
 

Figure 1. Schematic diagram of a typical PV system with both equipment 
and system groundings. 

Figure 2. Example of PV ground faults. One of the ground faults 
represents a blind spot in traditional PV system ground fault detection 
systems (e.g., GFDI fuses).  
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Abstract— Recent PV faults and subsequent fire-hazards on 
April 5, 2009, in Bakersfield, California, and April 16, 2011, in 
Mount Holly, North Carolina provide evidence of a lack of 
knowledge among PV system manufacturers and installers 
about different PV faults. The conducted survey within the 
scope of this paper describes various faults in a PV plant, and 
explains the limitations of existing detection and suppression 
techniques. Different fault detection techniques proposed in 
literatures have been discussed and it was concluded that there 
is no universal fault detection technique that can detect and 
classify all faults in a PV system. Moreover, this digest proposes 
a transmission line model for PV panels that can be useful for 
interpreting faults in PV using different refelectomery methods.   

I. INTRODUCTION  
 A PV system converts the solar energy into electrical 

energy, and this energy is either stored in a battery bank in a 
standalone system or transmitted to the grid through grid 
interfacing power electronic converters. PV fault 
protection/detection and isolation devices of multiple kinds 
are installed in a PV station to isolate the PV converters/grid 
from the PV array during any fault in the PV system. 
Although, the rest of the power processing or storage units 
are isolated from the faulty PV array, the solar cells remain 

active and may produce significant current flow within the 
modules that may result in damages even catastrophic fire.  

In some cases PV faults may remain undetected and 
result in more severe damages. Although the milestone of 
100GW PV installation capacity throughout the world was 
achieved in 2012, any PV installation is susceptible to faults, 
and these faults may remain undetected. Most of the PV 
related published articles are based on improved cell level 
efficiency, electrical circuit modeling, maximum power 
point tracking (MPPT), panel architecture, circuit level 
optimization, and there have been comparatively few articles 
based on different faults in PV systems.  This article will 
investigate different faults in PV systems including ground 
fault and other line-to-line faults, arc (open) faults, bypass 
diode failure, hot spot formation, and explore different 
prevention and detection techniques.  

 
II. GROUND FAULTS 

The exposed non-current carrying metals/conducting 
parts of PV systems are connected through a conducting wire 
to the ground (a reference – earth in most cases) as required 
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Figure 3. Example of PV line-to-line faults.  Figure 4. Example of series and parallel arc-fault in a PV array 

by the National Electrical Code 690.43, and this grounding is 
referred as equipment grounding. A PV system has system 
grounding if one of the current carrying conductors (CCCs) 
is functionally connected to ground. Depending on whether a 
PV panel has system grounding, there exist two types of PV 
systems: grounded and ungrounded. Schematic diagram of a 
typical grounded PV system is shown in Figure 1, and the 
schematic of an ungrounded PV system will be similar to the 
grounded PV system with the exception of containing the 
system grounding that is accomplished by the fuse (GFDI) 
[11]-[18].  

A ground fault establishes an unintentional low 
impedance path between one of the CCCs and the ground.  
Ground faults in a PV system may occur in several ways, 
and two possible ground-faults are depicted in Figure 2. 
Most of the grounded PV systems are system-grounded 
using a ground-fault detection and interruption (GFDI) 
device to detect ground faults and interrupt the fault current. 
GFDI is a fuse with less than 5A rating (according to UL 
1741) or a residual current circuit breaker (RCCB), and these 
GFDI devices either melt or open the current path whenever 
the fault current amplitude is higher than a threshold limit 
and sustains longer than a predefined minimum time 
duration. 

A. Blind spot:  

GFDI devices in general trip based on the magnitude of 
fault current. Therefore, if there is a fault in a PV system 
with fault current below the trip threshold, it becomes 
undetectable.  This gap in traditional, fuse-based ground 
fault protection is known as the blind spot [11]-[15]. An 
example of blind spot is shown in Figure 2. A blind spot 
ground fault is dangerous since it establishes a bypass 
current path for the GFDI devices, and any further ground 
fault will remain undetected for indefinite period unless 
otherwise interrupted. It should be noted that blind spot does 
not exist in an ungrounded PV system. 

B. Double ground fault:  

A double ground fault occurs if there is another ground 
fault established followed by a blind spot or there are two 

consecutive ground faults as depicted in Figure 2. Recent PV 
fires on April 5, 2009, in Bakersfield, California, and April 
16, 2011, in Mount Holly, North Carolina are claimed to be 
caused due to double-ground fault. Therefore, it is extremely 
important to detect the blind spots before a second ground 
fault occurs. Moreover, two ground faults may occur within 
a short period of time at low irradiance and stay undetected. 
This double ground fault may remain undetected during the 
daytime as well and may damage or burn the entire system. 

C. Effect of maximum Power Point Tracking (MPPT):  

The effect of MPPT on fault current has been discussed 
in detail in [10] [16] [48]. The MPP tracker reduces the 
amplitude of the fault current if undetected by GFDI, and 
this reduction in fault current poses a challenge to the GFDI 
devices to detect and isolate the PV array. Sometimes, a 
ground fault occurs at low irradiance, and the fault current is 
below the threshold current level of GFDI device. Therefore, 
there is a need for smarter GFDI devices that can detect 
and/or locate the ground faults irrespective of the fault 
current amplitude. 

D. General PV ground fault detection techniques and 
limitations:  

Most of the ground fault prevention devices are based 
on passive fuses, periodic isolation resistance measurements, 
or differential current measurement methods and these GFDI 
devices suffer from the following limitations: 

1) A ground-fault may occur in the absence of the solar 
irradiation (i.e., during night) and remain undetected. 

2) Ground-fault current may be smaller than the GFDI 
threshold current limit and remain undetected.  

3) If more than one ground fault occurs during the 
absence of sunlight, both of the faults will remain undetected 
by the GFDI device. Moreover, the GFDI device will not be 
able to de-energize the fault in presence of a double ground 
fault. 

4)  Differential current measurements (DCM) may 
suffer from external noise and may result in nuisance 
shutdown of the system. Nuisance tripping of fuses may 
occur with large leakage currents as well. 
 



III. LINE-TO-LINE FAULTS 

A line-to-line fault in a PV system is defined as an 
unintentional connection between two points in a PV panel 
through a low resistance path [10]. However, if one of the 
points is on the Equipment Grounding Conductor (EGC), the 
line-to-line fault is considered as a ground fault as discussed 
earlier. A line-to-line fault may occur between two points on 
the same string or between two adjacent strings as shown in 
Figure 3, and the magnitude of the line-to-line fault current 
depends on the potential difference between the points 
before the fault occurs. The higher the potential difference 
the higher the back feed current results, and the chance of 
tripping the over current protection devices (OCPDs) 
increases [2][10].  

If the current flow through one of the CCCs due to the 
line-to-line fault is less than the rated current of the OCPDs 
which is no less than 1.56 times of the short circuit current of 
the array according to the US NEC requirement, the line-to-
line fault may remain undetected and poses significant loss 
of the efficiency in the system [48] [50].  

IV. ARC (OPEN) FAULTS 

Arc fault establishes a current path in the air, and this 
current path might be established due to any discontinuity in 
the current carrying conductors or insulation breakdown in 
adjacent current carrying conductors. Any type of arc fault is 
harmful for the PV system, and may introduce fire that may 
result in insulation burn-out and fire hazards in presence of 
any flammable substances in the vicinity of the PV plant [2]-
[7]. National Electrical Code® (NEC)-2011 requires a series 
arc-fault protection device in a PV system if the DC 
operating voltage is equal to or higher than 80V. These 
devices are called as arc-fault circuit interrupters (AFCIs) [8] 
[9]. In general, both GFDI and AFCI devices are installed 
inside the inverter of the PV system, and there is a display in 
the front panel of the inverter to read out the type of fault 
occurred. 

Any arc generated due to any discontinuity in CCCs 
mostly resulting from solder disjoint, cell damage, corrosion 
of connectors, rodent damage, abrasion from different 
sources, etc. is called a series arc-fault, and any arc fault 
between two adjacent conductors at different potentials is 
termed as parallel arc fault. Both the series and parallel arc-
faults are illustrated in Figure 4. Most of the AFCI devices 
are designed to interrupt the operation of the PV system 
whenever there is a series arc fault, and these AFCIs may not 
be able to respond properly in presence of parallel arc fault.  

 
Both series and parallel arc-faults introduce high 

frequency noise in the DC current of the PV string, and a 
parallel arc fault results in additional sudden voltage/current 
drop inside the PV array. Therefore, series and parallel arc 
faults can be distinguished from each other by observing the 
sudden voltage/current drop associated with increased noise 

in the DC current. All series arc faults can be extinguished 
by disconnecting the PV array from the inverter by opening 
one of the terminals of each PV strings. However, some 
parallel arc faults require module-level disconnects or short 
circuiting the PV string or module terminals after 
disconnecting from the inverter to de-energize the arc. 

V. OTHER FAULTS 

A significant number of bypass diode failures have been 
reported in past, and thereby, bypass diodes are considered to 
be one of the main concerns for the safe operation of PV 
modules [43] [44]. Long-term power dissipation in the 
bypass diode due to any mismatch or partial shading 
increases the operating temperature of the bypass diode, 
junction box and the PV cells adjacent to the junction box, 
and these phenomena could lead to failure of the bypass 
diode, hotspot formation, insulation damage of the 
cables/junction box, damaged encapsulation of the module 
and burn-out of solar cells [45]. 

Localized heating or a hot-spot may be formed in a 
photovoltaic module due to cell failure, solder disjoint or 
interconnection failure, partial shading, and mismatch in 
parallel connected strings [46]. Hot-spot may appear in the 
cells or in high resistive solder bonds (RSB) that 
interconnect cells and contact ribbons, and the impact of the 
hot-spot in PV modules is significant since it may reduce the 
output power generated by the group of cells under the same 
bypass diode to zero [47]. Therefore, PV modules need to be 
inspected frequently, and modules with significant number 
of hot-spots should be replaced in order to ensure longer 
lifetime and efficient operation of the system. 

Besides the previously discussed faults, PV plants suffer 
from other different types of minor faults: ice/sand/soil 
formation, broken glass, partial shading, and corrosion of 
wire, terminals, and cell metal, etc. [40]. 
 

VI. DIFFERENT FAULT DETECTION TECHNIQUES FOR PV 

SYSTEMS 

Different methods have been proposed in literature to 
find and locate different types of faults in PV systems, and 
most of the techniques utilize different on-site measurement 
data such as: operating voltage and current, MPP, 
temperature, irradiance, power loss, fill factor, etc. [19]-[23]. 
An artificial neural network (ANN) based algorithm has 
been proposed that uses the temperature, MPP voltage and 
current of the PV modules as inputs to determine one of the 
four conditions of the PV panel: normal, degraded, short-
circuit fault, and shaded [19]. A decision tree-based 
algorithm has been reported in [21] to find different faults in 
a PV module, and this method requires sufficient previous 
data under normal and faulty condition in order to train the 
algorithm. However, the algorithm provided a very high 



 

Figure 5. A simplified high frequency transmission line model for a PV module. 

 

 

Figure 6. Experimental results showing the auto-correlated output of the WILMA LWG40414 SSTDR board generated incident signal and reflected 
signal from the PV module. A schematic of the test setup has been shown as well [42]. 

accuracy to find different fault depending on the size of the 
tree and number of leaves used in the algorithm. 

In [22], a method based on mutually comparing the 
currents of each string to locate an abnormally operated 
string has been proposed, and this method can decide an 
abnormality based on the ratio of different string currents. 
Infrared (IR) thermograph based solar cell’s health 
monitoring was presented in [23] and it was shown that IR 
thermograph can locate hot spots. More advance approaches 
were presented in [27]-[28], where Light Beam Induced 
Current/Voltage (LBIC/LBIV), Photoluminescence (PL) and 
Electroluminescence (EL) based instruments and InSb 
thermal camera have been used for monitoring the quality of 
solar cells.  

The effect of MPPT on different line-to-line faults has 
been investigated in [20][24][48], and it was shown that any 
fault occurred at low irradiance is more challenging to detect 

because there is less photo-induced current and therefore the 
electrical measurements are less informative and less 
accurate (e.g., closer to the noise floor of the 
instrumentation). A fault detection analysis based on 
comparing I-V curves of an operating PV array with the 
expected I-V curve has been described in [26]. PV fault 
detection was considered as a clustering problem, and a 
minimum covariance determinant (MCD) estimator based 
method was described in [25]. This method calculates both 
the probability of detection and probability of false alarm to 
determine the presence of faults, and successfully tested for 
PV series arc fault and ground fault using a 10 Ω resistor 
across a single module.   

Several PV fault detection techniques based on the 
transmission line reflectometry theory have been presented 
in literature, and these methods can be used for detecting and 
locating faults in PV systems even in the absence of sunlight. 
A critical comparison among different reflectometry 



methods for locating different wire faults is presented in 
[49]. In time domain reflectometry (TDR), a step voltage 
signal is transmitted along the length of the two CCCs or one 
CCC and the ground wire, and the reflected signal is 
captured to determine if there is any open or ground fault 
present in the PV string [29]-[32]. The spread spectrum time 
domain reflectometry (SSTDR) based ground fault detection 
technique has been presented in [42] where a PN modulated 
high frequency sine wave (48 MHz) is transmitted through 
the negative CCC and the ground wire. The reflected and 
incident signals are auto-correlated to determine the presence 
of ground fault and some key experimental results are shown 
in Figure 6. 

The presence of long direct-current (DC) cabling, 
inverter generated common-mode (CM) voltages, use of line 
frequency transformers and different level of grounding 
affect the radio-frequency (RF) behavior of the PV system in 
the frequency range starting from 150 kHz to 30 MHz [34]-
[38]. Moreover, a PV module itself can be modeled as a 
transmission line, and several approaches have been taken to 
model the DC-side of the PV system or the PV module as a 
transmission line [1] [39]. A simple high frequency 
transmission line model derivation for the DC side of the PV 
system is depicted in Figure 5 where a PV cell is modeled 
using the high frequency electric circuit model of PV cell 
described in [33]. 

If the length of the transmission line (L) is comparable 
to the wavelength (λ) of the transmitted signal (L > λ/10), 
there exist reflections of the signal at any impedance 
discontinuity along the length of propagation.  

Table I summarizes all the faults in PV systems 
discussed in this paper along with the detection techniques. 

 
Table I. SUMMARY OF DIFFERENT PV FAULTS, AND DETECTION 

TECHNIQUES 

Fault type Detection methods Fault locating tools 
Ground fault Fault current 

measurement 
GFDI, DCM 

Reflectometry SSTDR [42] 
Current and voltage 
measurement 

MCD estimator [25] 

Line-to-line fault Analysis based on 
measured ambient 
conditions, current, 
voltage, etc. 

ANN [19], I-V curve 
[20], Decision tree 
based [21] 

I-V curve simulation 
and comparison 

PV simulator [26] 

Reflectometry TDR [29]-[31] 
Open fault Analysis based on 

measured ambient 
conditions, current, 
voltage, etc. 

Decision tree based 
[21] 

Reflectometry TDR [29]-[31] 
Series arc-fault Current and voltage 

measurement 
MCD estimator [25] 

Frequency domain 
analysis of PV array 
current  

AFCI [2]-[4] 

Parallel arc-fault Frequency domain 
analysis of current 
along with detecting 
sudden drop in 
voltage/current 
magnitude of the PV 
array 

AFCI and 
voltage/current 
measuring/sensing 
equipments [4] 

Bypass diode failure Temperature sensing 
and diode testing 

Infra-red, multi-meter 
[43][44] 

String fault String Current 
measurement 

Current sensor [22] 

Hot spot formation Thermograph Infra-red [23] [47] 
Dust or soil 
formation 

Thermograph, visual 
inspection 

Infra-red [23]

Cell level 
degradation (quality 
control) 

Different imaging 
techniques 

PL, EL, LBIV, IR, X-
ray tomography,etc. 
[27] [28] 

 

V. CONCLUSIONS 

Installation of PV power plants has been expedited on a 
large scale for the last decade, and most of the countries with 
large economy are now constructing large scale (>30 MW) 
PV plants in order to meet the growing energy demand and 
to reduce carbon emission in the environment. However, PV 
industry is still working on the safe operation of these PV 
plants and developing products to prevent or suppress 
various PV faults. There have been several accidents 
including fire hazards reported in recent years, and most of 
these incidents occurred due to the lack of knowledge of 
different types of faults in PV system. This paper has 
discussed different kind of PV faults including ground faults, 
line-to-line faults, arc faults, bypass diode failure, hotspot, 
and other minor faults that might be present in a PV plant, 
and limitations of existing detection devices has been 
described as well. A summary of different fault detection 
techniques proposed in literature has been presented in 
detail. 
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