strings in the system. Therefore, the fault location is also
identified.

The threshold values (RCPy, RCPy,, I;41, and I;;») used to
classify the fault type in the flowchart are determined from
simulating faults at different conditions, as illustrated later in
the simulation studies.

lIl. PERFORMANCE EVALUATION

A. SYSTEM DESCRIPTION

The 400-kW grid-connected PV farm available in the
MATLAB/Simulink which is shown in Fig. 8, is used in
this study [27]. The PV farm has four arrays of 100 kW
each. Each array has 64 parallel strings with five series-
connected modules per string. Table 1 shows the parameters
of a single PV module and the parameters of the system.

112660

e  Measure array power and calculate the RoCoP
e Measure differential currents
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RCPy =125 kW/s
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String’s
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String-to-negative
terminal fault
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FIGURE 7. The procedure of the proposed scheme.

The farm is connected to a 25 kV distribution grid and
a 120 kV transmission grid through step-up transformers,
which are not shown in Fig. 8 and are considered as part of the
main grid block. The maximum power is extracted from each
array using the Perturb and Observe maximum power point
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FIGURE 8. Construction of the simulated 400 kW PV system.
TABLE 1. Parameters of the system.
Parameter Value
PV module maximum power 315 W
PV module MPP current 576 A
PV module MPP voltage 547V
PV module Short-circuit current 6.14 A
PV module Open-circuit voltage 64.6 V
PV module Shunt resistance 430 Q
PV module Series resistance 043 Q
DC/AC converter 500 VDC to 260 V AC
AC system frequency 60 Hz
AC low voltage series RL filter 1mQ,45uH
AC low voltage shunt C filter 260 V, 40 kVAR
Coupling transformer 400 kVA 260 V/25 kV
Distribution grid voltage 25kV
Transmission grid voltage 120 kV

tracking (MPPT) technique implemented with each DC/DC
converter.

Assuming in worst case, the shading results in a reduction
in the total array power by 50 kW (half the total array power)
in 0.5 s. The corresponding RoCoP is 100 kW/s. Considering
a safety margin of 25% between the shading and the short-
circuit faults, a threshold value (RCPy,) of 125 kW/s is used
in this paper to distinguish shading from short-circuit faults.
The simulation study shows that the RoCoP under normal
conditions does not exceed 0.3 kW/s. Therefore, this value
is used as the setting for RCPy.

B. ILLUSTRATIVE CASES
This section illustrates the operation of the proposed scheme
by simulating different shading and short-circuit faults.

1) SHADING FAULTS

Shading occurs due to different reasons, including passing
clouds and nearby buildings. Shading has been simulated
as a decrease in the irradiance level with a specified rate
of change. In [15], it has been assumed that the irradiance
changes from 1000 W/m? to 800 W/m? in 2 s to simulate
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FIGURE 9. Measured array power and calculated RoCoP for uniform
shading fault affecting one string.
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FIGURE 10. Measured array power and calculated RoCoP for uniform
shading fault affecting four strings.

the shading effect. This paper has assumed that the irradiance
level decreases in 0.5 s, which is four times faster than [15].

Three uniform shading cases have been simulated where
the irradiance changed from 1000 W/m? to 500 W/m2, and
the shading affected one string, four strings, and the whole
array’s strings in addition to simulating two partial shading
cases at higher irradiance levels (1000 W/m? to 700 W/m?),
which affected only two modules of the string. The partial
shading has been imposed on three strings and six strings.
The measured array power and the calculated RoCoP for
different cases are shown in Fig. 9, Fig. 10, Fig. 11, Fig. 12,
and Fig. 13. The RoCoP value increases with increasing
the affected strings. Nevertheless, the RoCoP for all cases
did not exceed the threshold RoCoP (RCPy, = 125 kW/s).
Accordingly, these test cases were identified as shading, not
short-circuit faults, and the proposed method can identify
both uniform and partial shading.

2) SHORT-CIRCUIT STRING FAULTS

Different string short circuit fault categories considered in
this paper have been simulated with a fault resistance of 1
and 20 Q2 to illustrate the performance of the proposed
method for both HIGH and LOW faults. These faults are
shown in Fig. 14. The first fault is an intra-string with
two modules involved in the fault, the second is a string-
to-negative terminal between the second module and the
negative terminal, and the third is a cross-string fault from
module 4 in one string to module 2 in the other string.
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FIGURE 11. Measured array power and calculated RoCoP for uniform
shading fault affecting a whole array (64 strings).
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FIGURE 12. Measured array power and calculated RoCoP for partial
shading fault affecting three strings.
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FIGURE 13. Measured array power and calculated RoCoP for partial
shading fault affecting six strings.

Each of the three faults has a mismatch level of 2 modules.
The differential currents are measured with a sampling
frequency of 1 kHz.

For the intra-string fault with a resistance of 1 £,
Fig. 15 shows the array power and the corresponding RoCoP.
The RoCoP value (1815 kW/s) is high once the fault occurs
and much higher than the threshold value (125 kW/s).
Therefore, the fault is detected and classified as a short-
circuit fault. The second step is to classify the fault based on
the differential currents. The measured differential currents
are shown in Fig. 16. The two differential currents are
equal during the fault. During the fault steady state, the two
differential currents are equal to the current at the MPP.
The first sample of during fault current i.e., after 1 ms, is a
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FIGURE 14. An illustrative example for different short-circuit fault types.
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FIGURE 15. Measured array power and calculated RoCoP for an
intra-string fault with a resistance of 1 Q.

little higher than the current at the MPP because of the fault
transient. Because the two differential currents are close to
the current at the MPP [, (higher than the threshold current
Iino = 0.951,, = 5.47 A), this fault is classified as an intra-
string HIGH. This result matches the analysis provided in the
methodology section.

Fig. 17 and Fig. 18 show the array power and RoCoP and
the measured differential currents for the intra-string fault
with a resistance of 20 €2. The calculated RoCoP is 1144 kW/s
which is higher than the threshold value (125 kW/s). The
pre-fault differential currents are zero, and both during fault
differential currents are equal to 3.87 A, which is less than
the threshold current I,;9 (5.47 A). Therefore, this fault
is classified as an intra-string LOW which is the correct
classification.

Regarding the string-to-negative terminal faults,
Fig. 19 and Fig. 20 show the result for a fault resistance
of 1 © while the result for the 20 €2 fault resistance is given
in Fig. 21 and Fig. 22. For both cases, the calculated RoCoP
is much higher than the threshold value (125 kW/s) which
means they are classified as short-circuit faults. For the two
cases, the two differential currents are neither low nor equal.
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FIGURE 16. Measured differential currents for an intra-string fault with a
resistance of 1 @.
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FIGURE 17. Measured array power and calculated RoCoP for an
intra-string fault with a resistance of 20 @.
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FIGURE 18. Measured differential currents for an intra-string fault with a
resistance of 20 .

Therefore, the two cases correspond to string-to-negative
terminal faults following the procedure in Fig. 7. Because one
of the differential currents during the fault (/;; in this case) is
close to the current at the MPP for the 1 2 fault case (higher
than the threshold current I;0 = 0.951,, = 5.47 A), it is
classified as HIGH fault. On the other hand, for the second
case 141 is lower than the threshold current /9 (5.47 A) which
means it is a LOW fault case. The first sample of during fault
data has been used for the classification process which means
the method is as fast as 1 ms (one sampling period).

The results for the cross-string two fault cases are depicted
in Fig. 23, Fig. 24, Fig. 25, and Fig. 26. Similar to the
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FIGURE 19. Measured array power and calculated RoCoP for a
string-to-negative terminal fault with a resistance of 1 Q.
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FIGURE 20. Measured differential currents for a string-to-negative
terminal fault with a resistance of 1 Q.
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FIGURE 21. Measured array power and calculated RoCoP for a
string-to-negative terminal fault with a resistance of 20 Q.

previous short-circuit faults, the RoCoP values for these
two cases are higher than the threshold RoCoP. The two
differential currents during the fault are small (smaller than
Iy = 0.5 A), meaning that these fault cases correspond
to cross-string faults following the procedure in Fig. 7.
The current threshold value (0.5 A) has been defined from
testing the system at various fault conditions. To differentiate
between the HIGH and LOW faults, a threshold value of
0.07 A has been used, also identified from testing the system.
Therefore, the fault case with 1 Q resistance is classified as
HIGH, while the other case is LOW.

The previous six test cases ensure the ability of the
proposed method using the differential currents to distinguish
between different string short-circuits fault types.
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FIGURE 22. Measured differential currents for a string-to-negative
terminal fault with a resistance of 20 Q.
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FIGURE 23. Measured array power and calculated RoCoP for a
cross-string fault with a resistance of 1 @.
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FIGURE 24. Measured differential currents for a cross-string fault with a
resistance of 1 Q.

3) POLE-TO-POLE FAULT

A fault has been imposed between the positive and negative
terminals with a resistance of 1 €. The array output
power significantly decreased, as shown in Fig. 27, and the
corresponding RoCoP is extremely high (80500 kW/s).
Because the fault is not internal for the strings, the differential
current has not changed and is equal to zero. Therefore, this
very high RoCoP, together with all strings that have no change
in the current, is used to detect and classify the fault as pole-
to-pole fault following the procedure in Fig. 7. The fault has
been repeated with a resistance of 20 €2, and the results are
shown in Fig. 29 and Fig. 30, which also reflect the fault type
as a pole-to-pole fault.
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FIGURE 25. Measured array power and calculated RoCoP for a
cross-string fault with a resistance of 20 Q.
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FIGURE 26. Measured differential currents for a cross-string fault with a
resistance of 20 Q.
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FIGURE 27. Measured array power and calculated RoCoP for a
pole-to-pole fault with a resistance of 1 Q.

4) REDUCED IRRADIANCE

In the previous short-circuit fault cases, the two strings
were subjected to the standard irradiance level (1000 W/m2).
To check the performance when one of the two strings
operates at a lower irradiance level, the right-hand side string
in Fig. 14 has been subjected to an irradiance of 700 W/m?.
The intra-string, string-to-negative terminal, and cross-string
faults with a resistance of 1 €2 have been repeated at this
new irradiance condition. The measured array power and
the calculated RoCoP are shown in Fig. 31, Fig. 32, and
Fig. 33 for the three fault cases. The RoCoP value is much
higher than the threshold RoCoP (125 kW/s) for the three
cases. Therefore, they are identified as short-circuit faults.
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FIGURE 28. Measured differential currents for a pole-to-pole fault with a
resistance of 1 @.
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FIGURE 29. Measured array power and calculated RoCoP for a
pole-to-pole fault with a resistance of 20 €.
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FIGURE 30. Measured differential currents for a pole-to-pole fault with a
resistance of 20 @.

The measured differential currents are shown in Fig. 34,
Fig. 35, and Fig. 36. The pre-fault differential currents are
not zero due to variance in irradiance between the strings,
as previously explained. In terms of classifying the fault type,
the incremental differential current when the fault occurred
is (Al; = 4.09 — 1.74 = 2.35 A) for the intra-string
and string-to-negative terminal faults. At the same time, it is
0.1 A for the cross-string fault. Comparing the incremental,
differential current with the threshold level (I;;1 = 0.5 A) as
proposed in Fig. 7, the three fault cases are correctly attached
to the right fault category. In terms of classifying the fault
as HIGH or LOW, the threshold current I, is calculated by
(5) as 3.82 A. Because the during fault differential current
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FIGURE 31. Measured array power and calculated RoCoP for an
intra-string fault with a resistance of 1 @ at reduced irradiance level.
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FIGURE 32. Measured array power and calculated RoCoP for a
string-to-negative terminal fault with a resistance of 1  at reduced
irradiance level.
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FIGURE 33. Measured array power and calculated RoCoP for a
cross-string fault with a resistance of 1 @ at reduced irradiance level.

is greater than 3.82 A for both intra-string and string-to-
negative terminal fault cases, then the two cases are classified
as HIGH faults. On the other hand, the incremental current for
the cross-string fault is equal to 0.1 A, which is higher than
the threshold current (I, = 0.07 A). Therefore, the cross-
string fault is classified as LOW, which is not the correct
classification.

In addition to the previous test cases, the intra-string
fault with a resistance of 1 2 has been repeated at a lower
irradiance level of 300 W/m?. The array power and the
RoCoP are shown in Fig. 37, indicating a short-circuit fault.
The measured differential current in Fig. 38 is used to
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FIGURE 34. Measured differential currents for an intra-string fault with a
resistance of 1 @ at reduced irradiance level.
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FIGURE 35. Measured differential currents for a string-to-negative
terminal fault with a resistance of 1 @ at reduced irradiance level.
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FIGURE 36. Measured differential currents for a cross-string fault with a
resistance of 1 2 at reduced irradiance level.

calculate the threshold current I;,0 using (5) as 1.6 A. Because
during the fault period, the differential current is 1.73 A
(i.e., greater than Ip), the fault is classified as an
intra-string HIGH.

The results obtained from this test ensure the ability of the
proposed method to classify the fault to the main categories
(intra-string, string-to-negative terminal, and cross-string)
based on the incremental differential current. Also, classify-
ing the intra-string and string-to-negative terminal faults to
HIGH and LOW using the adaptive threshold setting while it
may fail, as happened for the studied case, to further classify
the cross-string to HIGH or LOW under low irradiance
level.
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FIGURE 37. Measured array power and calculated RoCoP for an
intra-string fault with a resistance of 1 @ at irradiance level of 300 W/m?2.
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FIGURE 38. Measured differential currents for an intra-string fault with a
resistance of 1 @ at irradiance level of 300 W/m?2.

5) SAMPLING FREQUENCY

A sampling frequency of 1 kHz has been used for data
measurements and the method application. This low sampling
rate facilitates and reduces the cost of implementing the
proposed method. If a higher sampling rate is used for data
capturing, the data can then be downsampled digitally to
1 kHz before calculating the RoCoP [28]. However, it is
worth testing the method at a sampling rate lower than
1 kHz to account for possible limitations in the measurement
capabilities. For this purpose, a sampling frequency of 500 Hz
has been used in this section. A shading fault affecting a
whole array and intra-string fault cases have been simulated.
The RoCoP values for the two cases are shown in Fig. 39 and
Fig. 40. As is clear, the RoCoP for the shading fault is
less than the RCPy,. For the intra-string fault, the RoCoP
in Fig. 40 is lower than that in Fig. 15 due to increasing the
sampling time. Nevertheless, the RoCoP is much higher than
the RCPy,. Accordingly, the proposed method successfully
works at a lower sampling frequency.

C. EXTENSIVE TESTING

To evaluate the performance of the proposed method, faults of
different types have been imposed at various test conditions.
The evaluation considered changing the mismatch level
where the mismatch level was as low as one module in the
fault path. Eight different fault resistance values of 0.001, 1,
3,5, 10, 20, 30, and 40 2 have been used. In [19], a fault with
aresistance of 30 €2 has been considered as a high impedance
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FIGURE 39. Measured array power and calculated RoCoP for shading
fault affecting a whole array at a sampling frequency of 500 Hz.
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FIGURE 40. Measured array power and calculated RoCoP for an
intra-string fault with a resistance of 1 @ at a sampling frequency
of 500 Hz.

fault. Fig. 41 shows the differential currents recorded after
the fault inception by 1 ms for 72 fault cases (24 intra-string
faults, 32 string-to-negative (STN) faults, and 16 cross-string
faults) at different resistance values and mismatch levels.

Regarding the intra-string faults, the two differential
currents are equal and close to the current at the MPP (Z,,,)
for 13 fault cases or lower for the remaining 11 fault cases.
The former case corresponds to intra-string HIGH faults,
while the latter is classified as an intra-string LOW fault.
The differential currents are lower than the current at the
MPP for faults involving three modules at a resistance of
30 © and 40 €, faults involving two modules mismatch at
a resistance of 20 2, 30 2, and 40 €2, and faults with one
module mismatch at fault resistance of 3, 5, 10, 20, 30 and
40 2. With increasing the fault resistance and decreasing the
mismatch level, most of the string current goes to the system
(producing useful output power) while a small portion passes
through the fault branch. The current at the MPP is used
for the threshold level calculation to distinguish between the
HIGH and LOW intra-string faults, as previously explained
and mentioned in the method’s procedure in Fig. 7.

Unlike the intra-string faults, only one of the differential
currents (Iz; in Fig. 41 for the simulated faults) has high
values compared to the other current for string-to-negative
terminal faults, coinciding with the explained concept.
Therefore, these faults can be distinguished from other fault
types based on the differential current’s values. Also, these
faults can be classified as HIGH or LOW based on the
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FIGURE 41. Simulation results for different faults (Intra = intra-string,
STN = string-to-negative terminal and Cross = cross-string fault).

differential current value compared to the current at the MPP.
It is worth noting that values for the two differential currents
in Fig. 41 correspond to faults imposed between the string
holding currents (/17 and I12 in Fig. 14) and the negative
terminal. In case the fault occurs between the other string
that holds currents (I; and I7) and the negative terminal,
the values of the differential currents in Fig. 41 will be
swapped with each other such that 7;; becomes a small value
and I;> becomes a high value.

Fig. 41 also shows the results for 16 cross-string faults
with mismatch levels of one and two modules (some faults
have the same differential currents and appear as a single
point in Fig. 41). Unlike the other two fault types, the two
differential currents are small, as expected. A threshold value
of 0.5 A can distinguish between the cross-string fault and
the intra-string fault. With low mismatch and higher fault
resistance value, the differential currents increase for cross-
string faults, and the fault is classified as a cross-string
LOW fault. The threshold level required to differentiate
between HIGH and LOW cross-string faults is estimated from
testing the system at different conditions. For this case study,
a threshold value of 0.07 A is used.

The extensive testing for different fault types shows the
uniqueness of the differential currents based on the fault type.
The differential currents recorded after the fault inception by
1 ms successfully distinguished between different fault types
at different levels of mismatch and different fault resistance
values.

Applying the proposed detection and classification scheme
requires setting only five parameters as depicted in Fig. 7
(RCPy, RCPw, Iin1, In2, and I1pg). Two of them (RCPy, and
Iino) are estimated directly from the PV system parameters.
Therefore, the proposed method can be generalized for dif-
ferent PV system sizes/ratings without exhausting effort. The

following points illustrate how to set different parameters.
o The RCPy,, which distinguishes between the shading

and short-circuit faults, is calculated assuming a worst-
case shading condition results in losing half of the total
array power in 0.5 s. Therefore, it is directly calculated
from the total array power.
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TABLE 2. Comparison with other methods.

[9] [12] [13] [14] [15] [16] [17] [18] [20] [21] Proposed
Fault type
Shading x v x v v v v v v v v
Intra-string v v v v v v v v v v v
STN® v v v v x v v x v x v
Cross-string v x v v v v x v v x v
Pole-to-pole x x x x x v x x x x v
Open circuit x v v x v x x v x 4 v
Measurements
Current sensor 4 v v — v v v v v v
Voltage sensor v v v — v v v v —
Sensors/string 2 1 2 2 1 2 2 2 2 1 1
Operation
Fs® (kHz) 10 * * * 1 20 10 1 * 0.01 1
T¢ (ms) 3.9 * * * 200 0.4 * 10 * * 1
Diodes/string 2 x x x 1 1 x _ x x 1
Irradiance effect x x x x x v v x x x v
Training data v v v 4 — _ — — — — —

®Fs: Sampling frequency
—: Not required

*STN: String-to-negative terminal
v': Considered x: Not considered

o The threshold current (I;0) is calculated by (5), which
depends on the rated module current at the maximum
power point, and the pre-fault measured differential
current. Therefore, it is related to the module rated
current and a measured quantity.

o Through modeling the PV system and doing some
testing to estimate the maximum possible RoCoP
during normal operation due to the implemented MPPT
technique, the RCPy, which distinguishes between
normal and fault conditions, can be calculated.

o The threshold current I;;; is set based on the maximum
possible incremental differential current during cross-
string faults. Therefore, it can be defined by simulating
cross-string faults at different fault resistance values and
mismatch levels. Then, the maximum obtained value for
the incremental differential current from this simulation
is used to set the current 1.

« The same simulation cases in the previous point are used
to set the threshold current /5. The simulated cross-
string faults are either HIGH or LOW depending on the
output current from the faulty string, as discussed in the
methodology section. The current Iy, is the maximum
incremental differential current obtained for the HIGH
fault cases.

D. COMPARISON WITH OTHER METHODS

A comparison between the proposed method and some
other methods from the literature has been conducted and
summarized in Table 2. The comparison considered factors
related to the type of faults covered by each method, the type
and quantity of sensors required, the sampling frequency for
data capturing, the elapsed time before the fault detection and
classification, and the number of blocking diodes per string
in the PV system construction and noting that the operation
time does not include the data processing time.
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¢T: Operation time
*: Not specified

Compared to the other methods, the proposed method
covered more fault types. The proposed method and the
methods in [12], [15], [21] used one sensor per string,
decreasing the number of sensors by 50% compared to the
remaining methods. It is worth noting that increasing the
number of measurement transducers increases the imple-
mentation cost in two ways. Firstly, the cost of transducers
purchases themselves. Secondly, increasing the cost of the
data acquisition system due to the need for more input
(often analog) channels to read all the measured signals.
The proposed method is faster than the other methods other
than [16]. However, a high sampling rate of 20 kHz has been
used in [16] compared to 1 kHz in the proposed method.

IV. CONCLUSION

A protection scheme to detect and classify fault types in PV
systems has been proposed. The proposed scheme employs
the array power and cross-strings differential currents to
detect and differentiate between various PV system fault
types. Two current transducers have been used to measure
the differential currents between the two strings for every
two strings. The rate of change of the measured array power
has been used to differentiate between shading and short-
circuit faults. Then, the differential currents were used to
classify the fault type in the case of short-circuit faults.
The proposed method used the first sample of during fault
data. A sampling frequency of 1 kHz has been used for
data capturing. Accordingly, the fault has been detected and
classified in 1 ms.

The proposed method has been adapted to detect and
classify intra-string faults, string-to-negative terminal faults,
cross-string faults, and pole-to-pole faults. Furthermore,
the fault was then classified as HIGH or LOW, which
reflected the fault severity. The method also detected open
circuit faults. The method has been evaluated at different
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modules mismatch levels and different fault resistance values
up to 40 Q. The evaluation also considered the effect of
low irradiance on the performance of the proposed method.
The proposed scheme successfully detected and classified
all fault cases but failed to classify the cross-string faults to
HIGH and LOW only at reduced irradiance levels. However,
the cross-string faults were detected and classified as cross-
string but without further classification to HIGH or LOW.
The low number of measurements per string required (one
measurement in our method) and the fast-operating time
(1 ms) compared with the methods in the literature encourage
the practical implementation of the proposed method.
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