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ABSTRACT

Three major catastrophic failures in photovoltaic (PV) arrays are ground-faults, line-
to-line faults, and arc faults. Although the number of such failures is few, recent fire
events on April 5, 2009, in Bakersfield, California, and April 16, 2011, in Mount Holly,
North Carolina suggest the need for improvements in present fault detection and
mitigation techniques, as well as amendments to existing codes and standards to avoid
such accidents. A fault prediction and detection technique for PV arrays based on spread
spectrum time domain reflectometry (SSTDR) has been proposed and was successfully
implemented. Unlike other conventional techniques, SSTDR does not depend on the
amplitude of the fault-current. Therefore, SSTDR can be used in the absence of solar
irradiation as well. However, wide variation in impedance throughout different materials
and interconnections makes fault locating more challenging than prediction/detection of
faults.

Another application of SSTDR in PV systems is the measurement of characteristic
impedance of power components for condition monitoring purposes. Any characteristic
variations in one component will simultaneously alter the operating conditions of other
components in a closed-loop system, resulting in a shift in overall reliability profile. This
interdependence makes the reliability of a converter a complex function of time and

operating conditions. Details of this failure mode, mechanism, and effect analysis



(FMMEA) have been developed. By knowing the present state of health and the
remaining useful life (RUL) of a power converter, it is possible to reduce the
maintenance cost for expensive high-power converters by facilitating a reliability
centered maintenance (RCM) scheme. This research is a step forward toward power
converter reliability analysis since the cumulative effect of multiple degraded
components has been considered here for the first time in order to estimate reliability of a

power converter.
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CHAPTER 1

INTRODUCTION

Photovoltaic (PV) installation throughout the world has been increasing
exponentially, and the total installed capacity of PV power globally was exceeded 136
GW. At least 37 GW has added in the year of 2013, which represents an increase of about
35% in total capacity [1]. This source of renewable energy will ensure a more sustainable
environment in the future, and many larger PV plants (50 MW) are under construction in
different countries. Grounding of PV plants is an important safety issue for both the
maintenance workers and the power plant itself. Besides the current carrying conductors
(CCCs), a PV array has several noncurrent carrying conductors (NCCs) such as module
frames, mounting racks, metal enclosures, distribution panels, the chassis of end-use
appliances and power converters, etc. All these NCCs are connected through a grounding
cable called “equipment grounding conductor (EGC),” and the use of EGC 1s mandated
by National Electrical Code 690.43 regardless of the nominal voltage of the PV system to
avoid any potential electric shock to any living beings [2] - [6].

One of the CCCs can be connected to the EGC using ground fault detection and
interruption fuse (GFDI) to detect the presence of any accidental circulating current path,
and this is termed as system grounding. PV arrays can be divided into two types based on

the type of grounding implemented: grounded and ungrounded PV systems [4] [5]. PV



systems with system grounding are known as grounded, and these are more common in
the USA. A ground fault occurs if there is any accidental low impedance current path
established between a CCC and the EGC/earth. Ground faults may result in a high current
flow through the EGC that may exceed the rating of the EGC and initiate a fire [7] - [20].

A similar situation arises when two points on the PV array are connected together
through a finite impedance by accident and this type of fault is known as a line-to-line
fault. In addition to establishing unintentional solid contacts in PV array, there might be
some arc created inside the PV array due to insulation damage. This is called an arc fault
and arc faults are one of the major reasons that fires are initiated. Detail of the ground,
line-to-line and arc faults, limitations of the existing fault detection and mitigation
techniques, together with a review of other analytical and instrument-based techniques
proposed in the literature are discussed in Chapter 2.

A PV ground fault detection and locating technique based on spread spectrum time
domain reflectometry (SSTDR) is presented in Chapter 3. This chapter covers the basic
concepts of SSTDR, the proposed algorithm, advantages and limitations of the proposed
fault detection and locating algorithm, the impact of different parameters such as center
frequency of the SSTDR, fault resistance, number of parallel strings, operation under
different light intensity and double ground fault. Chapter 4 describes the applications of
SSTDR in line-to-line and arc fault detection in PV array. These results are so far the
most comprehensive investigation of fault detection in PV arrays using SSTDR.

In addition to fault detection in PV arrays, SSTDR can be used for condition
monitoring of PV converters. It has been demonstrated in [21] [22] that SSTDR can be

used for determining the level of degradation of power metal oxide semiconductor field



effect transistors (MOSFETs), insulated gate bipolar transistors (IGBTs) and electrolytic
capacitors in live power converters. Moreover, several real-time methods to estimate the
state of health of power converters have been proposed in [23] — [30]. Reference [23]
proposed a real-time monitoring of capacitor’s equivalent series resistance (ESR) based
on the power dissipation across the capacitor and the capacitor current. Capacitor
voltages and currents are continuously monitored to determine the power dissipation.
Junction temperature of power devices is directly related to the operating states of the
inverter. An online monitoring method was presented in [24] using the junction
temperature of power devices in a voltage source inverter. Online fault diagnosis methods
in power electronic drives were described in [25] by measuring the capacitor ESR,
MOSFET Rps and Vcgsay of IGBT. ESR was calculated from the capacitor’s voltage and
current. Rps was calculated from the corresponding ripple voltage and ripple current of
the MOSFET.

Other online approaches for system health monitoring include data from the current
sensors and relays of the protection system, monitoring power loss in different
components of the power converter and frequency response [26]. Monitoring solder joint
fatigue in power modules using the “case above ambient temperature” (CAAT) was
proposed in [27]. The CAAT was measured using a two channel thermometer, and the
module power loss was calculated using CAAT. Power loss is directly related to thermal
resistance, which is an indicator of aging. An online fault diagnosis technique in DC-DC
converters was proposed in [28] by calculating the ESR of the DC bus capacitor. ESR was
calculated from the input current and the output voltage ripple of the converter. In

reference [29], Rps of power MOSFETs was calculated as the ratio of drain-source



voltage (Vps) and drain current (Ip) during the on-state. Reference [30] proposed an
online diagnosis method considering the variation in parasitic/internal resistors of
components in a DC-DC converter. However, this diagnosis method is applicable to
diagnose the entire system, not individual components.

A reliability centered maintenance (RCM) scheme that uses data of device
degradation or characteristics parameter variation is proposed in Chapter 5. In addition to
the proposed time-dependent reliability analysis, the complex interdependence of
characteristic parameters, ambient condition, and operating point in closed loop

converters is investigated in detail.
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CHAPTER 2

CATASTROPHIC FAULTS IN PV ARRAYS: TYPES,

DETECTION AND MITIGATION TECHNIQUES

Recent fire events initiated by PV arrays suggest the necessity of understanding
catastrophic failures in PV systems [1] - [3]. Shutting down the PV generation system
under different fault conditions requires different mitigation techniques and, in most
cases, requires prior knowledge of the type of the fault. This chapter discusses the major
faults that may result in damage to a PV array (catastrophic faults), possible causes and
detection schemes of these faults and protection techniques.

Among the numerous possible faults such as ground fault, line-to-line fault, hot spot
formation, polarity mismatch, arc fault, open fault, bypass diode failure, dust/soil
formation, etc. in a PV array, ground fault, line-to-line and arc fault are reported to be the
major reasons behind catastrophic failures resulting in electrical fires. This chapter
studies the electrical behavior of the PV system during those faults, possible causes for
any failure, and the state-of-the-art detection and mitigation techniques for each type. In
each fault case, there are specific technical challenges to detection and mitigation.
Standards are reviewed and recommendations are provided to ensure more reliable PV
arrays. This chapter does not cover faults in the rest of the components of a PV system

(AC isolation failure, inverter failure, DC signal injection to the AC side of the inverter,



faults inside battery modules, etc.).

2.1 PV Ground Faults

Typically, a PV array has several exposed noncurrent carrying (NCC)
metals/conducting parts (module frames, mounting racks, metal enclosures, distribution
panels, the chassis of end-use appliances and power converters, etc.) [4]. These
conductors do not carry any current during normal operation. However, there is a
potential risk of electric shock hazard from these exposed NCC conductors when an
electrical connection is established between the current carrying conductors (CCCs) and
NCC conductors due to a fault (e.g., corrosion, loss or melting of insulation, wire cut-off,
wrong wiring, etc.). Therefore, all these NCC conductors are connected together to the
ground or earth through a current carrying conductor termed a “equipment grounding
conductor” (EGC). This is illustrated in Figure 2.1 as green lines.

Equipment grounding is required by National Electrical Code Article 690.43 to
protect people and other living animals from being electrocuted [5]. Similarly, any
accidental connection between a CCC and EGC/earth can cause significant current flow
to the ground circuit, known as a “ground fault”. Therefore, proper grounding is required
for any electrical system to provide adequate personnel and system safety in the case of
one or multiple ground faults. The voltage and current limit for a living being to be
electrocuted is proposed as 75 V and 100 mA [6], and to avoiding a potential electric

shock, equation (2.1) should be met:

RAl éU|_ for | <Id (21)



where Ra is the resistance of the living being exposed to potential electrical shock with a
current | from the point of contact at higher potential to the ground. The maximum and
average estimated resistances for the human body are approximately 1000 Q and 650 Q

[4][6]. Ig and U are 100 mA and 75 V, respectively.

2.1.1. Grounded and Ungrounded PV Systems

Grounding practices in PV systems vary depending on the operating voltage, size of
the plant, type of installation (ground-mount, roof-top, building mounted etc.), and
geographic location. Any PV system with system voltage higher than 50 V requires
ground fault protection according to US National Electrical Code (NEC) Art. 690.5.
Typically, U.S. PV arrays have an electric connection between ground and one of the
CCCs through a ground-fault detection and interruption (GFDI) fuse, known as “system
grounding.” 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 resistance (Riso) measurements. These ground fault protection systems
often are used on ungrounded (“floating”) PV systems which do not have a connection
between a CCC and ground. Differences in grounded and ungrounded systems are
illustrated in Figure 2.2.

In order to analyze different ground faults, a complete electrical model of a PV array
is necessary. Unfortunately, electrical parameters vary between PV systems due to
variations in the construction of PV modules (e.g., dimension, material, and ground
connection), site (grounded, roof-top, building mounted, etc.), physical layout, etc.

Therefore, a generic RC model for a PV array from CCCs to ground is proposed in [7], as
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shown in Figure 2.3. Rs, Ry and Cieax are series insulation resistance, parallel insulation
resistance and leakage capacitance of each module. In addition, long connecting wires
may be required in large PV arrays to connect PV panels to the central inverter. These
connecting wires add additional impedances [8].

An unintended effect of GFDI protection schemes is that it provides an electrical path
for the leakage current to return to the PV conduction path through the ground fault
detection fuse. The leakage current is highly dependent on relative humidity, temperature,
array voltage, and size of the array [6] - [8]. Moreover, impedance from a CCC to ground
in an ungrounded system varies with different meteorological variables (temperature,
humidity, etc.), and the design of fault detection devices for both ungrounded and
grounded systems requires a safe estimation of detection parameters to avoid system

shutdown under normal operating conditions.

2.1.2. Reasons for Ground Fault

A ground fault establishes an unintentional low impedance path between one of the
CCCs and the ground/earth, and a large fire in a PV array often destroys the origin of the
fault. Several potential reasons for ground faults have been discussed in [4] [9] - [11], and
summarized here:

1) Cable insulation damage during the installation, due to aging, impact damage,

water leakage, and corrosion

2) Ground fault within the PV modules (e.g., degraded sealant, water ingress)

3) Insulation damage of cables due to chewing done by rodents

4) Accidental short circuit inside the PV combiner box, often at the time of
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maintenance
If a ground fault remains undetected, it may generate a DC arc within the fault and

cause a fire hazard.

2.1.3. Ground Fault Detection Techniques
Depending on whether a PV system is ungrounded or grounded, and considering the
geographic location, several ground fault detection devices are commercially available to

be used with PV installations. They are listed in Table 2.1.

2.1.3.1 GFDI Fuse

System grounding provides an intentional circulating path for the ground current
during a fault condition and the fuse melts if the current is higher than a safe threshold
current limit. If the fuse is cleared (opened), the inverter needs to be turned OFF
immediately to isolate the PV array from the rest of the power system, and fault
inspection becomes possible. In most grounded PV systems, a fuse with 1-5 A rating is
installed inside the PV inverter. UL 1741 sets the upper limits for the ground fault fuse
ratings as depicted in Table 2.2. A sensor inside the inverter checks the fuse continuity
and shuts down the system in the presence of any ground fault.

The fuse rating needs to be high enough to avoid nuisance tripping due to leakage
current, and it should be low enough to trip during actual ground faults. An estimation of
leakage current for modules operating at 600V that meet the standard UL 170 [12], IEC
61646 [13] or IEC 61215 [14] has been provided in [8]. It has been estimated that the

maximum leakage current for 1.2 m2 crystalline Si modules is 11 pA/kW for a 7-module
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string, which can result in 56 mA of leakage current from a 500kW array. Compounding
this challenge, the sensitivity of the GFDI fuse is influenced by the leakage current of the
PV array, and several papers have investigated the effect of different parameters such as
ambient temperature, relative humidity, salt mist, electromagnetic interference (EMI),
and resistance of the grounding conductor on the leakage current [6]-[8] [15]-[19].

An ungrounded PV array poses shock hazard in the form of capacitive discharge, and
such shock hazards can be avoided by using resistive grounding. Distributed capacitances

in a grounded PV array do not pose such danger due to the system grounding.

2.1.3.2 Monitoring Residual Current

Residual current monitoring devices (RCDs) can sense the difference between the
current entering and leaving PV system through the positive and negative CCCs. A
simple schematic diagram of an RCD is shown in Figure 2.4. RCDs, in general, sense the
presence of an alternate current path through the presence of any residual magnetic field
and can open the current carrying conductors using switching relays. RCDs can be
installed for each string or for the entire array [1]. However, the sensitivity of an RCD
should be set by considering the leakage current of the PV modules. In [6], it is
recommended that the set point of differential current (47) at which an RCD signals a

ground fault should be chosen according to equation (2.2).

Al ZCsI x IIeakmax (2'2)

In Figure 2.4, lieakmax 1s the maximum leakage current that may result from the PV
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modules covered by the RCD channel, and the multiplier Cg (>1) is used to avoid the
nuisance tripping that may result from external noise, measurement error, etc. RCDs can
be installed in both grounded and ungrounded PV systems to protect them against ground

and other line-to-line faults.

2.1.3.3 Insulation Monitoring Device

An insulation monitoring device (IMD) measures the resistance between both CCCs
and ground and can alarm the system if the resistance falls below a preset value
(Rtault_threshold) [6] [8]. IMDs can be implemented for detecting ground fault in a grounded
system by disconnecting the GFDI fuse at the time of taking measurements, generally at
the beginning of the day before the inverter is connected to the array.

Since the insulation resistance is influenced by the ambient conditions, a nuisance trip

threshold Rrault_threshold 1s recommended in [6] and shown in (2.3).

Retautt threshold =Csr % Riso_min (2.3)

Riso_min 1S the minimum insulation resistance that may result in the PV array under any

climatic condition, Cg (<1) is another safety factor.

2.1.4 Blind Spot and Double Ground Fault
A fuse has a threshold current for detecting a ground fault, and the fault may remain
undetected if the resultant ground fault current is less than this threshold limit. If a ground

fault occurs on a grounded current carrying conductor or at a location in the array where
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the potential to ground is small, the fault current is very small. In those cases, a fault can
occur that does not trip the GFDI. This gap in traditional ground fault detection fuses is
known as the “blind spot” [1] [2] [8] [18] [19]. Any ground fault that results in a blind
spot poses a significant risk, because the ground fault in the array remains undetected for
an indefinite time, unless otherwise deactivated. A blind spot is extremely important for
the safety of the PV array, since any subsequent ground fault will result in a fault current
that may bypass the GFDI fuse. The entire array current may flow through the grounding
wire, resulting in the possibility of severe damage to the array.

Two well-investigated ground fault events, on April 5, 2009, in Bakersfield,
California, and April 16, 2011, in Mount Holly, North Carolina resulted from undetected
ground faults within a blind spot range, followed by another ground fault that allowed a
large amount of current to flow through the grounding wire [1] [21]. The example of
Mount Holly fire, as depicted here in Figure 2.5, is an illustration of double ground fault.
A similar incident occurred in the Bakersfield fire. The first ground fault produced a
current through the GFDI fuse which had fault current amplitude below the threshold
limit and the fault remained undetected for an undetermined period of time. The next
ground fault resulted in a flow of an estimated 952 A through the EGC, which ignited a

fire before it was cleared by the over current protection fuse.

2.1.5. Limitations of Ground Fault
Detection Techniques
In general, ground fault detection devices are based on passive fuses, isolation

impedance measurements, or differential current measurement methods, and these
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devices suffer from several limitations as discussed here [2] [22]:
1) Ground-fault may result within the blind spot range due to low insolation e.g.,
during the night, on a cloudy day, at the time of partial shading, etc. and remain
undetected.
2) A double ground fault may be established during the night and may result in high
fault current and arcing inside the array during daytime.
3) Residual current monitoring devices may be affected by external electrical noise
and may result in nuisance tripping of the system [23].
4) If not designed properly, leakage current can deceive the GFDI and IMD devices,
especially during the presence of high relative humidity in large PV systems [16].
5) The leakage current may flow in the opposite direction of the ground fault current,
reducing the magnitude of the current through the GFDI fuse [1] [18]. This may lead

to an undetected ground fault.

2.1.6. 1I-V Curve Analysis and Effect of
MPPT on Ground Fault

Electrical characteristics of a PV array are a nonlinear function of several parameters,
1.e., insolation, temperature, humidity, module mismatch, etc., and a change in any of
these several factors may result in a change to the array I-V characteristics similar to that
caused by a ground fault. In some cases, the maximum power point tracker (MPPT)
responds to the ground fault in such a way that it may diminish the onset fault current or
the back fed current, making fault detection more challenging.

Effects of the ground fault on the I-V curve of the PV array has been discussed
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extensively in [10] [20] [24]-[26], and a summary is presented here.

1) The fault current amplitude through the GFDI fuse depends on the location of the
ground fault in the PV string. The higher the voltage at the fault location, the higher
the ground fault current that results.

2) If the fault is uninterrupted in a grounded array, the maximum power point tracker
(MPPT) will set the new operating power point lower than the level before fault (if
the fault is not on the grounded CCC) with a small reduction in operating current
(Figure 2.6). Therefore, a permanent reduction in output power can be a sign of a

ground fault [10].

2.2. Line-to-Line Faults

An unintentional low impedance current path between two points in a PV array is
referred to as a line-to-line fault. This fault may occur within the same string or between
two strings, as depicted in Figure 2.7 [10] [24] - [26]. A line-to-line fault may reverse the
current flow through the faulty strings. The maximum current that can flow through the
faulty string of a PV array with n number of strings connected in parallel is (n-1) x (short
circuit current of each string). However, the amplitude of this fault current depends on the
potential difference between the points establishing the fault before the fault occurs. The
higher the potential difference, the higher the fault current that results. Line-to-line faults
are, in general, cleared by over current protection devices (OCPDs), i.e., string fuses, if
the fault current is higher than the rated current of the OCPD which is mandated to be at
least 56% greater than the string short circuit current by the NEC.

The effects of MPPT, irradiance, and series blocking diodes on PV arrays with
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different line-to-line faults have been explained in [26]. In most cases, a line-to-line fault
under full illumination results in an open circuit due to melting of the OCPD and the fault
can be located through inspection of the affected strings. However, if the line-to-line fault
occurs under low illumination (e.g., during the night, night-to-day transition, during
morning, day-to-night transition), the current through the affected string/strings is not
large enough to melt the OCPD, and the fault may remain undetected until sufficient
illumination is present to clear the OCPD. Moreover, the MPPT operation of the inverter
may move the operating point to a new position on the I-V curve such that the fault
current amplitude decreases over time and remains undetected.

This is illustrated in Figure 2.8 [10]. In this figure, if a line-to-line fault occurs while
the PV array is operating at point A and the resultant fault current is less than the melting
current of the OCPF (Imeit ocpr), the fault remains undetected, and the MPPT moves the
operating point to C where the array seems to be operating at normal condition with
lower output power. These types of line-to-line faults will remain undetected for an
indefinite time, and thereby any degradation in power output from a PV generator for a
long duration requires thorough investigation of the PV array for a line-to-line fault. The
use of blocking diodes makes the fault detection more challenging since it prevents the
current flow through the affected modules in the reverse direction [10], and any short
failure of diodes in absence of an OCPD can be dangerous and may cause a fire due to a

high fault current through the PV modules.
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2.3. PV Arc Faults

A PV array consists of numerous connections/junctions throughout the array, as
depicted in Figure 2.9. A current path may be established through the air via arcing due to
a discontinuity in the current carrying conductors or insulation breakdown in adjacent
current carrying conductors. A series arc fault occurs when there is an arc fault due to a
discontinuity in any of the CCCs resulting from solder disjoint, cell damage, corrosion of
connectors, rodent damage, abrasion from different sources, etc. Parallel arc faults in
adjacent CCCs occur mostly due to insulation breakdown. Any form of arc fault is
harmful and potentially dangerous to the PV array since it may initiate a fire, especially
in the presence of any flammable substance present in close proximity of the PV arc [27]-
[32]. Unlike AC systems, the current through the DC arc does not possess a periodic zero
crossing and, therefore, it is much more likely that an arc in a PV system will result in a
sustained arc compared to an AC generation system [33] [35]. The National Electrical
Code® (NEC)-2011 requires a series arc-fault protection device, known as an arc-fault
circuit interrupter (AFCI), in any rooftop PV array with DC operating voltage equal to or
higher than 80 V [33] [34]. The 2014 NEC expands this requirement to all PV systems

above 80 V [36].

2.3.1. Physics of Arc
The dielectric constant of an insulating material defines the maximum electric field
that the material can withstand before breakdown occurs. A sustained arc results if the
energy produced inside the arc is higher than the energy lost due to thermal radiation,

light, sound, etc. The dielectric constant of air is approximately 3 V/um, and it depends
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on surrounding pressure, humidity, presence of impurities, etc. [28] [37]. In addition, the
initiation/sustainability of an arc also depends on the size/shape of the electrodes, air gap
between the electrodes, and presence of chemical products from the arc (melted metals
from electrodes, melted/vaporized polymers from glass, wire insulation, etc). An arc is
initiated across an air gap when high electric fields ionize air molecules and accelerate
the ion towards the opposite electrode. This results in high-velocity particle collisions,
which generate additional charged particles. This runaway ion generation converts the
normally insulating air medium into a conductive medium.

The voltage-current relationship of an arc is highly nonlinear. The transient behavior
of a DC parallel arc in a PV array connected to an inverter undergoing MPPT suggests a
decrease in voltage and increase of current during the onset of an electric arc, as depicted
in Figure 2.10. An arc can be modeled as simple resistor at steady-state with the
resistance being a function of the arc current, voltage, and length [38]. Different V-1
characteristics and model equations for a DC arc have been summarized in [39]. Yao et
al. has proposed a modified Paukert form for describing the V-I relationship of arc in PV

system, as shown in equation (2.4) [38]:

a+hblL
Vare = Ic+—d|_ (2.4)

arc

Here, a,b,c,d are constants while Vi, larc, L are arc voltage, current, and length.
Two other significant aspects of PV arc faults are arc temperature and burn-through
time of CCC insulation. Burn-through time depends on the temperature, power density,

and type of the material considered. Arc temperatures of 6000° K and above can vaporize
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most metals and adjacent materials, and radiative heating can ignite flammable materials
near the arc fault. Therefore, use of fire-retardant materials may help extinguish the arc

and abate subsequent fire hazards in a PV array [28].

2.3.2. Types and Reasons for Arc Faults

As shown in Figure 2.9, there are numerous interconnection/junction that exist in a
PV array (cell to cell, cell to bus bar, module to module, bypass diode parallel to solar
cells, string to string, panel to panel, etc.). In addition, there are several interconnections
that exist for mounting safety devices (OCPDs, DC disconnect switches, etc.). These
connections are created through soldering, MC4 connectors, or screw terminals inside
junction boxes. Any of these connections are potential places for arc fault initiation. Any
insulation damage in the CCCs poses a risk of arc fault as well.

Arc faults are categorized as series and parallel categories depending on whether the

current through the arc creates a new conduction branch in the existing PV array.

2.3.2.1. Series Arc Faults

Series arc faults are caused by any discontinuity in the existing current path of a PV
array and may result from corrosion, thermal cycling, damage from rodents, extreme
weather, etc. [28]. Degradation in solder joints, wiring or connections inside the junction
box, loosening of screws, or incorrect crimping may increase the connection resistance.
Increased operating temperature may result in thermal stress leading to accelerated aging
or complete disconnection [33] [40].

It has been shown in [37] that a 5 um separation of interconnect ribbon to busbar
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connection inside a solar module can experience dielectric breakdown from the module’s
voltage. Only 0.4 mm? of arc region may produce enough heat within 2 seconds to shatter
the glass and burn off the metal coating and other materials. As PV modules are
considered to be very reliable and scheduled maintenance is not performed frequently,
small signatures (discoloration of busbar, ribbons, edge of solar cells, small cracked
region of glass, etc.) of arc faults may go unnoticed for some time [37] [41]. A well-
reported product recall occurred for BP solar modules due to arc hazards from faulty cold

soldering [40].

2.3.2.2. Parallel Arc Fault
Parallel arc faults result in a current branch that does not exist under normal operation
of a PV array, as depicted in Figure 2.11. Examples of such parallel arc faults are [33]:
a) Intrastring parallel arc-fault: Parallel arc fault between two points on the CCCs of
the same string.
b) Cross-string parallel arc-fault: Parallel arc fault between two points on the CCCs of
the two different strings.
c) Parallel arc fault to ground: Parallel arc fault between one point on a CCC and
another point at ground potential.
Parallel arc faults can result from insulation damage due to mechanical damage,

aging, or wildlife [41], as well as previous series arc fault events [40].
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2.3.2.3. Differentiating Between Series and Parallel Arc Faults

Series arc faults can be de-energized by opening the inverter terminals to stop the
current flow, but this method will not be able to extinguish parallel arc faults. In parallel
arc cases, opening the inverter terminals increases the electric field across the arc column,
since the operating voltage is moved toward a higher voltage (open circuit voltage of the
array), increasing the amount of current circulating through the parallel current.
Therefore, it is extremely important to differentiate between the series and parallel arc
fault for safe operation of a PV array [27] [33] [41] [42]. Different methods have been
proposed in [27] [43] to distinguish series and parallel arc faults in a PV array:

a) Parallel arc faults often result in a drop of array current and voltage, which does

not occur in the case of series arc fault or usual irradiance changes. Therefore, a

combination of arcing noise and change in current/voltage magnitude can be used as a

method for differentiating between series and parallel arc faults.

b) Forcing the operating point of a PV array close to the open circuit voltage will

allow extinguishing the series arc fault, and any arc-induced noise at that point

ensures the presence of a parallel arc fault.

c) Installing arc-fault detectors (AFDs) at the string level and disconnecting the

inverter without disconnecting the parallel strings can be used to select the presence

of a parallel arc fault by observation of arc-induced noise.

d) Opening the conduction path, thereby extinguishing all series arc-faults and

rechecking for arc-fault noise to determine if the fault is a parallel fault [43].

Moreover, parallel arc faults can be detected similar to other line-to-line faults by

comparing the differential string input/return current. The presence of differential current
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along with arc-induced noise suggests the existence of a parallel arc fault [45].

2.3.2.4. Effect on PV Operation

The voltage drop across an arc can be subdivided into two components: voltage drop
across the positive and negative electrodes and across the ionized/plasma medium. The
sum of voltage drops across copper electrodes is 20 V to 30 V, and the voltage drop
across the plasma depends on the gap length between the electrodes. Therefore, if the
voltage across two copper plates is higher than 30V, there is a chance of arc initiation
[40]. However, it is reported in [42] that the voltage and current across an arc in a PV
string connected to an inverter changes rapidly due to the transient nature of the arc and
the maximum power point tracking (MPPT) operation of the inverter.

One general trend to study the impact of steady-arc on PV is to model the arc as a
resistance that may vary from near zero to 45 Q [34] [38] [42]. Modeling series arc fault
as a series resistance suggests a decrease in the fill factor and efficiency of the PV array.
Moreover, it introduces mismatch losses among the parallel connected strings in an array.
In general, the voltage drop across the arc increases with the increase in arc length, and
thereby results in a substantial drop in efficiency [38].

Although the formation of parallel arc faults is unlikely compared to series arc faults,
it poses significant threat to the safety of a PV array [40]. Parallel arc faults affect the PV
array similarly to other line-to-line faults discussed in the previous section, although the
presence of the arc fault adds additional high frequency components to the voltage and

current signals.
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2.3.2.5. Detection and Mitigation Methods

Arc in both DC and AC systems manifest similar frequency characteristics except the
line frequency components in an AC arc [41] [44]. Solar arrays show more dynamic
variation than conventional battery backed DC systems installed in automotive systems,
due to the variation in solar irradiance, temperature, etc. Although arcs in a PV system
are characterized by signatures in both the time and frequency domains, most arc
detection techniques already developed for PV systems use frequency spectrum analysis
of the voltage or current waveforms, and other complex analytical methods (e.g., wavelet
transformation, neural network analysis, etc.) to avoid any nuisance tripping and
unwanted down time [29] [38].

The frequency content of an arc is similar to pink noise and shows a 1/f relation (i.e.,
the amplitude of frequency content decreases with frequency) [34] [41]. The fast fourier
transform (FFT) of the current signal of a PV string connected to an inverter with and
without arc fault is shown in Figure 2.12. The switching frequency of the converter was
10 kHz. It 1s expected that analyzing the lower frequency content can be used for
detecting arcs. However, frequencies below 1000 Hz are not recommended to avoid
nuisance tripping due to signal variations from solar irradiance, partial shadows,
movement of humans or vehicles, 50-120 Hz noise from the inverter, etc. [29].

Arcing frequency content above 500 kHz interacts with external RF noise sources and
frequencies above 100 kHz contain less arcing energy, so these frequencies are generally
not used in AFCIs. Unfortunately, most inverters, charge controllers and DC/DC
converters have switching frequencies within the range of 10 kHz to 50 kHz [41] [45],

and generate other harmonics and subharmonics. Therefore, it is not possible to develop a
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detection technique based on one frequency component. The range of 1-100 kHz is
considered to be the most suitable range for designing arc fault detectors and arc fault
circuit interrupters (AFCIs) for PV plants irrespective of arc fault type (series or parallel)
[29] [32] [34] [35] [45].

Another important aspect of designing an arc-safe PV system is the location and
number of arc fault detectors (AFD) and circuit interrupters (AFCI). In general, AFD and
AFCI are installed in the inverter in small PV systems and in the combiner box in large
systems. However, this method suffers from the following limitations [34] [46] [52]:

1) The arc signal needs to propagate from the location of the arc to the location of the

detector. The signal can be attenuated throughout the propagation path at numerous

interconnections of the array. Moreover, some high frequency signals may be filtered
out by the components of solar cells and other parasitics.

2) Long wiring runs present in a PV plant may work as an RF receiver and may

capture signals from other sources to create false tripping of the AFCI.

3) Irrespective of the location of the arc in a string or adjacent strings, AFClIs installed

inside the inverter/combiner box disconnects the entire array.

A possible switching scheme for extinguishing parallel arc fault is shown in Figure
2.13 [40]. Here, switches S1 and S2 are used for disconnecting the PV array from the
inverter whenever the AFD detects a fault. This will extinguish all the series arc faults,
while sustaining any parallel arc faults. If the arc noise still exists, the parallel arc fault
can be extinguished by short-circuiting the positive and negative terminals using the
switch S3. However, this might not be possible in large PV systems where multiple

arrays are connected in parallel.
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In order to optimize the accuracy, cost and annual production from a PV generation
unit, the possibility of installing AFDs at three different locations: module-level, string-
level, array-level are discussed in [31], as illustrated in Figure 2.14. In [47], it is reported
that AFDs are able to detect faults irrespective of whether they are located at the string,
between the combiner and recombiner, or at the central inverter of a 5 kW system.
However, in larger PV systems, installing AFDs in recombiners might be affected by a
serious attenuation issue. Therefore, AFDs can be installed in the combiner boxes and
AFCI can be installed at the inverter or recombiner.

String level utilization of AFDs can disconnect the affected string or strings while the
rest of the strings may operate uninterrupted. However, this is a more expensive option
compared to array level protection and may suffer from “crosstalk” noise, where arc
noise from one string propagates to unaffected strings (Figure 2.15) [31]. An AFCI needs
to be fast enough to de-energize the arc before any fire ignites and be robust enough to
avoid nuisance tripping. In [31], it is reported that, in a two-string array, a false arc
signature was detected in a nonarced string due to noise from a parallel faulty string
within an average delay of 19.5 ms. However, it is expected that the performance of
string level detection would be better with a large number of parallel strings since the arc
energy will be lower in each healthy parallel string. Also, faster detection schemes might
be effective for avoiding crosstalk noise [31].

Module level AFD/AFCls seem to be more reliable (an expensive option) among all
these mounting options and more appropriate for PV modules with DC/DC converters or
micro-inverters [31] [40]. Moreover, it is possible to adapt hybrid structures where the

AFDs are located at module/string/combiner and AFCls are located at string/combiner/re-
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combiner/central converter. A detailed comparison among all these structures in terms of
cost and reliability require further investigation.

Parallel arcs to ground are most common, and it is expected that such faults might
involve GFDI or OCPDs to operate. Moreover, the improved ground fault detection
capabilities required by 2014 NEC will address the vast majority of parallel arc fault risks
in large systems.

Understanding the propagation of arc noise through a PV array requires high
frequency models for PV modules as described in [30] [48] [49], and a simplified
equivalent AC circuit model for a PV module is shown in Figure 2.16.

We define,

Imod = photo-generated current of the PV module.
Rs = series resistance

Rp=Rsn || Rd

Rsh = shunt resistance

R4 (V) = dynamic resistance of diode

Cpo=Cp| Cr

Cp (V,w) = diffusion capacitance

Cr (V) = transition capacitance

Ve = dynamic voltage

= signal frequency

The attenuation characteristics of a PV panel vary with solar irradiance and cell
voltage. Therefore, the arc noise will be affected by a wide variation in solar

irradiance/cell voltage during PV operation [29] [30] [48] [49]. Some arcing dangers are
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inherent to regular operation of a PV plant, such as inverter operation during the morning
or in the evening, low voltage shutdown resulting from clouds or partial shading, or
contact arcing at junction boxes during maintenance operations. An intelligent AFCI
should be able to avoid nuisance tripping in the above mentioned cases.

Other arc fault detection and mitigation techniques based on more complex signal

processing techniques are discussed in section 2.4.

2.4. Other Analvytical Solutions for Detection

of PV Faults

This section summarizes methods proposed in the literature for detection, mitigation,
and differentiation of different fault types besides the general techniques described in
section 2.1-2.3. Most meth