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Abstract— Arc faults are serious discharges, damaging insulation
systems and triggering electrical fires. This is a transversal topic,
affecting from residential to aeronautic applications. Current
commercial aircrafts are being progressively equipped with arc fault
protections. With the development of more electric aircrafts (MEA),
future airliners will require more electrical power to enhance fuel
economy, save weight and reduce emissions. The ultimate goal of
MEA:s is electrical propulsion, where fault management devices will
have a leading role, because aircraft safety is of utmost importance.
Therefore, current fault management devices must evolve to fulfill the
safety requirements of electrical propelled aircrafts. To deal with the
increased electrical power generation, the distribution voltage must be
raised, thus leading to new electrical fault types, in particular arc
tracking and series arcing, which are further promoted by the harsh
environments typical of aircraft systems, i.e., low pressure, extreme
humidity and a wide range of temperatures. Therefore, the
development of specific electrical protections which are able to protect
against these fault types is a must. This paper reviews the state-of-the-
art of electrical protections for aeronautic applications, identifying the
current status and progress, their drawbacks and limitations, the future
challenges and research needs to fulfill the future requirements of
MEAs, with a special emphasis on series arc faults due to arc tracking,
because of difficulty in detecting such low-energy faults in the early
stage and the importance and harmful effects of tracking activity in
cabling insulation systems. This technological and scientific review is
based on a deep analysis of research and conference papers, official
reports, white papers and international regulations.

Index Terms—Electrical protections, series arcs, arc tracking,
partial discharges, corona effect, wiring systems, wiring
insulations.

. INTRODUCTION

The European aviation industry jointly with the European
Union are developing the next generation of more electric
aircrafts, which are more environmentally friendlier than their
predecessors. Due to the increased levels of electrical power,
the tendency in next generations of more electric aircrafts
(MEA) is to raise the voltage level above 1 kV [1], [2], which
in future designs can be as high as 6 kV, with variable frequency
in the 400 Hz - 4000 Hz range, being a serious challenge for
insulation systems [3] due to an increased risk of degradation

because of partial discharge occurrence [4]. These changes will
increase the dv/dt and the power density, while reducing
distances among wires, thus leading to new failure modes, such
as an increased risk of electric arc formation [5]. The increase
of the voltage level is required to limit the current requirements,
and thus the weight of the involved electrical components,
while boosting fuel economy and the overall efficiency.
Although the transition to electrical systems is beneficial, it
presents some drawbacks due to the increased number of
connection points and a potential growth of electrical faults,
including arcing events [6].

Such increased voltage levels lead to challenging difficulties,
since insulation materials are exposed to an increased level of
electrical stress, which is amplified by the harsh environments
typical of aircraft systems, especially the low pressure
conditions. Therefore, arcing events due to damage in the
insulation are more likely to occur. For example, the dielectric
strength of air greatly reduces at low pressure, which favors
ionization activity, including partial discharges (PD), arcing,
and eventually arc tracking, thus producing premature ageing
and degradation of insulation systems, especially in non-
pressurized aircraft circuits [7], which are more prone to arcing
activity. In particular, severe weather and moisture prone
(SWAMP) areas, which are also subjected to vibration and a
wide temperature range, require special consideration.
SWAMP areas include wheel wells, leading and trailing edge
flaps, and unpressurized compartments. Other areas requiring
high maintenance are of special interest, including passenger
cabins, avionics bays or environmentally controlled areas [8].
The ultimate goal of MEA aircrafts is electrical propulsion,
where fault management devices will play a key role, because
aircraft safety is of paramount importance [9]. Therefore,
existing fault management technologies must adapt and evolve
for use in future electrical propelled aircrafts [10].

In the aeronautical field, arcing occurrence can have
catastrophic consequences, since it can generate important local
damage, the effects of which tend to spread along the wires. As
a consequence, affected systems can be shut down, losing
various functionalities, and a fire can even start [11], [12]. The
risks associated to arcing faults and electrical hazards increase


susanna fernandez c
Cuadro de texto
©20xx IEEE. Personal use of this material is permitted. Permission from IEEE must be obtained for all other uses, in any current or future media, including reprinting/republishing this material for advertising or promotional purposes, creating new collective works, for resale or redistribution to servers or lists, or reuse of any copyrighted component of this work in other works.



with the voltage level, so it is critical for MEAs to have the
capability to detect and isolate electrical faults. Fault detection
and identification methods must consider the voltage, i.e.,
HVDC (High Voltage Direct Current) or HVAC (High Voltage
Alternating Current) under constant and variable frequency. It
is noted that HVDC distribution in MEA aircrafts is acquiring
more importance, because DC does not require synchronization
when parallelizing non-synchronous generators while allowing
to reduce cable size and weight, among other advantages [13].
Electrical systems for MEA aircrafts offer increased power
density, although they must comply with the safety and
reliability requirements. In this context, arcing and arc tracking
are among the major issues to be solved [14]. However, the
impact of arc tracking on future MEASs is still not well
understood [15], so it deserves exhaustive research plans.
Current wide body aircrafts incorporate hundreds of
kilometers of wires and cables. Only in the US Navy, electrical
wiring faults have causes around two in-flight fires per month,
over one-thousand mission aborts and more than 100 000 lost
mission hours per year, so that the Navy requires over one
million man hours to find and fix wiring related problems [16],
[17]. The aerospace industry is very active in developing health
monitoring systems, but problems in wiring systems often
persist hidden. Due to its low level, the fault current generated
by tracking activity usually remains undetected by existing
protections, although their continuous effect damages
insulation systems until complete failure. Some of these
incidents have led to the grounding of the aircraft, aborted
takeoffs or emergency landing operations [18]. Table 1
summarizes the reported electrical wiring interconnection
system (EWIS) failures among five major airlines in 2016 [18].

Table 1. Reported EWIS failures among five major Airlines in 2016 [18]

Number of EWIS failures

Airline #1 233
Airline #2 286
Airline #3 98
Airline #4 78
Airline #5 55

Table 2 describes the main types of faults in wiring systems.

Table 2. Fault types in wiring systems
Fault type

Consequences
Arc tracking, arcing and heating, ultimately
leading to short circuit
Insulation degradation, heating, ultimately

Insulation damage

Arcing leading to short circuit

Overload Reversible heating

Short circuit I—'Ilgh'—current circulation, fast heating and
fire risk

Open circuit Circuit disconnection

- Circuit disconnections, risk of electrical

Wire breakage L .
shock, short circuit, , or even fire

Stray currents and Cause current to flow through paths not

ground faults intended to carry current
Localized heating, more oxidation and

Poor connections creep, until high temperatures are attained

Operators currently consider cabling as a system, deserving
special consideration during maintenance  operations.
According to the Federal Aviation Administration (FAA) [19],

there is a direct relationship between insulation problems
severity and aircraft age. Insulation faults in cabling systems are
often not directly evaluated, instead some measurable physical
effects can be analyzed [20], such as acoustic noise,
electromagnetic  radiation, radio interference voltage,
ultraviolet or visible emissions, generation of chemical
components such as ozone or others, or temperature changes.
There is an imperious need to evaluate the severity of insulation
faults in existing installations, since it is vital for ensuring a
safe, reliable and stable operation of power systems.
According to the IEEE Std1584-2018 [21], an electrical arc
is defined as a cloud of plasma produced in the gap between
two electrical electrodes when applying a sufficient potential
difference. When the arc occurs, an arcing fault current flows
through the electrical arc plasma. Arcs are often classified as
parallel or series, as shown in Fig. 1. Parallel arcing occurs
between opposite polarity conductors which are connected in
parallel with the load. The current associated to this fault can be
limited by a high fault impedance, hence preventing tripping.
Parallel arcing faults to ground are due to a live conductor
contacting a grounded conductor or a grounded metal enclosure
[22]. Series arcs typically occur when a conductor connected in
series with the load is broken, or due to a loose connection or a
defect in the insulation of a wire. Series arc currents are often
discontinuous and they are below the trip currents magnitude of
conventional thermal/magnetic circuit breakers, so they often
produce long-duration overheating of wiring systems, often
leading to electric shock hazards [23]. As a result, they pyrolyze
the surrounding insulation materials, generating char, a solid
carbon-rich compound. This sort of arcing could ultimately lead
to parallel faults to adjacent wires [22]. Arcing activity due to
arc tracking can be considered as a series arc fault, since it
severs partially or completely the series path with the load.
Unlike shunt arcing faults, series arcing faults usually have very
low energy, thus being unable to trigger an event unless the
threshold of this event is very low [24]. This makes it
challenging to detect series arcing activity, since the average
value of the arc current is low, usually well below the rated
current [24]. Because of the above mentioned issues,
conventional protections based on the analysis of the current
and voltage waveforms fail in detecting series arcing faults

[25].
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Figure 1. Series versus parallel arc faults.

Arc tracking is a particular discharge type occurring in
organic insulating materials such as polymers or plastics type
that reduces the insulation strength. The IEC 60050-212
standard [26] defines the tracking phenomenon as a
“progressive degradation of the surface of a solid insulating
material by local discharges to form conducting or partially
conducting paths”. Thus, the tracking activity produces tracks



on the surface of insulating materials, i.e., carbonization paths
which are partially conductive. If the insulation path between
two wires or a wire and a ground surface is breached by a
conductive fluid coming from a leaking pipe or condensation,
or simply the insulation makes contact with a conductive
surface, leakage currents are generated, which ultimately lead
to arcing phenomena and could produce irreversible insulation
damage.

Although the insulation used in wiring systems is often not
subject to sufficient levels of electrical stress to produce
tracking, thermal stress, chemical degradation and mechanical
damage can breach the insulation, giving rise to tracking
activity or scintillation. Scintillation is perceived as the
existence of a small arc of yellow, white and even blue color
that tends to burn away the surface of the insulation, ultimately
leading to tracking failure [27]. The magnitude of the current
associated with the tracking phenomenon is limited by the
electric arc that forms between the two wires, the magnitude of
the arc voltage being similar to the system voltage. Therefore,
higher voltage levels expected in future MEAs will aggravate
the problems related to arc tracking activity. Due to the small
levels of current involved, such arcing events are difficult to
detect, although they can significantly damage insulation
systems [28].

A study performed on damaged aeronautic insulated wires
exposed to AC short circuits [29] proved that 50-65% of the
input electrical power is transferred to the wires, damaging the
insulation and the metallic core. The remaining energy is
transferred to the arc column, being either conducted,
convected or radiated.

To fulfill the safety requirements, one possibility is to use arc
fault detection and protection (AFDP) solutions. To this end,
arcs can be detected with specific sensors by applying suitable
computer-based algorithms based on pattern recognition
techniques, including support vector machine [30], singular
value decomposition [31], Fourier transform [32] and neural
network approaches [33], [34], among others, to detect and
identify arc fault patterns according to their specific
characteristics.

Current commercial aircrafts use electronic arc fault circuit
breakers (AFCBSs) to protect electrical cables against the effects
of arcing produced due to insulation faults. Similar devices,
known as arc fault circuit interrupter (AFCI), are also used in
industrial and household installations, to protect against electric
arcs and to reduce fires occurrence. However, different factors
such as inverter and switching harmonics noise, antenna effect,
crosstalk or system topology among others, have an important
impact on the arc signal, thus producing false trips on AFCIs
[35].

AFCBs usually identify the fault condition by analyzing the
waveform of the electric current, which is affected by arcing
activity, and according to the AS6019 standard [36], they must
trip faster than 100 ms. However, commercially available
AFCBs react after arcing occurrence, that is, when cable
insulation has suffered some level of damage, so they are unable
to anticipate the fault condition and to identify the precise
location of the fault. In addition, commercial industrial

protections currently applied for detecting and protecting
against arcing activity do not totally remove the associated
transients [37]. Therefore, there is still much room to improve
current AFCBs in order to anticipate arcing activity and thus
minimize the associated degradation effects in insulation
systems, the related risks and aircraft downtime. Since next
generations of MEA aircrafts are expected to make a more
intense use of electronic and electrical systems, AFCBs use is
problematic [38], thus requiring new developments to ensure an
early detection and location of very incipient faults as well as
to predict the remaining useful life of the insulation (RUL).

There is a lack of technical literature focused on the analysis
of arc tracking effects in wiring systems for aeronautic
applications. This shortage of data is due to the difficulty for arc
characterization because its behavior is very unpredictable [29],
as well as the difficulty of reproducing the electromagnetic, and
aeronautic environmental conditions.

It is worth noting that aircraft safety and maintenance are
directly related, electrical protections having a key role in both
aspects. Scheduled aircraft maintenance activities allow
minimizing lost flights due to failures, maintaining aircraft
systems under good performance, ensuring passenger safety,
and extending aircraft lifetime.

This work reviews and analyzes the state of the art of arc fault
protections intended for aeronautic applications to safeguard
wiring systems from the harmful effect of arcs, with a special
emphasis on the protections against tracking effects, focusing
on the developments required to fulfill MEA requirements. This
review also focuses on describing the current progress and
detecting the challenges and research needs in this field, with a
special emphasis on the need to locate the discharge points in
the very early stage, before irreversible damage is produced in
the insulation. The information found in this work has been
gathered mainly from international standards, latest technical
and scientific publications such as thesis, conference papers,
journals, technical reports and white papers.

Finally, it should be noted that arcing is a transversal topic,
since arcing-related failures have negative impacts in different
areas such as residential, industrial, automotive or aeronautics,
among others. However, in aeronautics it is even more vital to
develop specific fault detection tools and protections due to the
critical safety consequences of such faults. Therefore, the
information found in this document is of interest to many other
areas.

Il. WIRE RELATED ACCIDENTS AND INCIDENTS IN AIRCRAFTS

In the last decades, damage to aircraft wiring and electrical
arcing have been identified as potential sources of numerous
aircraft accidents and incidents. Despite more awareness of the
issues related to aircraft wiring systems, maintenance and
ageing wiring related incidents still occur [39]. Whereas
accidents are unexpected events causing damage, harm or
injury, incidents are unexpected events that do not result in
serious injury or losses.

Table 3 summarizes some of the accidents and serious
incidents attributed to electrical and insulation related issues.



Table 3. Aircraft accidents and serious incidents attributed to electrical and
insulation related issues.

Year Aircraft type Location

1983 DC93 Cincinnati, USA?
1999 AS55 Fairview, Alberta, Canada!
2005 A319 London, UK2

2006 AT43 Geneva, Switzerland!
2007 B777 London Heathrow, UK2
2008 B762 San Francisco, USA?
2009 A319 London Heathrow, UK!
2011 B772 Cairo, Egypt!

Data collected from: 1[40], 2[41]

Table 4 includes some of the incidents attributed to electrical
and insulation related issues.

Table 4. Aircraft incidents attributed to electrical and insulation related issues.

Year Aircraft type Location

1996 B741 East Moriches, USA3
1998 B767 London Heathrow, UK?3
1998 MD11 Nova Scotia, Canada®
1998 B763 France!

1998 B763 Manchester, UK
2002 B737 London Heathrow, UK3
2003 B737 Lyon, France®
2007 B763 Frankfurt, Germany*
2011 A388 Singapore !

2013 E170 Nuremberg, Germany*
2015 DH8B Windsor Locks, USA!
2019 A332 North Atlantic!

Data collected from: 1 [40] , 2[41], 3[39]

I1l. THE ORIGIN OF ARC TRACKING LEADING TO SERIES
ARCING FAULTS

A. Degradation of wiring systems

Electrical systems in aircraft environments are exposed to
dust, moisture [42], a broad range of temperatures, low
pressure, and mechanical stresses [43], agents that promote the
creation of a conductive path between conducting elements of
the electrical system. Current aircrafts mainly use three types of
insulation systems, PI (polyimide insulation), XL-ETFE (cross-
linked ethylene tetrafluoroethylene), and composite PTFE/PI
insulation. Although PVC is already used, its use is discouraged
due to ageing issues. Pl insulation is less resistant to arc
tracking, thus its use must be avoided when arc tracking is an
issue [44]. Arc tracking activity depends on electrode nature,
insulation composition and state, type of voltage (voltage level,
DC, AC, frequency range) or environmental conditions [11],
including the presence of dirt, debris or contaminants [3]. The
frequency content of the induced current pulses covers a wide
band, so that the electromagnetic coupling with other wires may
interfere with control and communication systems [45]. Early
investigations made between 1978 and 1982 by the US navy,
documented hundreds of wiring incidents, some of which
caused aircraft in-flight fires. They were attributed to insulation
breakdown due to pyrolysis (aggravated by moisture,
temperature and mechanical stresses), wet arc tracking (due to
moisture and aircraft fluids) and dry arc tracking (occurs in dry
condition) [22].

Table 5 shows the most widely wires used in aircrafts.

Table 5. Wires used in aircrafts

Designation
M5086/1,2

Insulation Material
PVC/Nylon (it use is discouraged)

M81381 Kapton® -Aromatic polyimide (its use is discouraged)
M22759/34 Cross-linked ETFE
M22759/80-92 TKT composite (PTFE/Polyimide/PTFE)
M22759/11 Teflon®-PTFE
M22759/18 Tezfel®-ETFE

B. Partial discharges and arc tracking

Electric systems designed for ground operations can generate
partial discharges in the electrical insulation at flight altitude,
due to the low pressure operation. PD activity is deepened
because of moisture condensation due to the sudden pressure
changes produced during rapid ascent and descent operations
[7]. Therefore, electrical insulations for aeronautics are more
prone to PDs, particularly when working at higher voltages
[46], [47], because of the low pressure environment [48], thus
presenting lower inception voltages than at sea level [49]. PDs
are a type of low intensity discharges that partly bridge the
insulation of electric systems exposed to intense electric field
stress [50], [S1]. Surface PDs, often in the form of corona
discharges, are generated in the air medium surrounding the
insulation [52]. Corona/surface discharges often occur in MEA
insulation systems [53], thus being the sources of early
insulation systems failure [54]. They occur earlier at low
pressure conditions [54], [55], because the development of
electrical discharges is directly related to the pressure reduction
[56]. The activity associated with electrical discharges weakens
the insulation material due to the induced chemical reactions
[57] that erode the insulation [42], thus ultimately producing arc
tracking and even complete breakdown [58]. Tracking weakens
the physical and chemical properties of the insulation due to the
overheating produced by impact of the discharge produced
electrons, which are accelerated by the local electric field [54],
thus growing partially conductive carbon tracks along the
insulation surface. Consequently, small-size electric arcs can
form, sustain and spread, producing further damage to the
insulation material [45]. Despite the continuous damage they
produce until complete failure, PDs often induce very low fault
currents, which makes it difficult to detect these low-energy
discharges by standard electrical protections [53]. Such
discharges generate chemical reactions, heat, UV and visible
light, sound, light (mainly UV but also visible) and broad
frequency radio interference voltage. Arcing produced in small
air gaps is often preceded by corona activity generated in the
most stressed region [51], [59], [60]. Corona activity on wire
insulation materials usually produces discoloration and leaves
a white dust [55], [61] because of the chemical reactions
associated with the breakdown of the material. As the effect
worsens, carbon tracks develop, and finally, wire insulation
could be severely damaged.

Arc tracking is an electrical discharge induced by an electric
field of sufficient strength on the surface of an insulation
material due to the presence of conductive contaminants. It
locally produces low magnitude electrical currents and short
circuits on this surface, occasionally leading to sparks and small
arcs, which damage the insulation, producing conductive
surface tracks [62], and under certain circumstances can cause
serious damage [63], resulting in fire hazard [22]. Low arcing
currents occurring due to insulation breakdown produce
conducting carbon micro-spots, which eventually can join up to



complete an electrical path, resulting in an arc with further
carbonizing effect. Arcing is recognized by aircraft
organizations as a damaging fault mode, although test
standardization is still unsatisfactory. Finite element method
simulations have shown that when increasing the applied
voltage, both the electric field strength and the maximum
current density increase, which in turn favors dry-band
formation [64]. The carbon tracks do not necessarily provide a
continuous conductive path, since gaps may exist in the track.
Depending on the applied voltage, such gaps may prevent
current flow, but when the applied voltage increases or the
pressure reduces and the electric field strength exceeds the
dielectric strength of the track-gap, arcing can reappear [65].
These small discharges are often too weak to activate standard
circuit breakers. The magnitude of such currents and the energy
involved in the arcs between wires or electrodes grows as the
insulation gets more damaged [66], finally leading to sustained
and stabilized arcs due to the formation of conductive tracks
randomly positioned. Such arcs can be extinguished due to a
self-extinguishing process or when the protection de-energizes
the circuit. Once the system is re-energized, this arcing activity
can reappear, depending on cable design, nature of the
insulation material, or degree of damage previously produced
[62]. The arc is sustained as the Joule heat generated by the
current flow is high enough to continue pyrolizing the
insulation, otherwise the arcing event extinguishes [65]. It is
known that the arc length at the pressure corresponding to flight
altitude is almost twice that corresponding at sea level, whereas
the mean electric field in the arc column reduces with pressure.
As a consequence, the energy dissipated by arcing events is
amplified by a factor of 1.7 under pressure conditions
corresponding to flight altitude [11].

Fig. 2 shows the UV light emitted at the early stage of the
phenomenon, well before arcing occurrence.

a) b)
Figure 2. Visible/UV light emitted by stressed wires. Photographs taken at the
AMBER laboratory of the Universitat Politecnica de Catalunya. a) UV
emission from an insulated wire twisted around a grounded conducting rod. b)
UV emission from a twisted pair

Fig. 3 shows the evolution of the surface PDs until arc
formation between two parallel and adjacent 24 AWG ETFE
insulated wires at 20 kPa when applying voltages of increasing
magnitude.
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Figure 3. Arc formation process as seen by the visible/UV light between two 24
AWG ETFE insulated wires at 20 kPa. Photographs taken at the AMBER

laboratory of the Universitat Politecnica de Catalunya. a) Wires layout. b) 636
V.c)684V.d) 714 V. e) 773 V. f) 899 V. g) Arc formation at 987 V.

C. Tests to recreate premature ageing in insulation materials

Arcing can occur due to dry or wet arc tracking. Wet arc
tracking is triggered by aircraft liquids or/and moisture, which
can favor the formation of a short circuit between nearby wires
or between the aircraft structure and an exposed wire at
different electric potentials. Dry arc tracking often occurs under
dry conditions due to insulation damage, abrasion or because of
poor installation practices, thus inducing a short circuit between
two nearby wires [58].

The ASTM D-495 [67] and the UL 746A [68] standards
allow evaluating the resistance to arc tracking of different
materials under the action of a low-current, high-voltage arc
produced on the insulation surface of insulation under dry

conditions. The usual test setup is simplified in Fig. 4.
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Figure 4. Dry arc tracking test setup adapted from [67].

The IEC 60587 standard [27] describes the test methods to
evaluate the resistance to wet arc tracking of electrical
insulating materials using inclined plane specimens and a liquid
contaminant. Fig. 5 shows the test setup of the inclined plane

test.
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voltage

voltage

Figure 5. Wet arc tracking test setup adapted from [27].



D. Arcing current faults

Arcing current faults (ACFs) usually exhibit a random,
transient and burst nature behavior. The arc generates high
frequency components in the current [69]. ACFs are classified
as high impedance faults, since the fault path is often air or a
non-conducting medium. Therefore, electrical currents
generated by such faults are usually of low magnitude, although
the arcing itself releases a considerable amount of energy
during a short time [37]. Because of the low magnitude of the
associated arcing currents, high impedance faults are difficult
to detect, so they can remain undetected by standard
overcurrent protection, since the relays require high short-
circuit currents to trip [69], thus resulting in poor sensitivity to
detect such faults. This produces a risk for persons and assets,
because the current magnitudes during fault operation can be
comparable to those under normal operation [69]. Arcing events
are also possible in low voltage circuits operating below 240 V
generated from wiring breakage over a short air gap [70], [71].
Such arcing phenomenon may pose a fire hazard, especially in
the presence of flammable materials.

Arc behavior under AC and DC supply differs. In AC
systems, the arc tends to extinguish at each current zero
crossing. At lower pressures, AC arc duration is even shorter,
tending to stop quickly after the first zero-current crossing.
Under DC supply, when the applied current is low, the arc tends
to self-extinguish after a short period, thus a minimum current
is required to sustain the arc. Under the minimum current, the
arc is sustained as long as the protections do not act.

IV. METHODS FOR ARCING FAULT DETECTION

Electric faults in aircrafts are among the main failure causes,
so it is required to apply effective protection devices for fast
fault detection and isolation. Overload and overcurrent
protection is ensured by using conventional magnetic and
thermal circuit breakers. However, a comparable reliability
level is not guaranteed in the case of arcing faults [72]. Low-
energy, intermittent arcs are difficult to be detected by such
conventional thermal circuit breakers, because they require a
sufficient current to heat up a thermally sensitive element
incorporated in the protection [17].

A. Effects of arcing faults

As already explained, the partially conductive arc track or
carbon path exhibits a high enough electrical resistance, so that
it limits the arc current, thus being difficult to detect when using
conventional circuit protections. The current flow along the
conductive cracks creates intermittent arcs, which have too low
energy to trip standard circuit breakers. The low-level activity
associated with these arc discharges is often unable to interfere
with the signal transfer along the wire [12], thus making it
difficult to apply standard detection methods. Therefore,
conventional methods based on analyzing the current and
voltage waveforms have low sensitivity to sense small arc
discharges, leading to the failure of arc fault circuit interrupters
[25].

Arcing activity generates broadband noise (tens of kHz to 1
GHz) as long as the arc current is sustained. The energy

involved in the broadband noise spectrum depends on the
branch circuit and the arc current. Arcs are commonly detected
and isolated by analyzing the line current waveform and its
broadband RF content [73]. The shape of the current waveform
and its harmonic content during arc fault occurrence are unique
and complex, thus requiring specific techniques for its detection
[74].

B. State of the art methods to detect arcing faults

Algorithms for arc fault detection usually include three
stages, i.e., measurement and feature or signature extraction,
classification between normal and fault conditions, and
decision [22]. The technical literature describes different
approaches to detect arc faults, although most of them are based
on identifying specific patterns or signatures categorizing the
arcs [37], [75], [76], so it is required to apply suitable signal
processing algorithms [72]. The simplest indicator or signature
to detect high energy arcing currents is the magnitude of the
current, a time-domain feature, which has shown good
performance to detect high energy arcing currents [37]. In [77]
a step-change detector is proposed to detect arcing occurrence,
since load voltage and current undergo a step change during arc
occurrence. Other time-domain signatures have been applied to
detect arc faults, such as the rate of change of the current or
geometric features of the current waveform [78]. However,
protections based on time-domain signatures require acquiring
data, training the protection and defining threshold values, thus
limiting their widespread use [70], [75]. Mathematical methods
such as artificial neural networks [74], [79], [80], Kalman filters
[81] or fuzzy logic [72], [82] have been applied to identify the
specific patterns of the arcs. Another possibility is to apply
frequency-domain signatures, such as the harmonic content of
the fault current [83], but fault current harmonic frequencies
can be masked by those triggered by other faults [84].
Harmonic-based protections often compare the extracted
harmonics by means of the fast Fourier transform (FFT) [85]
using pre-established threshold values, thus limiting once again
its applicability. In [74] the fast Fourier transform (FFT) was
combined with an artificial neural network (ANN) to detect
series arc faults. Harmonic extraction based on the fast Fourier
transform can be improved by applying wavelet decomposition
[12] to enhance identification accuracy [86]. Wavelets (WTS)
have been applied to analyze high impedance faults [87], which
can be based on decomposing voltage or current signals, or by
combining WT decomposition with other mathematical
techniques [88], such as the Kernel density estimation [89].
Time-frequency signatures have been also applied to detect
series arcing faults, even under DC supply [24].

It is also possible to analyze the negative-sequence
components of the current in microprocessor-based protections
[90], due to the high sensitivity of this technique towards
unbalanced faults [91]. Attempts to detect such faults currents
have been carried out by measuring their zero-sequence
components using several types of sensing devices [37]. In [92],
it was proposed to analyze the zero-sequence value of the
current flowing in a distribution feeder, whereas in [93] a
method combining the analysis of the negative-sequence



current and the residual voltage components was applied.
However, each method has some drawbacks and limitations
[88], some of them being developed for particular types of high
impedance faults. One of the issues of the methods found in the
technical literature is the definition of threshold values for fault
detection, which is a critical point to avoid false detections of
the fault condition [88]. Fig. 6 summarizes different methods
for arcing faults detection.

Measurement =) Feature extraction Classification Decision
Voltage (V)

Current (/)

- ANNs ‘-Threshold value
- Kalman filters

Time-domain

- Magnitude of / - Multiple thresholds|

- Rate of change of /

- Fuzzy logic

- Negative sequence

Frequency-domain
- FFT
- Harmonics

Time-frequency
- Wavelets

Figure 6. Arcing faults detection methods.

Arc discharges can also be sensed from the physical effects
they produce. Therefore, non-conventional methods, including
acoustic emission, ultraviolet (UV), and transient earth voltage
sensors can be used for this purpose [25]. It is known that arcing
generates ultraviolet (UV) radiation, so the analysis of UV
pulses has been used to detect arcing events. The number of UV
pulses allows determining the condition of the equipment
generating such pulses [94], [95]. By analyzing the current and
voltage waveforms it is very difficult to distinguish arcing from
other transient non-arcing events presenting features similar to
those of the arcs [12].

C. State-of —the-art methods to locate arcing faults

Finally, conventional circuit breakers are unable to locate the
position of the fault on the wire they are protecting.
Reflectometry has been widely applied to detect, identify and
locate faults in cabling systems [96], [97]. Reflectometry
approaches are found in early studies during the eighties to
locate faults in underground transmission cables [98]. It is
based on the radar theory of electromagnetic waves, allowing it
to detect impedance discontinuities in cables and being possible
to localize the fault. The fault distance is computed from the
time delay between the incident and reflected signals due to the
impedance discontinuity. Reflectometry is classified into TDR
(time-domain reflectometry, the most widely applied method
for wire fault identification and location [88]), FDR
(frequency-domain reflectometry), and TFDR (time-frequency
domain reflectometry) [99], [100]. Time domain reflectometry
(TDR) can potentially detect very small impedance changes,
although this method needs a very precise baseline to compare
with the faulty wires [88], this method being difficult to
calibrate and apply in commercial or military fleets. However,
wire vibrations, which are unavoidable in aircrafts, can produce
impedance changes, which can be even larger than the
impedance change due to the arc activity [17]. Another
possibility is to apply spread spectrum reflectometry (SSR)
because it can locate low-energy, intermittent faults on
energized aircraft wiring systems. SSR applies a pseudo-noise
test signal on the wire, i.e.,, a very low-voltage code. By

correlating the reflected and incident signals, it is potentially
possible to identify and locate the fault [17].

Methods based on visible-UV imaging allowing to locate the
discharge point [7], [101] being wvery immune to
electromagnetic noise produced by nearby electrical or
electronic devices.

V. ARCING PROTECTIONS FOR AIRCRAFT APPLICATIONS

Nowadays, military and civilian aircrafts are typically
protected against overheating by using magnetic and thermal
circuit breakers, arc fault circuit breakers (AFCBS) or solid state
circuit breakers (SSCBs). The function of AFCBs and SSCBs
is to quickly disconnect the circuit once an arc fault is detected
[87]. To minimize unwanted or nuisance trips, these protections
must discern between a potentially dangerous arcing event and
a usual operating condition in which a particular arc can be
expected in the circuit under a usual load [87]. As explained,
conventional protection cannot detect and protect against arcing
faults produced between a wire and ground, between parallel
wires, or in series due to a loose connection, a defect in the
insulation of a wire, or a broken wire. Protections must
minimize the possibility of arcing occurrence due to different
causes, such as insulation ageing, chemical contamination, wire
breakage or chafing [22]. Fig. 7 describes the main
characteristics of the existing arc protection devices.

AFCIs AFCBs SSCBs

- For aircrafts

- Monitor current flow
- Arcing protection

- Thermal protection

- SAE AS6019

- SAE AS5092A

- Residential use

- Commercial use

- Industrial use

- Current waveform analysis
- Arc protection

-IEC 62606:2013

- Power applications
- For aircrafts

- Pt protection

- Arcing protection
- Very fast tripping

- IEC 60898-1

Figure 7. Existing arc protection devices.

Fig. 8 describes the main blocks of the existing arc protection
devices.
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Figure 8. General diagram of existing arc fault protection devices.

A. Arc Fault Circuit Breakers (AFCBS)

Conventional thermal circuit breakers do not react to
intermittent arcing events until they develop into a severe fault.
Arc fault circuit interrupters (AFCIs) were commercially
introduced in 1998 for residential use, but today are being



increasingly applied in industrial and commercial offices and
workrooms [46]. The IEC 60364-4-42:2014 international
standard [103] recommends the use of AFCIs for high risk
situations. Since 2013, arc fault detection devices are regulated
by the IEC 62606:2013 standard [104], which does not impose
any current requirement for a minimal arcing persistence under
the occurrence of a series arc [105]. Fig. 9 shows the diagram
of an AFCI.
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Figure 9. Typical diagram of an AFCI.

switch

AFCIs use current and voltage sensors, and discriminate the
detected waveforms, tripping the circuit when detecting arc-
related patterns. By analyzing the current waveform, AFCIs can
discriminate between an abnormal and a normal event, so they
trip the contacts when detecting an arcing event, de-energizing
the circuit [22]. According to its pattern or signature, AFCIs
distinguish an arc due to the ordinary operation of plugs,
switches, or brushed machines from a dangerous arc, in this last
case breaking the circuit. However, commercially available
AFCls have a reliability around 50%. Under low-energy series
faults, arc features are often masked because conventional
current and voltage methods present low sensitivity [25].

AFCBs are now incorporated in modern aircrafts to break the
circuit in case they detect an arcing event. AFCBs are similar to
AFCls and protect the network and the load disconnecting the
circuit when arcing occurs [6]. AFCBs were developed at the
beginning of this century to prevent aircraft from fires
originated by glowing contacts and low-current series arcs [8].
The objective was to incorporate arc-fault protection to existing
thermal protection [22], while trying to maintain the standard
size of the protection package. AFCBs are based on electronics
and they continuously monitor the current flow [22]. They
incorporate algorithms that must be sensitive enough for a fast
identification of an arc condition, without tripping under other
transient events, to minimize unintended or nuisance trips.
Different challenges must be met, such as the development of
suitable arc-fault detection algorithms and to pack the arc-fault
and the thermal overcurrent protection components into a
standard aircraft circuit breaker package. They also require to
operate under aircraft environments (-20°C-70°C, 0-13700 m,
electromagnetic interference, vibration, electrical transients)
[8]. The next challenge is to develop lower cost, more reliable
[6], and compact size AFCBs [72].

Fig. 10 shows the diagram of an AFCB.

currentl L |N

current senso\*‘

Voltage
sensor

v

Signal
processing

A/D

M MCU

Algorithm |_,
i

equation

Signal

processing switch

Figure 10. Typical diagram of an AFCB.

AFCB attributes include fast reaction to arcing events, good
arc sensitivity under the presence of masking loads, good
discrimination between normal and transient load patterns and
arcing events and immunity to electromagnetic noise. While the
arc energy detection threshold of typical bimetal circuit
breakers in an arcing event falls in the 80-500 J range, the
sensitivity of the initial AFCBs was set in the 5-30 J interval
[22]. Today there exist 28 V-DC AFCBs standardized under
SAE AS6019 [36], and 115 V-AC single- and three-phase
AFCB for 400 Hz (constant frequency) standardized under SAE
AS5692A [106].

AFCBs mitigate arcing effects before a severe fault develops,
preventing catastrophic effects on electrical wires by limiting
the arc fault energy, thus reducing the risk to burn nearby
materials, such as wire insulation. The tripped AFCB identifies
the circuit or wire on which the fault has occurred. Arc detection
and location are still subjects of research. Since distribution
networks vary in different aircrafts, the most suitable position
of the AFCB can be defined. AFCBs usually break the circuit
at the point in which the current is measured. Since most
detection algorithms rely on line current time or frequency
analyses, then, the operation of the AFCB could not be accurate
and reliable [6]. AFCBs offer active monitoring to system
faults, whereas conventional thermal circuit breakers provide
passive electro-thermal reaction, because they are set to trip at
pre-established current levels over a specific period of time.
However, in some circumstances active monitoring introduces
nuisance tripping, so the Society of Automotive Engineers
(SAE) has defined a set of demanding qualification tests [8].

B. Solid State Circuit Breakers (SSCBs)

The research tendency on protection from series arc faults
produced in aircraft wiring systems focus on the use of SSCBs
[22]. SSCBs are based on fast switching semiconductor
switches that control the power supplied to a load, usually
MOSFETSs. Turned-off MOSFETS present a small leakage
current, which needs to be controlled [8]. Fig. 11 shows the
diagram of a SSCB.
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Figure 11. Typical diagram of an SSCB adapted from [107].

SSCBs emulate the time-current circuit breaker curve,
perform diagnostic and supervisory functions, being now
introduced in different military and civilian aircrafts for
protection against overheating [22]. Unlike circuit breakers,
SSBCs disconnect the circuit when there is too much energy
transfer because they provide true 1%t protection. An SSCB,
whereas a standard overload circuit breaker will trip only when
the current reaches the trip point. SSCBs are very fast, since
they can switch in 0.05 ms, thus reducing the energy of the arc
and the potential damage, allow remote switching control, have
trip indication and the status of the breaker is known. SSCBs
are mostly limited to new designs, because their packaging
differs from that of existing applications. SSCBs exhibit faster
response time and lower weight compared to AFCBs and
standard thermal circuit breakers [108]. It is believed that solid-
state technology can remove electromechanical relays and
thermal breakers in most aircraft applications. SSCBs can offer
thermal and arc-fault protection for both loads and wiring,
whereas thermal breakers only offer wire protection [109].

C. Other protection strategies

To protect against arcing faults it is possible to lower the trip
level of circuit breakers, at the expense of increasing nuisance
tripping occurrence [22]. Different protections based on both
time and frequency domain signatures are being developed.
They use supplementary sensors such as temperature and
pressure sensors jointly with voltage and current measurements
to detect and clear the faults in the early formation stage. Others
employ fiber optic sensors jointly with current and voltage
measurements to increase the accuracy and speed of clearing
ACFs. Despite some improvements, the new protections still
present some practical concerns, which must be solved previous
to their wide use [37].

VI. NEXT STEPS IN THE DEVELOPMENT OF THE FUTURE ARC
FAULT PROTECTIONS

There are three major issues in state of the art arc protections.
The first one is related to the low level current leakage in the
early stage of insulation degradation, which can remain
undetected until it increases during a long period of time, during
which insulation becomes degraded. The second one is related
to the misdiagnosis leading to nuisance tripping. Finally, the
third issue is related to the location of the fault, since current
state of the art protections are unable to determine the exact
point where the fault is produced. Fig. 12 summarizes the three

major aspects and their related benefits to improve in current
state of the art arc fault protections.

Fault detection in the very early stage

- Extra insulation protection
- Minimizes risks

- Safer protection

- Increases maintenability

Reduce missdiagnosis (nuissance tripping)
- Trips the circuit in absence of a fault

- Increases safety

- Increases reliability

- Reduces maintenance requirements

- More confidence in the protection

Fault location capability

- Offers extra protection

- Eases maintenance

- Reduces risks

- Increases maintenability

Figure 12. Three major aspects and their related benefits to improve in current
state of the art arc fault protections

A. Limitations of Existing Arcing Protections for Aircraft
Applications

This section summarizes the identified limitations related to
existing arc fault protections for aeronautic applications, which
are listed below.

1) Due the low magnitude of series arcing events, especially in
the early stage, they are difficult to be detected by existing
phase overcurrent protection [37].

2) Conventional methods based on analyzing the current and
voltage waveforms have low sensitivity to sense small arc
discharges, leading to the failure of existing AFCBs [25].
Current AFCBs can detect false positives, i.e., they can
recognize normal circuit behaviors as arcing faults, leading
to nuisance tripping, thus reducing AFCBs overall
effectiveness [37][110].

3) Conventional circuit breakers are unable to locate the exact
position of the fault on the wire they are protecting.

4) Despite the diversity of techniques found in the literature for
detecting and identifying arcing currents, which allow
different possibilities for designing accurate protections, all
of them have a common point, i.e., the fact that they trip
once the fault is in an advanced stage. Existing arc fault
protections act under fault occurrence, when the arc is well
developed and with a sufficient level of energy, so they are
unable to anticipate nor to locate the exact position of the
fault. Therefore, there is a lack of preventive protections that
act before the fault evolves, in the very early stage before
irreversible damage in the insulation is produced [111].

B. Identified Research Needs

This section summarizes the research needs detected from the
systematic scientific and technical literature review done in this
paper, related to arc fault protections for aeronautic
applications.

1) More research is required on tracking resistance, erosion
and long-term behavior of insulation materials under



aeronautic environmental conditions [58], since they have a
great impact on arc fault development and evolution.

2) Lightning activity and some electrical machines generate
current and voltage patterns that resemble arc faults.
Nuisance tripping reduces overall performance of arc fault
protections, having a negative impact on aircraft
performance and requiring significant efforts to resolve and
diagnose. More research in this area is required [9].

3) It is necessary to develop robust nondestructive
technologies which allow to determine the location at which
the arc fault occurred, even during in-flight conditions.

4) There is an imperious need to develop arc fault protections
capable of detecting the arc tracking phenomenon at the
very early stage, before major and irreversible wire
insulation damage is produced. To this end, PD/corona
detection methods could complement current protections
since they are able to detect arc tracking activity well before
arcing effects are fully developed. Cost-effective, small-size
and fast response sensors designed for operation under
stringent aeronautic environments must be developed,
jointly with suitable instrumentation and signal processing
methods.

5) Characteristics of the voltage waveform of the distribution
bus (AC, constant frequency, wild frequency, AC, positive
DC, negative DC, impulsive, pulsed, etc.) impacts the
signatures of the discharges and their long-time effects on
insulation systems [58]. This area requires further research,
especially under aeronautic environments.

6) There is a lack of studies focusing on arc-fault protections
for low pressure conditions, such as those typical of aircraft
systems. Therefore, more research is needed in this area,
accounting for the specificities of these harsh environments.

C. Challenges of Arcing Protections for Aircraft Applications

There are different challenges to be faced in order to improve
current protections, which are described in the following lines.
1) Constructive aspects

e It is required to pack the arc-fault and the thermal
overcurrent protection components into a standard aircraft
circuit breaker package. They also require to operate
under aircraft environments (-20°C-70°C, 0-13700 m,
electromagnetic  interference,  vibration, electrical
transients) [8].

* Miniaturization of AFCBS in order to not exceed the size
of standard circuit breakers packages is another challenge
that protection manufacturers are facing [8], so more
compact AFCBs are required [72].

2) Performance improvement

* Future developments in arc fault protections should
emphasize aspects such as reduce the cost, and increase
their reliability AFCBs [6].

» Future protections should record electrical waveforms for
maintenance, operation, or accident investigations. They
also need to include built in diagnostics such as self-test
and self-monitoring can be of great help, to clearly
indicate that the protection is fully functional. Protection
coordination must be contemplated, as already

incorporated in existing circuit breakers, although
coordination of arc fault detection is a challenge [8]. Thus,
different performance improvements are required [112].

» The development of performance specifications and
requirements for arc fault protections has been proven to
be problematic. For example, tests to assess undesired
effects such as crosstalk, feedback susceptibility, nuisance
tripping, and others need further work [8].

+ Solid state fault interrupters enable establishing more
sensitive trip thresholds, thus offering the possibility to
reduce nuisance tripping [110].

» There is a need to develop specific electrical protections
to detect partial discharge and/or corona activity well
before arc tracking occurrence, since partial discharge is
an early symptom of insulation failure, thus safeguarding
electrical wiring systems and aircraft integrity.

3) Development of more effective detection and location
approaches

» It is required to develop suitable arc-fault detection
algorithms [8].

» The development of arc fault protections that can
determine the exact position of the arc fault to facilitate
maintenance operations [58]. The use of UV photo sensors
can be beneficial for this purpose [113].

» AFCB:s act once the arcing occurs but not before, so they
can be improved to reduce the damage level and shorten
the reaction time. With next generations of MEA aircrafts,
which depend more and more on electrical and electronic
systems, the use of current AFCBs is questionable [38], so
it is required to develop new approaches for an early
detection [58].

VII. CONCLUSION

With the growing demand of MEA aircrafts which require
more electrical power, fault management devices have a key
role, due to the extreme importance of aircraft safety. The
increased levels of electrical power generation impose to rise
the values of the distribution voltage, thus appearing new fault
modes, such as arc tracking and series arcing. However,
commercially available protections do not offer a total
protection against these fault modes.

This review paper has performed a systematic and exhaustive
literature analysis of the knowledge about arc fault protections
for aeronautic applications, identifying the current progress,
aspects to improve, limitations, future challenges, and research
needs. The paper has identified different aspects that arc fault
protections need to face, including among others,

+ Packaging miniaturization.

» Nuisance tripping issues.

» Compatibility with the harsh aircraft environments.

» The need to reduce the cost and increase the reliability of
the protections.

* Inclusion of
capabilities.

e The problematics related to the development of
performance specifications and requirements for arc fault
protections.

self-diagnostics and  self-monitoring



Incorporation of fault location and detection at the very
early stage, well before arcing occurrence.
High immunity to electromagnetic noise.
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ACRONYMS
AC Alternating current
ACF Arcing current fault
AEA All electric aircraft
AFCB Acrc fault circuit breakers
AFCI Acrc fault circuit interrupter
AFDP Arc fault detection and protection
ANN Acrtificial neural network
DC Direct current
ETFE Ethylene tetrafluoroethylene
EWIS Electrical wiring interconnection
system
FAA Federal Aviation Administration
FDR Frequency-domain reflectometry
FFT Fast Fourier transform
HVAC High-voltage alternating current
HVDC High-voltage direct current
IEC International Electrotechnical
Commission
MCU Microcontroller unit
MEA More electric aircraft
MOSFET Metal oxide semiconductor field
effect transistor
PD Partial discharge
Pl Polyimide insulation
PTFE Polytetrafluoroethylene or Teflon®
PVC Polyvinyl chloride
RUL Remaining useful life
SAE Society of Automotive Engineers
SSCB Solid state circuit breakers
SSR Spread spectrum reflectometry
SWAMP Severe weather and moisture prone
TDR Time-domain reflectometry
TFDR Time-frequency domain
reflectometry
uv Ultraviolet
XL-ETFE Cross-linked ethylene tetrafluoroethylene
WT Wavelets
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