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Abstract—A healthy photovoltaic (PV) array has a specific
impedance between node pairs, and any ground fault changes
the impedance values. Reflectometry is a well-known technique
in electromagnetics, and it could be exploited to detect fault
and aging-related impedance variations in a PV system. A fault
detection algorithm using the spread spectrum time-domain
reflectometry (SSTDR) method has been introduced in this paper.
SSTDR has been successfully used for detecting and locating
aircraft wiring faults. However, the wide variation in impedance
throughout the entire PV system, which is caused by the use of
different materials and interconnections makes PV fault detection
more challenging while using reflectometry. Unlike other conven-
tional ground-fault detection techniques specifically developed for
PV arrays, SSTDR does not depend on fault-current magnitudes.
Therefore, SSTDR can be used even in the absence of the solar
irradiation, which makes it a very powerful fault-detection tool.
The proposed PV ground-fault detection technique has been tested
in a real-world PV system, and it can confidently detect PV ground
faults for different configurations of PV arrays (single and double
strings) and fault resistances (0.5, 5, and 10-�). Moreover, it has
been experimentally verified that our proposed algorithm works
at low irradiance and can detect specific ground faults that may
remain undetected using the conventional ground-fault detection
and interrupter (GFDI) fuses.

Index Terms—Correlation, fault impedance, fault detection,
ground-fault detection and interrupter (GFDI), grounding, inter-
connect, Photovoltaic (PV), PV array, reflectometry, spread spec-
trum time-domain reflectometry (SSTDR).

I. INTRODUCTION

PHOTOVOLTAIC (PV) installation throughout the world
has been exponentially increasing, and the total installed

capacity of PV power globally reached more than 303 GW in
2016 from 1.3 GW in 2000, which covers at least 1.8% of the
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world electricity demand [1]. This rapid development of the PV
system has made its fault detection and isolation absolutely nec-
essary to avoid catastrophic failure in the power system. Based
on their locations, three types of failures in PV systems are stud-
ied in power electronics: faults on PV arrays [2]–[24], failures in
power conditioning systems [25]–[30], and disturbances in the
utility interconnections (such as islanding, and so on) [31]–[34].
However, recent fire events initiated by the catastrophic failures
in PV arrays have been drawing attention of researchers toward
this area [9], [10]. Among all possible major faults that hap-
pen in the PV arrays such as ground faults, line-to-line faults
[2]–[21], arc faults [22], [23], hot-spot formation [24], open
circuit faults [18], [19], ground faults are considered to be the
most common faults in PV systems. The ground fault is the
undesirable condition of current flowing through the uninten-
tional low-resistance path between a current-carrying conductor
(CCC) and an equipment grounding conductor (EGC)/earth. In
addition to CCCs, a PV array has several noncurrent-carrying
conductors (NCCCs) such as module frames, mounting racks,
metal enclosures, distribution panels, the chassis of end-use ap-
pliances, and power converters. No current flows through these
paths under normal operating conditions, but a nonzero current
exists in any path during faults. All these NCCCs are connected
through the EGC, and the use of EGC is mandated by National
Electrical Code 690.43 regardless of the nominal voltage of the
PV system [35]–[38].

PV array installations can be divided into two categories:
grounded and ungrounded [36]–[39]. In grounded systems, at
least, one of the CCCs needs to be connected to the EGC using
a ground-fault detection and interrupter (GFDI) fuse in order to
detect the presence of any accidental circulating current path,
and this is termed as system grounding. PV systems with system
grounding are known as grounded, and this category is prevalent
in the U.S.; an example of this grounding type is illustrated in
Fig. 1. However, there are alternative ground-fault protection
schemes, which are more common outside the U.S. including
residual current monitoring devices (RCD) and dc insulation re-
sistance (Riso) measurements [4], [5]. These ground-fault pro-
tection systems often are used on ungrounded (floating) PV sys-
tems that do not have a connection between a CCC and ground.

These ground-fault protection devices suffer from several lim-
itations. For instance, a ground fault may remain undetected
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Fig. 1. Typical grounding diagram of PV arrays. The GFDI fuse (system
ground) is usually installed inside the PV inverter in a grounded PV array, and
system grounding is absent in an ungrounded PV array.

when the fault current falls within the blind spot range because
of the low irradiance and high fault impedances [4], [5], [7], [8].
This phenomenon is known as the blind spot of the detection
device, i.e., when the fault current magnitude is less than the
tripping/melting current of this device preset [7], [8]. Recent
fire events on April 5, 2009 in Bakersfield, CA, USA and April
16, 2011 in Mount Holly, NC, USA, resulted from undetected
ground faults within the blind spot range. In both of these fire
events, a double ground fault occurred. The first ground fault
occurred between the negative CCC and EGC and resulted in
current flow through the GFDI fuse, although the current mag-
nitude was below the rated current of the installed fuse, and this
fault remained undetected for indefinite amount of time. The
second ground fault within the same array resulted in a flow of
952 A of current through the EGC and ignited fire before the fault
current was cleared by the overcurrent protection fuse [9], [10].

Apart from ground-fault detection devices, several ground-
fault detection techniques have been proposed in recent years
that are based on comparisons of estimated and measured vari-
ables, pattern recognition using signal processing, machine
learning analysis, and so on. Platon et al. [11] proposed an
online fault detection method based on the differences between
measured and estimated ac power output from a modeled PV
system. A “fractional-order color relation classification” based
fault detection method has been introduced in [12] where a
fractional-order dynamic error (FODE) is calculated to measure
the power degradation caused by the fault. In [13], a “descriptive
and inferential statistic” has been conducted on the population of
the energy generated from the PV inverters equipped with each
PV subarray to identify the faulty part of the plant. A wireless-
sensor-based fault detection technique, which detects fault by
comparing expected values with measured values of operating
voltages and currents of PV panels, is introduced in [14] and
[15]. A fault diagnosis technique for the PV panel is presented in
[16], where several intrinsic parameters are estimated based on
modified particle swarm optimization (MPSO) by sampling the
dynamic panel voltage and current. The fault in the panel can be
detected if there is any change in the estimated parameters from
their initial values. Saleh et al. [17] presented a fault detection
method, based on the magnitudes and wave-shape character-
istics of voltage signals of the PV modules, which needs two
voltage transducers in each string. All of these methods are
computation intensive and need external sensors to collect the

data. Moreover, machine-learning techniques based on prere-
corded and on-site data have been proposed in [18] and [19] and
require a large amount of training data along with external sen-
sors. Again, both the machine-learning-based and comparison-
based fault detection techniques need accurate PV models to
estimate circuit parameters. However, the models designed for
specific environmental conditions are not capable of simulating
the characteristics of the PV performance under different envi-
ronmental conditions, and thus, may result in false detection in
these cases [6], [18], [19], [40]–[42]. Therefore, these models
have to be configured properly to get correct estimated values.
Yi and Etemadi [20] presented a pattern-recognition-based fault
detection method that utilizes fuzzy inference systems (FIS) to
detect fault with the help of extracted necessary signal features
from a multiresolution signal decomposition (MSD) technique.
Though this method uses less sensors compared to the ma-
chine learning methods, it needs a series of filters that make
the system more expensive. Authors of [21] utilized the dif-
ference in voltages between the healthy module in the faulty
string and the module in the healthy string to locate the faulty
module. This computation intensive method needs to update the
software programs of the existing commercial converters with
added additional voltage sensors. The authors of [6] proposed
a high-impedance ground-fault (HIGF) detection scheme of PV
arrays using the common-mode (CM) current spectrums of the
CM model of the full-bridge inverter. This model-based fault
detection technique needs to be updated for different configu-
rations of PV arrays and experiences difficulties in determining
the stray and parasitic parameters.

Most of these existing ground fault detection techniques re-
quire several on-site parameters such as voltage, current, gen-
erated power, irradiance level, temperature, humidity, etc., for
accurate fault detection, and changes in any of these parame-
ters may affect the I–V characteristics/MPPT of the PV panel
[2], [4], [43]–[47]. Moreover, nonuniform irradiance levels (i.e.,
partial shading, etc.) and bypass diodes have a significant impact
on the I–V characteristics/MPPT scheme of the PV panel [2],
[48]–[51], and thus, make the fault detection techniques more
challenging especially for those methods that rely on the I–V
characteristics of the PV module.

To overcome these limitations in PV array fault detection
techniques, reflectometry methods might become a good can-
didate because these methods do not use traditional on-site
parameters and sensors to detect faults [52]. However, different
reflectometry methods have long been used for detection and
locating faults in wires, and a comparative study summarizing
different reflectometry methods for fault detection in electrical
wiring was discussed in [52]. Among known reflectometry tech-
niques, spread spectrum time-domain reflectometry (SSTDR)
provides several advantages over other reflectometry techniques
such as low-cost fault detection in powered/live cables, very-
high noise immunity, embedded solutions, etc. [52]–[56].

Potential benefits of using time-domain reflectometry for
detecting faults in a PV array have already been explored in
[57]–[61]. However, frequent changes in impedance throughout
the PV array limit the success of fault detection schemes using
reflectometry [60], [61]. It was concluded in [61] that the pres-
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Fig. 2. Schematic diagram of a transmission line of length L and characteristic
impedance equal to Z0. A generator circuit is connected at one end (d = −L),
and the other end (d = 0) is connected to load ZL . An incident signal with
voltage and current (V +

0 , I +
0 ) is traveling toward the load, and a reflected signal

with voltage and current (V −
0 , I −

0 ) is traveling toward the generator.

ence of multiple reflections occurring at different mismatches
makes interpretation of the time-domain reflection extremely
difficult to detect the presence of a ground fault in PV arrays.
The algorithm proposed in this paper demonstrates that SSTDR
data can be implemented to overcome such limitations resulting
in faithful detection of ground faults in PV arrays. Moreover,
it is already mentioned that the conventional GFDI devices de-
pend on fault current magnitude that may result within the blind
spot range at night or low irradiance level. In contrast, rather
than depending on the fault current magnitudes, SSDTR data
are based on the impedance variation due to the ground fault.
This unique feature makes SSTDR an excellent candidate for
detecting ground fault when the fault current magnitude is less
than the tripping current of the GFDI. In addition, comprehen-
sive analysis have been conducted for the first time to investigate
the impact of different parameters, i.e., carrier signal frequency,
fault resistance, irradiance, number of faults, and number of
strings on the observed result.

II. SSTDR

A. Basic Concepts of Reflectometry

Reflectometry is based on the reflection of an electrical signal
at any impedance discontinuity in a transmission line. As illus-
trated in Fig. 2, any incident signal (V +

0 , I +
0 ) travels through the

transmission line, and a portion of the signal is reflected back
(V −

0 , I −
0 ) if it finds any impedance mismatch from the charac-

teristic impedance (Z0) of the line. Two important parameters
of a transmission line are characteristic impedance (Z0) and re-
flection coefficient (ρ). Characteristic impedance, Z0, is defined
as the ratio between the voltage and current of the incident or
the reflected wave as follows [62]:

Z0 =
√

R ′ + jωL ′

G ′ + jωC ′ = V +
0

I +
0

= V −
0

I −
0

(1)

where R
′
(�/m), L

′
(H/m), G

′
(S/m), and C

′
(F/m) are per unit

length resistance, inductance, conductance, and capacitance of
the transmission line, respectively. The ratio between the re-

Fig. 3. Schematic diagram of the SSTDR hardware [53].

flected and incident voltage signals is known as the reflection
coefficient (ρ), which is a measurement of how much signal is
reflected back [defined in (2)]

ρ = V −
0

V +
0

= ZL − Z0

ZL + Z0
(2)

where Z0 is the characteristic impedance and ZL is the
impedance at the point of fault. Generating an equivalent
transmission-line model for a PV string/array is a mammoth task
because of the presence of different materials and interconnec-
tions throughout the entire signal propagation path. Initiatives
have been taken to develop the transmission-line model for PV
modules considering only the metal connectors of a PV module
in [61]. Transmission-line parameters will vary from one PV
plant to another due to the use of different PV modules (so-
lar cell material, shape, size, orientation of conducting ribbons,
number of cells in a series, orientation of series-connected solar
cells, design and material of the metal module, EGC connection
variation, etc.), spatial orientation of modules, type and length
of the EGC and CCCs, number of modules connected in a series,
etc. Therefore, such an approach is not practical considering the
amount of time and cost required to extract transmission-line
parameters for each PV array.

B. SSTDR

SSTDR uses a pseudorandom binary signal called the
pseudonoise code (PN code) as an incident signal, and it con-
sists of randomly generated 1 and 0 s (each 1/0 is known as a
chip) [52]–[56], [63]. SSTDR can be implemented in several
ways as discussed in [53], [54], and [64]–[66], and a simple
schematic diagram is shown in Fig. 3 .

The PN code is modulated with a carrier sine wave to generate
the incident signal. The frequency of the carrier sine wave is
also known as the center frequency of SSTDR. To calibrate the
system without any difficulties, frequency of the carrier sine
wave is maintained the same as well as the chip rate ( fC =
1/TC ) of the PN code [53], [54]. The reflected signal is cross
correlated with the delayed copies of the incident signal with the
help of a variable phase-delay generator. Any mismatch from the
characteristic impedance at the load terminal generates a lobe at
a time delay in the autocorrelation plot that corresponds to the
distance from the source terminal. A lobe with a positive peak
indicates a positive reflection coefficient (ρ > 0, if ZL > Z0)
and a negative peak indicates a negative reflection coefficient
(ρ < 0, if ZL < Z0).

An example of the SSTDR generated incident signal and cor-
responding fast Fourier transformation (FFT) is shown in Fig. 4.
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Fig. 4. Incident signal of SSTDR with carrier/center frequency equal to
96 MHz: (a) time-domain representation (a portion of one entire PN/SSTDR
sequence is shown here). (b) frequency-domain (FFT) representation (only the
upper side band is shown here).

The FFT of the PN code is similar to a sinc function where the
width of the main lobe is twice the chip rate of the PN code.
The Fourier transform of the incident signal is similar to double
sideband suppressed carrier signal where the signal has a large
spectral distribution since the sinusoidal signal has been used
as the modulating signal here. From Fig. 4, it is evident that
the main lobe shifts further away from 0 Hz once the center
frequency increases. Since the power in the noise usually cen-
tered around 0 Hz, increasing the carrier frequency of SSTDR
signal will lead to produce less power in the cross correlation
of an SSTDR signal with noise, which will eventually increase
the SNR of the system. A field-programmable-gate-array-based
SSTDR generator (see Fig. 5) has been used in this paper. This
hardware allows scanning the system connected to the hardware
with center frequencies equal to 96, 48, 24, 12, 6, 3, 1.5, 0.75,
and 0.375 MHz.

III. GROUND-FAULT DETECTION USING SSTDR

The proposed ground-fault detection algorithm was imple-
mented at the Distributed Energy Technologies Laboratory
(DETL) of Sandia National Laboratories (SNL) (see Fig. 6).
A PV string consisting of seven, series-connected PV modules

Fig. 5. WILMA LWG40414 SSTDR hardware device (An R&D product from
Livewire Innovation).

Fig. 6. Facilities used at DETL of SNL to perform tests [5].

Fig. 7. Schematic diagram of the test setup (physical dimensions are not drawn
according to scale).

from Sanyo was interfaced with the SSTDR hardware, as de-
picted in the schematic diagram in Fig. 7. The dimension of each
module was 51.9 × 34.6 × 1.8 in. Each module was connected
in series through 55.5-in cable, where each fault location was
exactly halfway between the adjacent module. Specifications of
the PV modules are listed in Table I. Output terminals of the
SSTDR board were connected to the positive CCC and the EGC
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Fig. 8. Flowchart of the ground-fault detection algorithm.

TABLE I
SPECIFICATION OF A PV MODULE USED IN THE TEST SETUP (AT 1000 W/M2,

25 ◦C CELL TEMPERATURE)

Maximum power (Pmax) 200 W
Short circuit current (Isc) 3.83 A
Open circuit voltage (Voc) 68.7 V
Maximum power current (Ipmax) 3.59 A
Maximum power voltage (Vpmax) 55.8 V

of the PV string. The ground-fault detection algorithm devel-
oped within the scope of this project is based on the three steps
described in the following subsections, and a flowchart of this
algorithm is shown in Fig. 8. In order to avoid needless discon-
nections during monitoring the system for ground faults, it is
advisable to have the SSTDR system permanently connected to
the device under test.

A. Creating Baseline

As mentioned earlier, every PV array has different reflection
patterns, and it is necessary to create a baseline for each array
under consideration. This will work as a reference to detect
ground faults later. In order to create the autocorrelation baseline
(Cb), the PV string without any ground fault was scanned in
static mode for five times (i.e., N = 5), and autocorrelation
plots were interpolated at the rate (M) of 10 using the interp()

function in MATLAB. If Ci (i = 1, 2, 3, 4, 5) are the interpolated
autocorrelation vectors, Cb is defined as

Cb =
∑N

i=1 Ci

N
. (3)

The baseline plot with a carrier/center frequency of 750 kHz
is shown in Fig. 9. The abscissa of the autocorrelation plots have
been represented in the form of time delay, since the velocity of
propagation through the PV string is unknown and is expected
to vary throughout the PV string. For our algorithm, the average
of these five autocorrelation plots for each center frequency is
considered as a baseline for differentiating PV array without
ground fault (healthy PV array) and with ground fault. It should
be noted that both the scan number (N) and interpolation rate
(M) have been chosen arbitrarily, and time taken to create the
autocorrelation baseline for each scan was approximately 4 ms.
The net processing time for implementing the algorithm (except
scanning the system) depends on the sampling rate and the com-
putational speed of the digital signal processor block. However,
a higher number of scans or interpolation rate is recommended
provided the system can handle a big amount of data.

B. Estimating System Noise

The autocorrelation data generated by the SSTDR hardware
for the same setup are not identical and show some variations, as
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Fig. 9. Baseline autocorrelation plot for ground-fault detection with center
frequency of 750 kHz.

Fig. 10. Error plot of autocorrelation data for center frequency of 750 kHz.

shown in the error plot for a carrier frequency equal to 750 kHz in
Fig. 10. These variations in the autocorrelation plot are expected
because of the thermal noise, noise generated from the analog
to digital conversion, etc. Considering this fact, SSTDR was
applied N times to the same PV array, and the autocorrelation
data were interpolated and averaged (Cs). Each baseline data
point calculated in the previous subsection (Cb) was subtracted
from the calculated average data, and the absolute values of the
differences were considered. The sum of the absolute differences
between the average autocorrelation data and the baseline is
considered as an estimate of system noise (Ns) as shown in (4)
since both values were collected for the same healthy PV string.
To facilitate the real-time monitoring of the PV array, Cs needs
to be periodically measured, and therefore, Ns will be updated
accordingly

Ns =
k∑

i=1

| Cs,i − Cb,i |. (4)

Fig. 11. (a) Average autocorrelation plot using the same PV string without
any ground fault and ground fault at different locations, (b) difference between
average autocorrelation data and the baseline, (c) absolute values of the differ-
ences, (d) sum of absolute values of the differences. Here, center frequency =
750 kHz and fault resistance = 0.5-�.

where subscript i represents ith element of corresponding auto-
correlation vectors and k is the length of both vectors.

C. Fault Detection

Artificial ground faultswere created at different nodes be-
tween the modules using a 0.5-� fuse to validate the fault de-
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Fig. 12. Area under absolute autocorrelation difference plots for healthy PV string (system noise) and ground faults at different locations in the PV string using
0.5-� resistor with different center frequencies: (a) center frequencies from 96 to 6 MHz and (b) center frequencies from 3 to 0.375 MHz.

tection algorithm. The PV string was scanned N times with
ground faults at different nodes, as shown in Fig. 7, and the
average autocorrelation plots (Ct ) were generated for faults at
different locations in the PV string. The absolute values of the
element-wise differences between the average autocorrelation
plot with ground fault in a specific location and the baseline
were calculated, and the sum of these absolute differences has
been termed as the “area” in this manuscript. The area (A), as
defined in (5), for ground faults at different locations in the same
PV string along with the system noise is shown in Fig. 11 for a
center frequency equal to 750 kHz, and it was apparent that the
PV array generates an area that is higher than the last updated
system noise whenever there is a ground fault in the array

area =
k∑

i=1

| Ct,i − Cb,i |. (5)

IV. INFLUENCE OF DIFFERENT PARAMETERS ON FAULT

DETECTION ALGORITHM

The autocorrelation data in an SSTDR-based fault detec-
tion method depends on numbers of parameters that affect the
impedances (either Z0 or ZL ) in the propagation paths of SSTDR
signals. For instance, the number of connected strings (series or
parallel), number of simultaneous faults, fault resistance, num-
ber of interconnections within the system, impedance variation
throughout the array, PV cell material, metal conductors and
frames of the PV module, and method by which SSTDR hard-
ware is connected with the PV array, etc., lead to complex dis-
tributed capacitances and other parasitic components between
the CCC and the ground. Since the algorithm is based on the
differences between the average autocorrelation readings for
the healthy and faulty PV array, the parameters that remain un-
changed in both the healthy and faulty PV arrays, have little or
no impact on the fault detection capability of the proposed algo-

rithm. Moreover, the attenuation of the SSTDR signal depends
on its velocity of propagation, distance to the fault, character-
istic impedances of its propagation path, the length of the PN
code, etc. [52]. Unfortunately, quantifying the impact of these
parameters as well as the attenuation of SSDTR signal (where
a large number of impedance variations and branch network is
present throughout the PV array) is beyond the scope of this
paper. The influence of different parameters, i.e., the center fre-
quency of SSTDR, fault resistance, solar irradiance (to test the
feasibility of fault detection at night and during cloudy days),
parallel strings, and double ground fault on the robustness of the
algorithm are discussed in this section.

A. Impact of Carrier Frequency

The spectral distribution of the signal is highly dependent
on the carrier frequency because the generated PN code and
the chip rate of the PN code vary in proportion to the carrier
frequency [53], [54]. The width of the main lobe of the Fourier
transform of the incident signal is twice the carrier frequency,
and most of the energy of the incident signal is confined within
that bandwidth. The power density of the incident signal spreads
over a wider bandwidth with an increase in carrier frequency,
and thereby, the response (reflected signal) is expected to vary
with the variation in the carrier frequency.

The area under the absolute average autocorrelation differ-
ence plots for the same PV string with ground faults at different
nodes (for different SSTDR carrier frequencies) and fault re-
sistance equal to 0.5-� are shown in Fig. 12. Since the lower
frequency signals travel further into the system, and the SSTDR
signals need to propagate through both long cables and (lossy)
PV modules, carrier frequencies lower than 6 MHz produce
more reliable results compared to higher carrier frequencies for
ground faults in the PV string. As an example, in Fig. 12(a), the
area with ground faults is lowest at location 6 5 and it is only
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Fig. 13. Area plots for center frequencies 3.0, 1.5, 0.75, 0.375 MHz and fault resistances: (a) 0.5-�, (b) 5-�, (c) 10-�.

1.29 (approx.) times the system noise for a center frequency
equal to 96 MHz. For 6, 3, 1.5, 0.7, and 0.375 MHz, these ratios
are about 2.5, 7.96, 5.54, 48.04, and 31.89, respectively.

An extensive impedance domain mapping is required to ex-
plain the pattern of variation in areas at different locations.
However, we decided to concentrate on the center frequency
range of 375 kHz–3 MHz so that no erroneous fault is detected
by the system.

B. Impact of Fault Resistance

The ground-fault resistance is an important aspect in a fault
detection scheme since it may create a fault within the blind spot
of the GFDI fuse. Ground faults usually range from tenth of an
ohm to tens of kiloohms depending on the reason behind the
onset of the fault [8]. High-resistance faults may happens due to
corrosion bridge or insulation failure, and their impedance de-
grades over time. Moreover, high-impedance fault current may

not be high enough to cause significant damage to the system and
may easily go undetected. In fact, the fault current of lower mag-
nitude under low irradiance level, which might go undetected,
can be high enough to cause catastrophic damage due to added
current of subsequent faults. In contrast, low-resistance fault
increases the current through the fault path, which eventually
increases the possibility of a fire. Moreover, the high-resistance
fault current remains almost the same at different irradiance
levels; whereas current in low-impedance fault path linearly
changes with higher irradiance making the fault detection even
more critical [8]. Therefore, within the scope of this research,
low-resistance ground faults were created at different locations
in the PV string for the following fault resistances: 0.5, 5, and
10-�. The autocorrelation area plots for different fault resis-
tances and center frequencies (375 kHz–3 MHz) are shown in
Fig. 13. The same baseline and system noise were used for all
fault resistances since these two parameters (baseline and sys-
tem noise) are independent of the fault resistance. A healthy PV
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Fig. 14. Schematic diagram of the test setup for two parallel strings.

string has a very high resistance from any point on the CCCs to
the EGC (greater than the fault resistances), which will lead to
the value of reflection coefficient, ρ less than 0 (zero) [from (2)].
Therefore, it is expected that the area under the autocorrelation
plot will decrease with the increase in fault resistance for the
same center frequency and fault location.

The experimental results revealed that the overall area un-
der the curve typically decreases once the fault impedance goes
up. As an example, with a center frequency equal to 0.75 MHz
and fault location 5 4, the area decreases from 1.451 × 106 for
0.5-� to 0.9529 × 106 for 5-�, and then, to 0.6221 × 106 for
10-� fault resistance. Even at 10-� fault impedance, the area
under the curve was 20.59 times higher than the system noise
of 0.9529 × 106. This indicates that the proposed algorithm
can detect faults even with a very high fault impedance. The
travel paths of SSTDR incident and reflected signals are differ-
ent for faults at different locations, and the propagation velocity
throughout the PV string can be different too. Therefore, the
position of the autocorrelated amplitudes, and thus, the autocor-
related area will be different for different locations. That being
said, the experimental results summarized in this paper conclude
that the presence of a ground fault can be confidently detected
for center frequencies less than 6 MHz regardless of the fault
resistance (0.5 , 5, and 10-�).

C. Impact of Parallel-Connected Strings

In a larger PV array, it is expected that there will be several
PV strings connected in parallel, and it may not be feasible
to disconnect all the parallel strings for ground-fault detection
purposes. In order to verify the algorithm, two PV strings were
connected in parallel at the same facility, shown in Fig. 6, and
ground faults were created at different interconnecting nodes
in one of the PV strings using a 0.5-� resistor, as depicted in
Fig. 14. Baseline autocorrelation plots for single string and two
parallel strings without any ground fault are shown in Fig. 15
for center frequency 1.5 MHz, and there are some differences
observed between these plots. Ground faults were created in
one of the parallel strings, and area plots for different center
frequencies (0.375–3 MHz) are shown in Fig. 16.

Fig. 15. Comparison of baseline autocorrelation plots for single string and
double strings.

Fig. 16. Area plot for PV array consists of two parallel strings with and
without ground faults.

In every fault condition, the area plot height is significantly
higher than the system noise (no fault). Therefore, it can be
concluded from the 3-D bar plot that SSTDR can be used for
ground-fault detection in parallel-connected PV modules as ef-
fectively as in single PV strings. It is possible to locate the string
with the PV fault using SSTDR, since the algorithm can detect
the ground fault in parallel-connected strings, and each string
can be examined with respect to its own baseline by disconnect-
ing the parallel connection to detect ground faults after a ground
fault has been observed in the array.

D. Impact of Solar Irradiance

Nominal changes occur in the electrical equivalent impedance
of the solar cells when there is a change in solar irradiance, and
this works in favor of the reflectometry-based fault detection
schemes. In order to investigate the feasibility of ground fault
detection using SSTDR at night or with low irradiance, a test
was performed in a laboratory environment (<5-W/m2 solar
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TABLE II
SPECIFICATION OF A 100 W PV MODULE USED INSIDE THE LAB SETUP (AT

1000 W/M2, 25 ◦C CELL TEMPERATURE)

Maximum power (Pmax) 100 W
Short circuit current (Isc) 5.75 A
Open circuit voltage (Voc) 22.5 V
Maximum power current (Ipmax) 5.29 A
Maximum power voltage (Vpmax) 18.9 V

Fig. 17. Area plot for PV string inside laboratory with and without ground
faults.

Fig. 18. Area plot for PV string with and without double ground fault for
different center frequencies.

irradiance) with a PV string consisting of seven 100-W series-
connected PV modules. Specifications of the PV modules are
provided in Table II. A test setup similar to the schematic shown
in Fig. 7 was built, and ground faults were created at different
nodes by creating a short-circuit connection. Similar tests were
performed as described in Section III, and the results are shown
in Fig. 17.

It should be noted that the PV modules used inside the labora-
tory were smaller than the outdoor PV modules. Therefore, we
expected them to have different patterns for the same carrier fre-

quency since the equivalent lumped-circuit parameters (R
′
, L

′
,

G
′
, and C

′
) were different. However, it can be concluded from

Fig. 17 that the proposed algorithm can be used for ground-fault
detection at very low irradiance as confidently as in an outdoor
environment.

E. Double Ground Fault

A double ground-fault test was performed using the same PV
string described in Section IV-D inside the laboratory facility,
since it is not safe to create a double ground fault in an out-
door PV string. However, a double ground fault may occur in
a real PV system when a ground fault remains undetected and
another fault occurs at night. During the indoor experiment, two
short circuits were created at 8 7 and 6 5 (arbitrarily chosen
locations) positions and the PV string was scanned using the
SSTDR hardware. A double ground generates a higher area un-
der the absolute autocorrelation difference plot than the system
noise and can be detected confidently, as shown in Fig. 18.

V. CONCLUSION

A novel SSTDR-based ground-fault detection algorithm has
been presented in this paper. Detection of ground faults in PV
arrays using reflectometry is challenging because hundreds of
interconnections and impedance mismatches exist inside a sin-
gle PV string. The proposed algorithm has been successfully
used for detecting ground faults in PV arrays. Moreover, this
technique can be implemented for testing ground faults at night
or at low illumination, i.e., when the PV array is expected to
generate no power. This unique feature makes the proposed
technique extremely powerful and effective compared to any ex-
isting methods. This paper has presented the feasibility of using
the SSTDR-based algorithm with any variation in the number of
strings, fault resistance and number of faults, and the proposed
method can effectively detect complex fault conditions as well.
Based on the finding through various research projects pertinent
to SSTDR, it is expected that this SSTDR-based fault detection
scheme will create a new standard in the power engineering
community.
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