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Abstract—A major challenge in a photovoltaic (PV) system is
to identify the line-to-line faults that occurred under low irradi-
ance conditions, during day-to-night/night-to-day transitions in the
presence of blocking diodes. Due to active maximum power point
tracker, these faults may not be identified and continue to be hidden
even if the system returns to a high irradiance condition, since
the magnitude of fault current may be less than the rating of the
protection device (fuse). Those uncleared faults may subsequently
lead to reduced peak output power, reliability issues, and may
even cause fire risks. To address these issues, a method is proposed
to identify the pre-existing/undetected faults using the transitory
conditions that occur during the preturn ON/OFF condition of the
PV inverter (checking mode). From these transitory conditions,
the I–V curve of the PV array is exploited without the need for
additional components or sensors. Additionally, there is no need
to disconnect the PV array from the setup. Moreover, the local
minima is tracked, to discriminate the faults and partial shading
conditions. The proposed algorithm is tested on a small-scale grid-
connected PV system and implemented in LabVIEW. The results
demonstrate the efficacy of proposed algorithm in detecting the
pre-existing/undetected faults.

Index Terms—Existing/undetected faults, inverter preturn
ON/OFF condition, I–V curve, local minima (LM), photovoltaic (PV)
array.

I. INTRODUCTION

AMONG the various renewable energy sources, solar photo-
voltaic (PV) energy has become increasingly implemented

and predicted to reach the global PV generating capacity as
402 GW by the end of 2017 [1]. Nevertheless, the PV output
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power depends mainly on local weather condition, maximum
power point tracking (MPPT) operation, aging of the PV panels,
shading, and failures/faults in various components of the PV
system. In fact, typical surveys of large PV systems have begun
to document the significant energy losses due to PV faults and
shading over the lifespan of an array, typically of the order of
4%–18% within a few years of operation [2]. This has led to
increasing research on fault identification and detection for PV
systems ([3]–[27], summarized below) with the goals to both
increase energy yield of a PV system, as well as to improve
safety and reliability.

The most prevalent PV array faults include such as line-to-line
(LL) faults, line-to-ground (LG) faults, open-circuit (OC) faults,
arc faults, and mismatch faults. Of these, LL and LG often
involve massive fault currents and, therefore, lead to possible
dangers, even fire hazards [3]. However, Zhao et al. [4] has
recently narrated difficulties faced by the conventional protec-
tion devices in detecting LL and some LG faults under typical
operating conditions. For example, when an LL fault occurs
under high irradiance conditions, large fault currents are induced
and, further, these faults are cleared by the installed overcurrent
protection device (OCPD) (fuse). However, when the same
fault occurs under low irradiance condition, the magnitude of
fault current will be less than the rating of the fuse, so that it
might not be cleared and continue to be obscure, even when
the irradiance increases to a higher value. The reason is that the
MPPT moves the operating point to a lower power faster than the
operating time of fuse and might not be able to clear it. Similarly,
faults occurring through high LL impedance or low percentage
mismatch LL faults may also be undetectable. They will result
in continuous decline in PV output power and may even pose fire
risks. The fact that the PV array I–V characteristics under fault
conditions are analogous to that under certain partial shading
conditions (PSCs) makes it more difficult to detect the fault [5].
In summary, there is an urgent need to design a cost effective
fault detection algorithm (FDA) which is capable of detecting
the LL faults under low irradiance conditions and also able to
discriminate the faults and PSC to avoid nuisance tripping. These
are the objectives for this article.

In recent years, many fault detection methods have been
proposed. Some approaches rely on time-domain responses
of the PV system. Schirone et al. [6] investigated the faults,
insulation failures, and broken cells using an offline scheme
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called time domain reflectometry (TDR). In another study [7],
spread spectrum TDR is employed to identify the faults, which
is an online method. However, these methods require a signal
generator and switching ON/OFF loads may leads to fallacious
operation of the protection system.

Apart from the above technique, fault detection based on
artificial intelligence and signal processing tools have been
devised: local outlier detection [8], fuzzy inference system [9],
k-nearest neighbors with nonparametric thresholds [10], artifi-
cial neural networks [11], and wavelets in conjunction with sup-
port vector machine technique [12]. These methods necessitate
labeled data to tune the method and usually require additional
sensors, which makes the protection system highly expensive.
Similarly, wavelet packets in [13] whereas maximal overlap
discrete wavelet transforms in [14] are used to identify and
discriminate the faults and PSC based on the derived threshold
values. Furthermore, for implementing these methods, advanced
controllers are required, which is costly.

Another approach of fault detection is to compare differences
between measured and estimated electrical quantities of PV
system such as: PV output power and array losses [15], deviation
in mean power, voltage, and duty cycle [16], fractional-order
dynamic error computed from the PV output power degradation
[17], digital twin approach [18], time series of normalized PV
output power and sample entropy [19], based on the magnitudes
and changing pattern of first and last module voltages in each
string [20], by optimally placing the voltage sensors alone [21],
while in [22] with the measurement of incoming and outgoing
currents of each string, faults can be identified. Nonetheless,
these methods require a large number of sensors, advanced
controllers, and associated circuitry for integration. Thus, both
the complexity and the overall cost of the protection system are
increased.

There has been more recently an emerging approach for study-
ing the faults based on estimating the I–V characteristics with
a reduced number of measurement sensors, and this is similar
to the objectives of this article. Normally, external equipment is
needed to trace the I–V curve of the PV module/array namely
using variable resistor load, capacitor, electronic load, and dc–dc
converters [23]–[25]. These methods are both time-consuming
and need external circuitry. Recently, Manjunath et al. [26]
proposed a method to trace the I–V curve with reduced number of
points, thereby reducing the time period and has begun to explore
(as in this article) how a front-end dc–dc converter in an MPPT
might be partially used to understand the operating points of the
PV array. A recent study proposed a sensorless FDA to identify
the faults; however, it requires further investigation under low
irradiance condition [27].

From all the above literature, the FDA schemes appear to
suffer from one or more of the following deficiencies such as
1) failure to detect the faults under low irradiance condition,
2) difficulty in segregating the faults and abrupt changes in
the irradiation/PSC, 3) requiring additional sensors/hardware,
4) need voluminous labeled data, and 5) lack of compatibility.

To address the above issues, this article proposes the following
research contributions.

1) A new I–V curve-based FDA is proposed. This approach
utilizes the preturn ON/OFF condition of the grid-tied PV
inverter without disturbing its normal operation. Because
it utilizes the existing inverter circuitry, it does not require
any additional equipment/sensors or additional cost.

2) Analytical derivation of the FDA is presented. Further-
more, it is demonstrated theoretically and in simulation
how the proposed FDA can distinguish between LL faults
and PSC by estimating the possible locations of “local
minima” (LM) and comparing their locations with mea-
sured data.

3) A small-scale PV experimental prototype has been built
with the ability to create both LL faults and PSC. The
proposed FDA scheme has been validated by more than
96 experiment test cases.

In summary, this article helps in mitigating the open problem,
i.e., how to identify and distinguish the pre-existing/unidentified
PV array LL faults and PSC, without adding additional cir-
cuitry or noticeable costs. This has been an unsolved problem
in the field of fault detection, until this research. Further, in
the literature, no study has been discussed about, how to use
the transients during the inverter preturn ON/OFF condition, for
extracting the I–V curve of the PV array. Thus, the novelty of the
proposed method is to extract the I–V curve of the PV without
using additional equipment/sensors/skilled person and, that too,
without the need to disconnect the PV from its normal operation.
In addition to this, using LM concept, pre-existing/unidentified
faults and PSC are identified and categorized.

The rest of this article is organized as follows. Section II
describes the PV system and describes the consequences of
existing faults due to MPPT operation. Section III illustrates the
operation of PV inverter during preturn ON/OFF condition and
the working of the proposed algorithm. Section IV depicts the
experimental results to substantiate the efficacy of the proposed
method. Finally, Section V concludes the article.

II. PV SYSTEM AND CONSEQUENCE OF EXISTING ARRAY

FAULTS ON PV OUTPUT POWER

A. Typical PV System and Faults in PV Array

The typical PV system depicted in Fig. 1 comprises of PV
modules, traditional safeguard devices (ground fault protection
device (GFPD) and OCPD-fuse), a dc–dc converter embedded
with MPPT, and a grid-connected inverter. Additionally, in order
to meet the input voltage and power ratings of the PV inverter,
the PV modules (parameter specifications are listed in Table I)
are arranged in series–parallel configuration, known as array.
Furthermore, the bypass diode and the blocking diodes are
connected to impede the hotspot formation [28] and flow of
back-fed current into the faulty string, respectively. However,
the usage of blocking diodes is optional in the PV installation
and is not mandatory as per NEC in the USA [4]. Additionally, all
the nonconducting metal parts and module frames are grounded
to safeguard the equipment from the surges and faults and to
avert electric shock.
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Fig. 1. Schematic diagram of a grid-tied PV system with proposed algorithm and illustration of various LL faults.

TABLE I
SPECIFICATIONS FOR A 100 Wp PV MODULE AND 5 × 3 PV ARRAY

The possible faults in the PV array are LL, LG, OC, and
mismatch faults. Among these faults, LL and LG might involve
a massive fault current, which may even cause fire risks. LL
faults occur due to the formation of a short circuit between
two discrete potential points within the same string or between
the strings. Furthermore, when any one of the potential points
is grounded, then it is referred as an LG fault. Therefore, LG
fault is considered as a special case of LL fault. Thus, when
the protection system detects the LL faults it means that it can
identify the LG faults also [4], [15]. Furthermore, various LL
faults are explicated in Fig. 1. From Fig. 1,F 5×3

1 denotes LL fault
with 20% mismatch (one among five modules is shorted) or LL
fault with one module, likewise F 5×3

2 and F 5×3
3 indicates two-

module (40% mismatch) and three-module (60% mismatch) LL
faults, respectively. Furthermore, the severity of fault current
depends on many factors such as percentage mismatch, location
of fault, fault impedance, irradiance at the instant of fault, usage
of blocking diodes, and MPPT operation.

B. Effect of MPPT on Pre-existing Faults and Its
Consequences

For experimental demonstration, a 5 × 3 PV array config-
uration is considered and the corresponding PV output power

Fig. 2. Experimental data of the array voltage and current for the three-module
existing LL fault in a 5 × 3 PV array configuration.

is connected to the grid through a 3-kW PV inverter shown
in Fig. 1. An LL fault with 60% mismatch (F 5×3

3 ) is created
before the PV inverter starts sending power to the grid (existing
fault). Once the inverter starts sending power to the grid, due to
active MPPT, the PV array operates at reduced output power.
Furthermore, the array output voltage and current appear to
operate in a normal (unfaulted) condition (exemplified in Fig. 2).
At the instant 14:04 h, the array fault was removed manually and
at that moment, the PV array voltage (V PV

arr ) and current (IPV
arr )

start increasing (enlarged portion of the transient that occurred
during the removal of fault is shown as subfigure in Fig. 2). The
MPPT operation once again optimizes the PV output power and
settles at a new operating point. From Fig. 2, it is implied that,
before and after the removal of fault, the PV operating voltage is
almost the same and further it is difficult to ascertain the existing
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Fig. 3. Simulated I–V characteristics for a three module LL fault in a 5 × 3 PV
array, at an irradiation of 892 W/m2 and a temperature of 54.5 ◦C.

fault with the array current alone since array current may change
due to environmental disturbance and shading. For better clarity,
the change in the PV operating point is exemplified using the
corresponding simulated I–V characteristics of the 5 × 3 PV
array with and without fault at similar weather conditions, i.e.,
at an irradiation of 892 W/m2 and a temperature of 54.5 ◦C
(illustrated in Fig. 3).

From Fig. 3, it is clear that, under existing fault condition,
due to active MPPT, the PV array operates at an operating
point A (intersection point of the load line and the array I–V
curve with fault) and the corresponding healthy string and faulty
string operate at points B and C, respectively. From Fig. 3, it
can be inferred that the faulty string is isolated from the power
generation and there would be no backfed current due to the
presence of blocking diodes, which makes the fault become blind
spot. Furthermore, as soon as the LL fault is removed, instantly
the MPP point shifts from A to D (slight increment in the array
voltage and a sudden increase in the current is observed and is
experimentally witnessed in Fig. 2). Due to MPPT operation,
the PV array reaches to a new operating point E. At this new
operating point, both the PV array and healthy string operate
at almost same voltage as before the clearing of fault while the
array current increases.

From the above discussion, it can be concluded that, when
the inverter starts working with the existing fault, due to MPPT
operation, the PV array operates at reduced output power and
further, due to the presence of blocking diodes, there will be
no backfed current to detect the fault. When the fault remains
obscured for a long time, it may create fire risks. Thus, there
is an exigent need to design an FDA that can ascertain and
discriminate the existing faults from the normal conditions,
which cannot be resolved by most of the existing FDAs.

III. PROPOSED METHOD

The basic idea of the proposed method is to trace the I–V
curve of the PV, using the preturn ON/OFF condition of the

Fig. 4. Experimental data of the array current and voltage during the turn ON

process of a grid-connected PV inverter when connected to a 5 × 3 PV array.

grid-connected PV inverter. Furthermore, using LM concept, the
proposed FDA detects and segregates the various LL faults based
on the percentage mismatch. Key advantage of this approach is
that it can be preprogrammed into existing MPPT inverters with
no additional hardware costs.

A. Extraction of I–V Curve Using Preturn ON/OFF Condition
of the Grid-Tied PV Inverter

Generalized block diagram for the commercially available
PV grid-connected inverter (such as ABB, Huawei, and INVT)
is depicted in Fig. 1 [29]–[31]. These commercial inverters com-
prise of dc filter, dc–dc converter, H-bridge inverter, ac relay (to
synchronize the PV inverter to grid), and an ac electromagnetic
interference (EMI) filter. Many of the inverter configurations
use a boost converter to extract the peak power (using Perturb
and Observe algorithm) from the PV array, which also acts as
a controller in automatically connecting/disconnecting the PV
inverter to the grid (turn ON/OFF condition of the PV inverter).
For exemplifying the proposed method of fault detection, a 5× 3
PV array experimental test-bed is considered and its output is
coupled to an INVT iMars MG 3-KTL commercial inverter
[32]. Furthermore, in practice, the typical turn ON process of
a grid-connected PV inverter is explicated as follows.

From Fig. 4, during the early hours of the day, i.e., at time
05:45 h, the irradiation is zero W/m2, and the PV inverter is
in the OFF/shutdown/sleeping mode. Under such conditions, the
PV inverter is isolated from the grid through ac contact relay,
and its equivalent circuit is shown in Fig. 5. As the irradiation
slowly increases, the PV array builds its voltage and the shunt
capacitor voltage in the EMI filter follows the array voltage.
When it goes beyond 60 V, the inverter enters into initializing
mode. In this mode, the PV inverter frequently turns ON and OFF

until the PV voltage reaches to 120 V. As soon as the PV voltage
reaches 120 V (minimum start up voltage considered from the
inverter data sheet [32]), the inverter is getting ready for sending
power to the grid and this mode is known as “checking mode.”
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Fig. 5. Equivalent circuit of a PV inverter during preturn ON condition.

Fig. 6. Equivalent circuit of a PV connected inverter when the converter switch
is in OFF condition.

In checking mode, the V PV
arr and IPV

arr fall and rise in transient un-
til the magnitude of IPV

arr reaches 0.5 A, as shown in Fig. 4. Once
the IPV

arr reaches 0.5 A, the inverter starts sending continuous
power to the ac grid by closing the ac contact relay. Furthermore,
during this inverter checking mode, the transients that occurred
in the IPV

arr and V PV
arr are due to the operation of boost converter

switch. The time period between the two consecutive transients
is measured to be 54.93 s, which is much larger than the designed
switching period of the boost converter, under normal running
conditions of the inverter. Therefore, it is possible to measure
the I–V characteristics of the PV during the checking mode, and
analyzing the data can lead to FDA. Specifically, the operation
during the checking mode can be described as follows.

1) Converter Switch Changes Its State From OFF to ON:
During the inverter checking mode of operation, assume that
the boost converter switch is in the OFF state for a long time
(shown in Fig. 6). Under steady-state conditions

VC1 = VC2 = V array
oc and (1)

IL1 = IC1 = IC2 = IPV = 0 (2)

where VC1, VC2—voltage across the capacitors C1 and C2,
respectively, V array

oc —OC voltage of the PV array, IC1, IC2—
current through capacitors C1 and C2, respectively, and IL1,
ILboost represents the current through inductors L1 and Lboost,
respectively. From (1) and (2), it can be concluded that the PV
is operating under OC conditions.

At the moment, when the switch is turned ON, the capacitors
C1 and C2 are shorted through the boost inductor (Lboost) and
the converter switch (illustrated in Fig. 7)

IC2 =
VC1 − VC2

Rd
(3)

VPV = VC1 + VL1 (4)

KCL at node A, IPV − IC1 − IC2 = ILboost. (5)

Thus, these filter capacitors are discharging rapidly through the
boost inductor (Lboost) and is explained using (3)–(5). As these
transients are occurring at extremely low irradiance value, under
such conditions, the magnitude of PV output current is very

Fig. 7. Equivalent circuit of a PV-connected inverter when the converter switch
is turned ON.

small and the rate of change of PV current is negligible. Thus,
(4) becomes

VPV ≈ VC1. (6)

From (6), it can be inferred that as the VC1 changes, sub-
sequently the PV operating point is changing. Furthermore,
the magnitude of capacitor discharge current depends on the
series resistance (Rd) and the difference of VC1 and VC2 values.
As the series resistance (Rd) value is very small, even for a
small difference in the capacitor voltages, capacitor supplies
large current and hence VC1 and VC2 discharge rapidly. Under
steady-state conditions, (5) becomes

ILboost ≈ IPV ≈ ISC, since VPV ≈ VC1 ≈ VC2 ≈ 0V. (7)

From (7), it can be inferred that the IPV
arr is approximately

(ideally) equal to the PV array short-circuit current.
2) Converter Switch Changes Its State From ON to OFF: In

the previous state, the PV array is operating near to short-circuit
region. At this instant, when the converter switch is turned OFF

(exemplified in Fig. 6), the capacitors C1 and C2 are slowly
charging from the PV source, since the magnitude of PV source
current is limited. Under steady-state conditions, the capacitors
C1 and C2 are charged to V array

oc [replicates (1) and (2)].
From the above discussion, certain implications can be de-

rived: 1) when the converter switch changes its state from
OFF to ON, within a short period of time, the filter capacitors
discharge rapidly. Subsequently, the PV array voltage rapidly
drops from the OC voltage to approximately zero volts, and con-
currently the array current increases sharply from zero Amperes
to nearly short-circuit current and 2) when the converter switch
changes from ON to OFF state, the filter capacitors (C1 and C2)
slowly charge from zero volts to OC level (V array

oc ) through PV
source, thereby resulting in a change of PV operating point from
near short-circuit region to OC region. Therefore, the charging
portion of the transitory condition (when the switch position
changes from ON to OFF states) replicates the I–V curve of the PV
array, since its voltage and current measurements theoretically
sweep from near short-circuit to OC conditions.

Experimental plots of one of the checking mode transients
(marked in Fig. 4) that occurred during the inverter preturn ON

process are enlarged and illustrated in Fig. 8. In the plot, the
array voltage drops from 207.3 V to a low value (18.8 V) and
concurrently the array current increases rapidly to a magnitude
of 0.3 A (close to the short-circuit current at that particular
irradiance condition) because converter switch changes from
OFF to ON state. Furthermore, when the converter switch changes
from ON to OFF state, the array current gradually drops from
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Fig. 8. Experimental result—enlarged portion of the transient that transited in
V PV
arr and IPV

arr , during the PV inverter checking mode.

TABLE II
TIME TAKEN TO REPEAT THE SCAN AND CONVERTER SWITCH ON/OFF TIMES

DURING THE EXTRACTION OF I–V CURVE

0.3 A to a very low value (5 mA ≈ 0 A) while the array
voltage rises from a low value (18.8 V) to 211.7 V (near to
OC voltage at that particular irradiance condition). Thus, this
charging portion of the transient replicates the I–V curve of
the PV array. Furthermore, at this instant of time/irradiance,
the converter switch ON time is 95.1 ms and the time taken
for extracting the I–V curve is 227.3 ms depicted in Table II)
and these time durations decrease with respect to the irradiation
at which the transient occurs. Furthermore, during the inverter
preturn ON condition, the maximum irradiation is observed as
58 W/m2 (depicted in Fig. 4) and the corresponding maximum
array short circuit (Iarrsc ) is 0.546 A (=9.42*58/1000). Therefore,
even when the converter switch is ON for a period of 95.1 ms, the
inductor current may go up to a maximum of 0.546 A, which is
very much less than the inductor rating. Thus, it may not cause
any damage to the inductor.

The generalized procedure to trace the I–V curve of an S ×
T PV array (where S represents the number of series connected
modules in a string and T indicates the number of such strings
connected in parallel), during the checking mode of inverter
operation is exemplified as follows.

1) The starting point of the I–V curve—“A” (near to short
circuit operating point of PV shown in Fig. 8) is first
identified, when the following conditions are fulfilled
simultaneously:
a) The array voltage falls below a small value, such as

small percentage of V array
oc at STC say ε1 (= 12% of

V array
oc at STC). This condition is derived based on the

drop in the array voltage during the inverter checking
mode of operation. For the experimental test bed 5 × 3
grid-connected PV array, the array voltage drops to
below 30 V at different instants of time as shown in
Fig. 4.

b) The array current should be greater than a certain per-
centage of its short-circuit current value, say γ1 (≈1%
of array short-circuit current at STC and is considered
as the peak magnitude of array current in the initializing
mode, i.e., just before starting the checking mode of
operation).

c) ΔVPV > 0 (where ΔVPV = V PV
arr (k)–V PV

arr (k-1), rep-
resents change in the array voltage, used to identify the
charging portion of the transient, i.e., increasing trend
of the array voltage, which indicates the I–V curve of
the PV array).

2) Recording the data: From the starting point “A” (depicted
in Fig. 8), the array voltage and current are recorded until
the instant “B,” i.e., ending point of the I–V curve or OC
voltage of the PV array (described in Fig. 8) is reached.

3) The ending point of the I–V curve: The ending point of
the I–V curve (refers to instant B, described in Fig. 8) can
be identified, when the array current falls below a very
low value, say γ2 (< 0.5% of array short-circuit current
at STC). This value may vary according to the resolution
of the sensing element used in the inverter configuration.
In practice, NI modules are used for sensing the array
current and voltage with a sampling period of 0.2 ms
and further these modules are more accurate and have
high resolution. Thus, in this present experimental study,
the γ2 value is considered as 0.3% of array short-circuit
current at STC. At this instant “B,” the array voltage
is close to the magnitude of array OC voltage at that
particular irradiance condition. However, for identifying
the instant “B”, the array current rather than array voltage
is the criterion considered, since the array OC voltage is
constantly changing during the inverter checking mode of
operation (PV voltage varies logarithmically according to
the irradiance value and is illustrated in Fig. 4).

From this stored I–V curve data, the OC voltage of the PV
array can be determined and is termed as V array

oc . Further-
more, as these I–V curves are captured at discrete instants of
time/irradiation values (6 to 58 W/m2 depicted in Fig. 4), the
magnitude of V array

oc is not unique for all the captured I–V
curves. Thus, from the captured I–V, the first step is to determine
the magnitude of V array

oc at that particular weather condition
(irradiation and temperature). This experimentally determined
V array

oc value is invoked for further investigations (LL faults and
PSC), which indirectly includes the effect of the temperature
and irradiation.

Furthermore, similar pattern of transients will occur in the
V PV
arr and IPV

arr before the PV inverter enters into the sleep
mode/turn OFF mode, i.e., preturn OFF condition, illustrated in
Fig. 9. From Fig. 9, during the day to night transition, as the
irradiation slowly falls and at time 05:57 h, the PV inverter
enters into the checking mode. During this mode, the transients
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Fig. 9. Experimental results of the PV array current and voltage during the
preturn OFF process of a grid-connected PV inverter.

will continue to transit in the V PV
arr and IPV

arr , until the magnitude
of V PV

arr > 120 V (depicted in Fig. 9).
From the above investigation, it can be inferred that be-

fore connecting the PV inverter to the ac grid (during preturn
ON)/before going to the sleep mode (preturn OFF), the transients
that occur in the V PV

arr and IPV
arr are utilized for tracing the

I–V curve of the PV array. Thus, the proposed method is an
online method to trace the I–V curve of the PV array and it
does not require any additional equipment or sensors. From
the obtained I–V curve, pre-existing/undetected array faults and
partial shading conditions (PSCs) are investigated.

B. LL Faults and Partial Shading Conditions

1) With Blocking Diodes: This section analytically demon-
strates that LL faults can be detected using measurements during
the inverter checking mode combined with some simple calcula-
tions that are derived below. Furthermore, using the calculations
presented, it is possible to distinguish between LL faults and
PSC, which had previously been a difficult challenge in PV fault
detection.

Consider an S × T PV array installed with blocking diodes
[depicted in Fig. 10(a)]. Under normal operating conditions, the
blocking diodes will be forward biased and there exists no LM
on the array P–V (Power versus Voltage) characteristics (or no
step on the I–V curve), and the corresponding array voltage is
expressed by using (8)

V array
pv = V mod

1 + V mod
2 + · · ·+ V mod

S = S.V mod
pv (8)

where V mod
1 , V mod

2 · · ·V mod
S are the PV module voltages and

assumed to be operating at the same voltageV mod
PV . Furthermore,

the array OC voltage is represented by (9)

V array
oc = S.V mod

oc (9)

where V mod
oc —represents module OC voltage. Under LL fault

with “M” module mismatch [M = 1, 2 3, . . (S-1)], the faulty
string OC voltage (V f_str

oc ) is reduced by M*V mod
oc while there

Fig. 10. (a) Two module LL fault in a S × T PV array installed with blocking
diodes (b) under LL fault conditions, simulated I-V and P-V characteristics for
a 5 × 3 PV array at an irradiation of 30 W/m2.

is no change in the normal string OC voltage, i.e., S*V mod
oc .

Therefore, the expression for the faulty string OC voltage (V fstr
oc )

is given by (10)

V f_str
oc = S ∗ V mod

oc −M ∗ V mod
oc . (10)

At the instant, when the V array
pv is greater than V f_str

oc , the normal
strings try to feed the current into the faulty string, and then
the blocking diode in the faulty string will be reverse biased
(explicated using two module LL fault in an S × T PV array
in Fig. 10(a)). Furthermore, at this instant of voltage, the corre-
sponding faulty string will be open circuited, and subsequently, a
step on the array I–V curve or an LM is observed on the power–
voltage (P–V) curve. Thus, the generalized expression for the
voltage at which the LM occurs (VLM) is expressed as follows:

V fault
LM = V f_str

oc = (1−M/S) ∗ S ∗ V mod
oc . (11)

Furthermore, the magnitude of V fault
LM (11) is formulated in

terms of array OC voltage as (12).

V fault
LM = (1−M/S) ∗ V array

oc (12)
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Fig. 11. Simulated P–V curves for the 5 × 3 thin film PV under PSCs and LL
faults at (a) one module and (b) two modules.

where V array
oc indicates the measured OC of the PV array at that

particular weather condition. From (12), it can be observed that
for distinct module mismatch LL faults (M= 1, 2, ...), the V fault

LM

occurs at distinct locations on the P–V curve. For a better clarity,
the V fault

LM is computed in a 5 × 3 PV array. For one module
[depicted in Fig. 10(b)], two module [depicted in Fig. 10(b)],
three module and four module mismatch LL faults, the corre-
sponding magnitudes ofV fault

LM are 0.8*V array
oc (=183.4 V), 0.6*

V array
oc (=137.6 V), 0.4* V array

oc (=91.7 V) and 0.2* V array
oc

(=45.86 V), respectively. Therefore, to identify the LL faults,
first determine the V array

oc and then actual VLM values from the
experimentally captured I–V curve during the inverter checking
mode. Furthermore, the actual VLM value is determined by
computing the change in the array power (dPj =Pj+1−Pj) and
with the fulfillment of conditions (dPj < 0, dj+1 ≥ 0, illustrated
in Fig. 11). Then, V fault

LM is computed as in (12) and compared
with the measured VLM (actual VLM). For a value of “M,” when
both the magnitudes (actual VLM and computed V fault

LM ) are
within the tolerance of approximately 1% of array OC voltage
(≈2.69 V, in case of 5 × 3 PV array), then it indicates that an LL
fault with “M” module mismatch has occurred, otherwise partial

TABLE III
COMPARING ACTUAL VLM AND COMPUTED V fault

LM VALUES DERIVED FROM

THE SIMULATED P–V CURVES AT AN IRRADIANCE OF 30 W/m2 AND A

TEMPERATURE OF 25 ◦C

shading has occurred in the PV array. The tolerance 1% of array
OC voltage is considered to include the deviation of actual VLM

from the computed V fault
LM location due to measurement errors.

In addition to the LL fault condition, under PSC, an LM occurs
due to the conduction of bypass diode (described in [33]). How-
ever, the location of VLM under PSC will be at distinct voltages
lower than the magnitude of V fault

LM in (12). To illustrate this, a
5× 3 PV array is chosen and is simulated in MATLAB/Simulink
[34], [35] at a low irradiation of 30 W/m2 and a temperature of
25 ◦C. Furthermore, the P–V curves under PSC with distinct
%shadings and LL faults at one and two modules are plotted
in Fig. 11(a) and (b), respectively, and the corresponding actual
VLM values are tabulated in Table III. Additionally, the computed
V fault
LM [using (12)] for one module (M = 1) and two module

(M = 2) mismatch LL faults are 183.4 V (=0.8 * 229.3 V) and
137.6 V (=0.6 * 229.3 V), respectively, listed in Table III.

From Table III and Fig. 11, it can be concluded that the
magnitude of VLM under PSC occurs at lower voltages and
will approach the VLM under LL fault condition, only at 100%
shading condition. In practice, 100% shading occurs only when
the PV panel is fully covered with an opaque object, which
is an exceptional case and is treated as an LL fault by the
proposed FDA. Since the I–V curve data are known and recorded
(explicated in Section III-A), the proposed FDA is able to
identify and discriminate the LL faults and PSC by comparing
the actual VLM with the computed V fault

LM value using (12). Ex-
tensive simulations in MATLAB/Simulink have been performed
to validate the proposed method in distinguishing the LL faults
and PSCs:

1) A total of 135 partial shading simulations at distinct irradi-
ance values of 30, 40, and 50 W/m2 with the combinations
of 10%, 30%, 50%, 60%, 70%, and 80% shading at one
module, two module, and three modules, respectively, and
in the temperature range of 20 ◦C–35 ◦C in steps of 5 ◦C
temperature variation.

2) More than 27 discrete % discrete mismatch LL faults (one
module, two modules, three modules, and four modules)
are simulated at distinct irradiance values of 30, 40, and
50 W/m2 and at various operating temperatures such as
20, 25, 30, and 35 ◦C.

From the above simulations, it can be concluded that, with the
tolerance of 1% of array OC voltage at STC, the LL faults and
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Fig. 12. Under LL fault conditions, (a) S × T PV array without blocking diodes, (b) Simulated string and array I–V characteristics for a 5 × 3 PV array at an
irradiation of 30 W/m2, (c) Simulated array P–V characteristics for a 5 × 3 PV array, at an irradiation of 30 W/m2.

PSC are successfully identified. Therefore, when the difference
between the actual VLM and computed V fault

LM (12) values is
within the tolerance of 1% of array OC voltage at STC (= 2.69 V,
in case of 5 × 3 PV array), then it indicates an LL fault has
occurred, otherwise, PSC has occurred in the PV array.

2) Without Blocking Diodes: As per the NEC standards in
the USA [4], blocking diodes are not installed in the PV system.
LL faults and PSC are investigated using an example; a 5 ×
3 PV array without blocking diodes [depicted in Fig. 12(a)] is
simulated in MATLAB/Simulink at an irradiation of 30 W/m2

and a temperature of 25 ◦C. Under normal operating conditions,
the array OC voltage is 229.3 V. When an LL fault with one
module mismatch occurs, the array OC voltage is reduced
to 195.8 V, which is approximately reduced by half of the
V mod

oc at STC [shown in Fig. 12(b)], which is a significant
reduction in the V array

oc . This is because, when the V array
pv is

greater than 4* V mod
oc , the normal strings supply backfed current

into the faulty string. Furthermore, the healthy modules in the
faulty string operate in the fourth quadrant (operating voltage
is > V mod

oc ) and subsequently the faulty string acts as a load
for the other normal strings. However, under PSC, there exists
an LM due to the conduction of bypass diode, and there is no
reduction in the V array

oc [shown in Fig. 12(c)]. Therefore, it is
easy to identify and discriminate the LL faults and PSCs by
monitoring the OC voltage of the PV array.

Thus, using the proposed method of extraction of I–V curve,
LL faults and PSC are identified and differentiated irrespective
of the PV system installed with/without blocking diodes.

Therefore, the generalized algorithm for identifying the ex-
isting/undetected LL faults in an S × T PV array installed with
blocking diodes can follow the formal algorithm below.

C. Algorithm for Detection of Faults in PV Array

In this article, the only inputs fed to the proposed FDA are the
PV array voltage and current. Furthermore, the irradiance data
shown in Figs. 4 and 9 are just to reveal that the magnitude of
irradiance is very low (less than 60 W/m2) during the inverter
preturn ON/OFF conditions and is not fed as an input to the
proposed FDA.

Generalized flowchart for 1) measuring/recording the I–V
curve, and then 2) detecting and segregating the faults and PSCs
is presented in Fig. 13.

Step 1: The variable “FS” is initialized to zero, i.e., FS = 0,
where FS indicates fault status.

Step 2: The PV array current and voltage are sampled at a
frequency of fs (say 5 kHz) and the corresponding
ΔVPV is computed. The variable used for counting
the number of samples is initialized (k = 1).

Step 3: The starting point “A” is identified, when the three
conditions explicated in the earlier Sections III-A(2)
are satisfied.

Step 4: From this starting point A, the array voltage and
current are recorded until the array current drops to
a value γ2 (described in Section III-A) and then the
algorithm starts executing from the Step 6.

Step 5: If the starting point is not yet identified, then the
sample count is incremented by 1 and Step 3 will
be repeated until k = fs (say fs = 5000). If k > fs,
Step 2 is repeated.

Step 6: This recorded data represent the I–V curve of the PV
array and from this data, the OC voltage (V array

oc ),
PV output power [Pj = V PV

arr (j)* IPV
arr (j)] and length

of the stored data (say R) is computed. Furthermore,
the change in the PV output power (dPj) is calcu-
lated as follows:

dPj = (Pj − Pj−1). (13)

Furthermore, the count for the LM and recorded data
are initialized (LM = 0 and j = 1).

Step 7: If the conditions (dPj < 0 and dPj+1 ≥ 0) are
satisfied, then LM is incremented by 1 and the VLM

(actual value) is recorded.
Step 8: The data count (j) is incremented by 1 and Step 7 is

repeated, until all the recorded data are verified.
Step 9: If LM is equal to zero, then it indicates normal

condition and Step 2 is repeated.
Step 10: The actual VLM (determined from the captured I–V

curve) is compared with the magnitudes of com-
puted V fault

LM for M = 1, 2,... (S-1), using (12).
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Fig. 13. Flowchart for the proposed FDA.

When both the values (computed V fault
LM for “M”

value and actual VLM) are within a tolerance band
of approximately 1% of V array

oc at STC, then FS
is incremented by 1 and the execution starts from
Step 13.

Step 11: If FS is equal to one, then set FS = 0.
Step 12: Partial shading has occurred in the PV array and

Step 2 is repeated.
Step 13: If FS = 2, then it indicates an LL fault with “M”

module mismatch has occurred in the PV array, else
Step 2 is repeated.

Step 14: An occurrence of LL fault is indicated by lightening
up of a red LED followed by an alarm. Furthermore,
the alarm can be reset only after the removal of LL
fault.

Fig. 14. Experimental setup, (a) PV array, (b) PV grid-connected inverter,
(c) Data acquisition system using NI modules and computing device.

IV. EXPERIMENTAL RESULTS AND DISCUSSIONS

A. Experimental Setup

To assess the performance of the proposed method, an experi-
mental setup is configured (shown in Fig. 14), which consists of
5 × 3 Thin film PV array, 3 kW PV grid-connected inverter
(iMars MG-3 KTL [32]), data acquisition system using NI
devices, and a personal computer. For clear demonstration, the
proposed algorithm is implemented in the LabVIEW and the
only inputs fed to the proposed algorithm are V PV

arr and IPV
arr

sampled at a frequency of 5 kHz using NI9225 and NI9227,
respectively. However, all the conventional grid-tied PV invert-
ers are readily equipped with the voltage and current sensors
at their input side. Furthermore, the inverters have their own
microcontrollers for MPPT and, therefore, the proposed method
can easily be incorporated inside the inverter, without additional
hardware/sensors costs.

In practice, the input signals (V PV
arr and IPV

arr ) are averaged
with a window width of three samples, to fade out the effect of
noise. From the smooth voltage and current signals, PV output
power is determined. Therefore, the P–V curve will be smooth,
even in a noisy environment. As the sampling frequency is
5 kHz, the averaging technique does not show much impact
on the magnitude of actual VLM. Furthermore, to ensure the
effectiveness of the proposed method, the algorithm is supposed
to check with the two consecutive I–V curves.

B. Identification of Existing/Undetected LL Faults

In this section, the efficacy of the proposed algorithm is
experimentally tested in identifying the two module mismatch
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Fig. 15. Experimental results for the two-module fault occurred under ex-
tremely low irradiance condition.

Fig. 16. Experimental results—P–V curves for the two-module fault occurred
under extremely low irradiance condition.

fault occurred under extremely low irradiance condition. During
the early hours of the day, i.e., at time 06:19 h, a two-module
mismatch fault is created manually (depicted in Fig. 15) and,
at that instant, the irradiance value is 18.36 W/m2, which is an
extremely low irradiance condition. After the three conditions
of Step 3 are satisfied, the data are recorded until the Step 4
condition is satisfied. From these recorded data, for the first two
transients from the occurrence of fault (shown in Fig. 15), the
corresponding P–V curves are plotted in Fig. 16. Furthermore,
from each I–V curve, magnitude of V array

oc , computed V fault
LM

[using (12)] and actual VLM values are determined and listed in
Table IV. From Table IV, for the first I–V curve (whose V array

oc

is 198.1 V), it is clear that the difference between the actual
VLM and the computed V fault

LM value is less than the tolerance of
1% array OC voltage at STC (<2.69 V) satisfies the criteria to
ascertain the fault; thus, the fault status value is changed from
zero to one at 06:20 h (illustrated in Fig. 15). Similarly, for the

TABLE IV
COMPARING ACTUAL VLM AND COMPUTED V fault

LM VALUES DERIVED FROM

THE EXPERIMENTALLY OBTAINED I–V CURVES FOR A TWO-MODULE LL FAULT

TABLE V
COMPARING ACTUAL VLM AND COMPUTED V fault

LM VALUES DERIVED FROM

THE EXPERIMENTALLY OBTAINED I–V CURVES

next transient, i.e., at 06:21 h, the difference in both the values
(actual VLM and computed V fault

LM ) is less than the 1% tolerance
value (shown in Table IV), then fault status value is incremented
by 1. Therefore, after the two successive I–V curves, the fault
status is changed to 2 (shown in Fig. 15), which indicates an LL
fault has occurred and the red LED alarm is illuminated.

C. Discrimination of Faults and PSCs

To verify that the proposed FDA can distinguish between the
LL faults and PSCs, an LL fault with one module mismatch
and various percentage shadings are applied separately. As the
proposed method is executing during the preturn ON/OFF condi-
tion of the inverter, i.e., under extremely low irradiation (< 60
W/m2, depicted in Fig. 4), the effect of shadowing caused by the
nearby buildings and trees are negligible. Moreover, to know the
possible depth of shading that occur in the PV array during the
inverter turn ON condition, a plank is placed at different distances
from the PV module. The effect of shadow is significant, when
the plank is less than half feet distance and the corresponding
%shading is observed as 22.6. Therefore, for the verification
of the proposed algorithm, a rare possibility of 61% shading
(almost three times that of the shading observed in real time,
which is a worst case and is achieved by placing eight layers of
thick polythene sheet) is considered. Therefore, partial shading
is created at one module by covering the PV panel with discrete
multiple layers of polythene cover say 26% (2-layers of thick
polythene sheets), 45% (4-layer), and 61% shading (8-layer) at
different instants of time/irradiance values during the inverting
checking mode of operation. The respective P–V characteristics
are depicted in Fig. 17, with Table V indicating the magnitudes
of V array

oc and actual VLM values.
As explained earlier in Section III-B that, under LL fault with

“M” number of modules shorted, the V fault
LM occurs at V array

oc

*(1−M/S) V (in the present array configuration, S = 5 and
M=1, 2, 3, 4) and thus for the one module LL fault, the estimated
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Fig. 17. Experimental P–V curves captured during the inverter checking mode,
for one module mismatch LL fault and for various %shadings.

VLM occurs at 0.8 *V array
oc . From the experimentally determined

magnitudes of V array
oc , the V fault

LM values are computed using
(12), and listed in Table V. From Table V, it can be concluded
that for all the PSC, the actual VLM is substantially deviated
from the computed V fault

LM , whereas for the one module fault
(F 5X3

1 ), the actual VLM and the computed V fault
LM are almost

the same (negligible error of 0.2 V, within the tolerance of 1%
of V array

oc at STC). Thus, the proposed algorithm successfully
identifies and differentiates the faults and PSC. Similarly, the
other percentage mismatch faults can be easily differentiated by
using the LM concept. Furthermore, the proposed method has
been experimentally tested and validated for more than 96 cases
with the following combinations;

Case i): one-module, two-module, and three-module mis-
match faults at different irradiance values in the
range of 15–40 W/m2;

Case ii): various partial shading tests with the shading cases
of 11%, 26%, 32%, 45%, and 61% at one module,
two modules, and three modules, respectively;

Case iii): discrete partial shading tests and faults in the tem-
perature range of 20.2–33.6 ◦C, since during the
inverter preturn ON/OFF condition (early hours of
the day, i.e., before 07:00 am and late hours of the
day, i.e., after 06:00 pm), the temperature is low.

For the above cases, the proposed FDA accurately identified
the faults and none of the shading case is detected as a fault.
In addition to this, the presence of cell breakage/light-induced
degradation/soiled modules in a PV array [36]–[38], the PV
array characteristics are similar to that under PSC. Furthermore,
due to increase in series resistance (Rse), slope of the I–V curve
near to OC voltage region will change and while due to decrease
in shunt resistance (Rsh), the slope of the I–V curve near to
short-circuit current region (Isc) will be affected. Similarly, due
to potential-induced degradation, there will be a change in the
slope of the I–V curve near to Isc. Therefore, due to changes
in Rsh/Rse or both, maximum power and fill factor will be
subjected to change [39], [40]. Thus, due to the presence of
either Rsh/Rse affected modules, no LM exists on the P–V
curve. Therefore, because of the existence of these scenario PV

modules in the PV array, the proposed FDA will not be detected
as a fault condition.

D. Remark

The proposed FDA can also be used to detect and distinguish
the LL faults and PSC in conditions other than low irradiance or
preturn ON/OFF. At any instant of time/irradiation, the I–V curve
of the PV array can be traced just by disengaging and coupling
the PV array to the inverter through the connected miniature
circuit breaker (MCB) between the PV array and inverter (shown
in Fig. 1). After recording the I–V data, the same algorithm
can be applied to identify and discriminate LL faults and PSCs.
The disadvantage of the approach would be the loss of energy
occurring during the disengaging of the inverter. On the other
hand, it does allow for quick determination of whether an LL
fault occurred during higher irradiance conditions. Furthermore,
without additional sensors/labeled data, the proposed FDA has
the ability to distinguish LL faults and PSCs.

V. CONCLUSION

This article has proposed a new method to ascertain the vari-
ous existing/undetected array LL faults in a PV system installed
with blocking diodes. The concept behind this method is to
extract the I–V curve from the transitory conditions that emerged
in the PV array voltage and current, during the inverter preturn
ON/OFF condition. Moreover, using an LM concept, LL faults
are segregated with respect to percentage mismatch and further
clearly discriminated the PSCs. The analytical reasons for the
ability to detect the faults have been explicated. Furthermore,
the proposed approach is validated with the simulation and
experimental results. An alarm (red LED indicator) has been
used to indicate the fault condition and this approach leads to
the ability to use the same alarm signal to either mechanically or
electrically disengage these faults. This allows improved safety,
reliability, and may even increase energy yield since the fault
can be cleared.

In summary, the proposed method works for both the PV sys-
tems installed with and without blocking diodes, and it is very at-
tractive for large PV plants since the measurements and compu-
tation would be inside the existing inverters itself. Furthermore,
it does not require any additional hardware/sensors/labeled data
and obviates the need for a dedicated protection system for the
PV plant.
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