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Abstract—This research generates series AC arc faults and
then detects them using voltage waveforms instead of the
traditional current waveforms. The detection algorithm analyzes
a unique symmetric energy profile generated by the arc fault. The
experimental results demonstrate that the harmonics generated by
an arc fault’s ignition and extinction can be sensed by voltage
measurements at the voltage source where the arc fault circuit
interrupters (AFCI) are located.
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I. INTRODUCTION

One of the leading causes of electrical fires in residential
homes is AC arc faults [1]. Therefore, the National Electrical
Code (NEC) now requires that all 120 V, single-phase, 15 A and
20 A branch circuits supplying outlets installed in kitchens,
family rooms, dining rooms, living rooms, bedrooms, hallways,
laundry areas, etc. must be protected by arc fault circuit
interrupters (AFCI) [2]. The purpose of an AFCI is to de-
energize a sustained electric arc to prevent fires. Consequently,
AFCI are different from ground fault circuit interrupters (GFCI),
which de-energize the circuit to prevent a person from receiving
a potentially fatal shock. The International Standard (IEC
62606) and UL 1699 outline general requirements to test the
performance of an AFCI to detect arc faults and avoid unwanted
tripping scenarios [3]-[4].

Several AC arc fault models and detection methods have
been developed with additional recommendations for
performance testing to determine the AFCI’s compatibility with
noisy home electrical products [5]-[7]. Traditional AFCI and AC
arc fault detection models are based on time and frequency
analysis of the current measurement using either short-time
Fourier Transform (STFT) or Discrete Wavelet Transforms
(DWT) [8]-[10]. They observe changes in the harmonic
component and use pre-determined thresholds to distinguish arc
fault noise from electronic devices that produce noise similar to
arc faults. However, STFT and DWT methods by themselves
depend on properties and features of the sensed line currents that
are not unique to arc faults [8]-[10]. Also, they require multi-
level filtering that may increase the computation time for
determining an arc fault. Another algorithm [11] observes the
chaotic behavior of the current during an arc fault and uses
quantum probability model theory to calculate the current
entropy.
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Other proposed methods in [12]-[14] combine frequency
analysis with neural networks or classification with support
vector machines (SVM) to increase the accuracy of detection. A
Kalman filtering algorithm also exists which monitors the
deviation of the eigenvalue of each power cycle to determine an
arc fault [15]. However, these detection rules require the training
of large number of arc fault samples to generate a feature space
using eigenvectors [12]-[14]. If electrical devices similar to arc
faults have not been tested in the development process of an
AFCI, unwanted tripping scenarios may occur. Thresholds for
time-frequency dependent algorithms and the feature space in
machine learning strategies will need to be adjusted accordingly
to include these devices.

To overcome these limitations, this paper proposes a new
series AC arc fault detection method for AFCI using the voltage
waveform and a symmetric energy profile that is exclusive to arc
faults. AC arc faults have an ignition and extinguishing cycle
that generate two discontinuities per cycle around the zero-
crossing. In summary, this paper presents the following research
contributions:

1) Unlike traditional arc fault detection approaches, the
voltage waveform is utilized to extract a symmetric
energy profile exclusive to the arc fault for analysis,
distinguishing it from loads that otherwise show arc
fault behaviors in the current waveform.

2) The arc fault detection algorithm relies on a set of
threshold violation rules which does not use non-
stationary signal analysis or machine learning
techniques.

This paper will proceed as follows: Section II briefly
introduces the characteristics of an arc fault and experimental
setup of the arc fault generator; Section III outlines the series
AC arc fault detection algorithm; Section IV discusses the
experimental results; and Section V concludes the paper.

II. EXPERIMENTAL SETUP OF ARC FAULT GENERATOR

A. Generating an AC Arc Fault

An arc fault forms when a high electric potential between
two conductors (above the breakdown voltage) causes the air to
become conductive. The average breakdown voltage is between
25 kV/em to 30 kV/cm [16] and is dependent on the insulating
material, the shape of the conductor tip and the gap distance
between the two conductors.
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Fig. 1. Series and parallel arc faults. AFCI 2 will de-energize power to load 2
but is unable to shutdown power to the series arc fault.
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Fig. 2. Schematic diagram of the experimental setup

There are two categories of AC arc faults: parallel and series.
Parallel arc faults occur between two distinct active conductors
or from an active conductor to ground as seen in Fig. 1 [2].
Series arc faults occur when there is a break in the electrical path
of an active conductor as seen in Fig. 1 [2]. Series AC arc faults
are more common and are often caused by loose terminals or
degradation of wires and connectors. The series arc faults are
current limited by the load and are able to sustain arc faults
undetected by overcurrent devices and some AFCI. Therefore,
series arc faults are considered more dangerous than parallel arc
faults.

B. Hardware Setup

A series AC arc fault generator has been set up according to
the schematic diagram shown in Fig. 2. A photograph of the
experimental equipment and setup is shown in Fig. 3. The
voltage source is a sinusoidal signal generated by a
programmable AC source (Chroma 61504) and is later replaced
directly by the grid. A voltage divider made of two resistors in
series is placed parallel to the voltage source to downscale the
voltage to within a range of -10 V to +10 V. The measured
voltage signal is sampled using the data acquisition device by
National Instruments (USB-6341) and analyzed by the arc fault
detection algorithm in MATLAB. The arc gap is created using
two solid non-melting carbon alloys in a dust tight transparent
enclosure. The loads tested were power resistors. The main
parameters of each component are given in Table 1.

The voltage across the arc gap and the load is not measured
because in real applications the exact location of the arc fault is
unknown. For example, an AFCI (AFCI 2) is placed near the
load, as shown in Fig. 1. If a series arc fault occurs behind the
outlet, in the insulation of the house as shown, AFCI 2 will be

Fig. 3. Photograph of experimental equipment and setup

able to detect the frequency changes on the line and de-energize
the circuit. However, the series arc fault is still energized and
will cause an undetected fire. Therefore, in this research, the
voltage is measured at the source, which is equivalent to the
AFCI being placed at the circuit breaker panel to monitor the
noise of circuit.

C. Arc Fault Voltage

Although the location and exact shape of the arc fault voltage
signal is unknown during an actual event, a typical voltage
waveform, given in Fig. 4(a), is analyzed to understand how the
arc fault affects the voltage source. As the source voltage rises,
the voltage drop across the arc gap also increases as seen in
section (/) of the plot. After the arc gap voltage reaches the
breakdown voltage, the arc ignites. The arc fault acts like a small
resistor. Therefore, the impedance across the arc gap is no longer
very large. This causes the arc gap voltage to drop and remain
relatively constant as seen in section (2) of the waveform. A
minimum voltage is needed to sustain the arc across the constant
arc gap. Therefore, as the source voltage begins to pass through
the zero-crossing, the arc fault will extinguish itself. The arc gap
impedance will become very large and the arc gap voltage will
follow the source voltage as seen in section (3) of the measured
signal. During this time, the magnitude of the current is zero and
is often referred to as the “current shoulder” as seen in Fig. 4(b)
[7]-[10]. As the magnitude of the source voltage rises again, the
voltage drop across the arc gap exceeds the breakdown voltage
and reignites the arc for the negative cycle as shown in section
(4) of the signal in Fig. 4(a).

TABLE I
ARC FAULT GENERATOR PARAMETERS
Equipment Model Parameter Settings
Voltage Source Chroma 6 1504 120 Vrms, 60 Hz
/ Grid
5 power resistors: 100 Q each
Resistive Load - All in parallel: 20 Q
Power consumption: 1.44 kW
Solid non-melting carbon alloy
Electrodes SG40-H 2kV-40 kV tolerance
1” diameter
Arc gap accuracy +2%
Data Sampling frequency: 500 ksps
Acquisition NI-USB-6341 Total sample time: 1 s
Device Voltage input range: £10 V
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Fig. 4. A typical experimentally measured voltage waveform across the arc
gap. Section (1) and (3) represented extinguished periods and section (2) and
(4) represent arc ignition periods.
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Fig. 5. Algorithm for obtaining the power of the voltage signal at each time
instant.

III. SERIES AC ARC FAULT DETECTION ALGORITHM

The new AC arc fault detection algorithm relies on the
ignition and extinction transients of the arc fault around the
zero-crossing that produce a unique symmetric energy profile.
When this symmetric energy profile is observed over a fixed
number of cycles, an arc fault is declared.

A. Obtaining Power Waveforms

A power waveform is calculated from the voltage
measurement to prepare for the extraction of five distinct energy
signals. A flow chart is given in Fig. 5. The voltage measurement
observes a single 60Hz voltage cycle at the sampling frequency
of 500 kHz. The voltage cycle is then split into two measurement
windows: one window spans the time from the maximum peak
occurrence of the voltage cycle to the time of the zero-crossing
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Fig. 6. Location of left-hand and right-hand measurement window markers
and calculation of the power waveform from the voltage signal of an arc fault.

and the second window spans the time of the zero-crossing to
the minimum peak of the voltage cycle as shown in Fig. 6(a).

After the markers for each window are placed, the voltage
signal is passed through the band-pass filter. All data outside the
measurement window is removed and the remaining filtered
voltage signal is split into the left-hand and right-hand
measurement windows, Vg and Vaggr, respectively. The
filtered voltage signal is squared at each sample point to produce
the power waveform. The result is a power waveform, Vi, with
markers that divide the waveform into a left-hand and right-hand
power waveform window as shown in Fig. 6(b).

B. Energy Calculation

From the prepared power waveform, five distinct energy
signals are calculated: 1) two instantaneous energy signals, 2)
two differential energy signals, and 3) a symmetric energy
signal. There are two instantaneous and differential energy
signals each because one energy signal is calculated for each
measurement window, a left-hand energy and right-hand energy
signal. There is only one symmetric energy signal because it is
a comparison of energy between both measurement windows.
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Fig. 7. A filtered source voltage’s power waveform where the arc fault is
initiated at 0.194 s.
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Fig. 8. An intermittent violent ignition, skewed series arc fault power
waveform.

The left-hand instantaneous energy (Er) and right-hand
instantaneous energy signal (Er) is generated by the summation
of all the power samples in the left-hand and right-hand
measurement windows, respectively as calculated in (1). The
left-hand differential energy (AEL) and differential right-hand
(AER) is generated by taking the absolute difference between the
present left-hand and right-hand instantaneous energy and the
previous left-hand and right-hand instantaneous as calculated in
(2). Lastly, the symmetric energy (Eqym) is generated by taking
the absolute difference between the present left-hand
instantaneous and right-hand instantaneous energy as calculated
in (3). The equations are given below where “k” is each

€ 99

measurement cycle and “n” is the sampled time of each cycle:

Elk] = EV%uculn] & Eg[k] = EV%ucgln] (1)

AE,[k] = |E,[k] — E [k — 1]] (2a)
AEg[k] = |Eg[k] — Eglk — 1]| (2b)
Esymlk] = |E,[k] — Er[k]| (€)

The following three threshold conditions are met for the arc
fault to be detected:

EL [k] > nOisethresh OR ER [k] > nOisethresh (4)
AEL [k] > VATthresh OR AER [k] > VATthresh (5)

Esym [k] < SYMpound (6)
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Fig. 9. Experimental result: (a) Source voltage measurement with potential arc
fault alerts (red ‘0’) and arc fault detection flags (red ‘x’); (b) Left-hand (blue)
and right-hand (red) instantaneous energy with a noise threshold (green); (c)
Left-hand (blue) and right-hand (red) differential energy with a variation
threshold (green); (d) Symmetric energy (black) and the symmetric boundary

(green).

When all (4), (5), and (6) are true for at least three
consecutive cycles, (k, k+1, k+2), an arc fault is declared. The
noise threshold detects increase in the overall noise related to
the increase in the magnitude of the frequency response. The
variation threshold detects the fluctuations in the instantaneous
energy, observed through the differential energy, related to the
fluctuations in the arc fault impedance. The symmetry
boundary tracks the symmetric energy profile. Using properties
of the symmetric energy helps reduce false alarms often
generated by electronic loads.

IV. EXPERIMENTAL RESULTS

A. Analysis of Power Waveform

In Fig. 7, an arc fault is initiated at 0.194 s in series with a
1.44 kW load. In Fig. 7(b), before the arc fault the magnitude of
the power waveform, Vs, is consistent near zero. After the arc
fault is initiated, the overall magnitude of the power waveform
increases by around 525%. The peak power before and after the
arc fault sees an increase of almost 700%.

Each power waveform window shows two peaks, one on
either side of the zero-crossing as shown in Fig. 6(b). However,
as the arc fault continues to burn, the ignition stage may
intermittently be more violent as the plasma forms across ions
that were generated from the previous arcing stages. There are
intermittent moments, as shown in Fig. 8, where the power of
the ignition (in this case the right-hand energy window) is
greater than that of the extinction (left-hand energy window).
Therefore, the symmetric energy is not always close to zero and



the boundary is set to take into account the intermittent high
energy spikes.

B. Analysis of Energy Profiles

The energy characteristics of the series arc fault scenario
seen in Fig. 7 is shown in Fig. 9. In the energy plots, Fig. 9(b)
and Fig. 9(c), the green line in each of the energy plots are the
threshold conditions for each respective energy signal, the left-
hand (blue) and right-hand (red) energy signals are paired by a
black line. The symmetric energy (black) in Fig. 9(d) is
compared against the symmetric boundary (green). In Fig. 9(a),
the potential arc fault flags (red ‘0’) and arc fault detection flags
(red ‘x’) are given with the voltage measurement.

The arc fault is initiated at 0.194 s, a potential arc fault is
declared after 4 ms and detected by 0.214 s. In total, the interrupt
signal to de-energize the circuit is after the arc fault is initiated
is 20ms. This is the fastest time the algorithm can detect the arc
fault.

V. CONCLUSION

This paper introduces a new method for detecting series AC
arc faults using voltage measurements instead of the traditional
current measurement approach. A symmetric energy profile
corresponding to the ignition and extinction characteristics of
the arc fault is observed in the voltage measurement at the circuit
breaker panel. The detection algorithm is a set of three threshold
violation rules and does not need any previously acquired large
data sets for classification methods involving machine learning
techniques. The experimental results show that a series arc fault
can be detected within two voltage cycles.
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