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Abstract—Expanding dc electrical distribution systems require
improved detection and mitigation of dc arc events. The high
heat resulting from dc arcing raises concerns on equipment and
personnel safety. In this article, a new adaptive detection method
for series dc arc faults is presented. The proposed detection method
utilizes Hurst exponent estimation of the system current to detect
arcing events with a high detection rate and strong immunity
against sudden load changes, chaotic load profiles, and switching
harmonics. To verify the proposed detection method, a test setup to
generate dc arcs was built, and over one thousand tests were per-
formed under various conditions. The tests were conducted under
different environment temperatures, air gap lengths, loads, and
electrode diameters. The effectiveness of the proposed method is
demonstrated by the test results and validated with an arc detector
prototype.

Index Terms—DC arc, fast Fourier transform (FFT), Hurst
exponent, wavelet.

I. INTRODUCTION

DC ELECTRICAL distribution systems are being widely
adopted for various applications, including photovoltaic-

based microgrids, electric vehicles, and aircraft. DC systems
are prone to dc arcing events, which need to be detected and
terminated before extensive damage is caused to equipment.
Unlike ac currents, dc currents have no zero crossing, making
sustained arcs more likely to occur. Sustained dc arcs have
safety concerns as they generate high temperatures and inject
electromagnetic interference into the system. To avoid damage
to equipment and improve the safety of these systems, reliable
detection and protection methods against dc arcing events are
needed.

DC arcs can be categorized into high-impedance (series) and
low-impedance (parallel) arcs. Low-impedance arcs are often
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caused by the air breakdown between conductors at different
potentials and lead to large short-circuit currents, allowing them
to be easily detected. High-impedance dc arcs are generated
when there is a loose connection or an electrical conductor
carrying an electrical current splits into two. As the cable splits,
an arc occurs and reduces the current flowing through the circuit
due to its high impedance. High-impedance arc detection is more
challenging due to its similarity in lowering the current to a load
change (e.g., reduced load). This challenge can be observed
in noisy environments, such as in a vehicle, where loads are
constantly switching. Distinguishing an arc from a load change,
a load with switching noise, or loads with chaotic behaviors is
important for safe and reliable operation of the vehicle.

Mild hybrid electric vehicles (MHEVs) with 48-V belt starter
generators have been developed to achieve higher fuel effi-
ciency than the existing 12-V-based systems [1]–[3]. They use
a dual-voltage configuration (12 V, 48 V) interconnected with a
bidirectional dc–dc converter to deliver the needed energy to the
different loads in the vehicle. Due to the higher system voltage
of MHEVs, investigation of dc arcs and protection is needed.

Many empirical methods for dc arc detection have been
proposed. Zonal-based detection [4]–[7] divides the system
into several branches and monitors the current of every load.
Unplanned changes in the current are then used to identify
arcing events. These methods rely primarily on hardware sensors
distributed throughout the system to collect and process the data
for arc detection. Various statistical methods have also been
developed to detect the arc signature by analyzing databases
of arc data [8]–[14]. However, most of the proposed statistical
methods are prone to mis-triggering by chaotic load profiles due
to their noisy behavior and similarity to dc arcs. Wavelet and
fast Fourier transform (FFT) methods [12], [15]–[19] are also
known to be implemented for dc arc detection in a variety of
applications. These software-based methods scan the frequency
spectrum for new noisy behavior. To avoid switching noise mis-
trigger, a specific frequency band is selected, where switching
noise is absent or predefined. However, this would limit their
application and ability to avoid mis-trigger due to switching
noise in case of a load change. Machine learning [20] and
pattern matching [21] algorithms were also introduced to detect
arcs. Machine learning is known to be complex and requires
heavy calculations, which significantly increases the cost of the
system. This article proposes a new detection method [22], [23]
for dc arcs with lower calculation load and high immunity to
switching noise and chaotic loads. The method is validated by
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Fig. 1. Copper electrodes and dc arcing event.

TABLE I
TEST CONDITIONS

using hundreds of dc arc samples generated through hardware
tests. This article starts with building an arc generator to perform
tests and create a database of arcing events. In the second section,
the Hurst exponent is introduced. The detection algorithm is
then proposed and validated using the arcs database. Finally, the
method is implemented in a digital signal processor (DSP) for
live detection of dc arcs.

II. TEST SETUP AND TYPES OF DC ARCS

A test setup is established to generate dc arcs at various
conditions. This is achieved by using two copper electrodes
fixed on a moving slider. Initially, the copper electrodes are
connected forming a closed-loop circuit. High current is con-
ducted through the electrodes and controlled using switchable
resistive loads. When the electrodes separate, the inductance of
the system causes a high-voltage overshoot across the electrodes,
which results in the breakdown of the air between the elec-
trodes, generating a high-impedance arc. Hardware test results
have shown that circuit parameters such as cable impedance,
load impedance, and source power have effects on the arcing
profile [14], [24]. Nonelectrical parameters such as electrode
type, separation speed, and temperature can also affect the arc
characteristics.

A. Hardware Tests and Data Collection

The dc arc test setup diagram is shown in Fig. 1. The arc
generator is a mechanical slider holding two electrodes actuated
with a stepper motor and a control board. The separation speed as
well as the air gap length are both controlled by the stepper motor.
A thermal chamber is used to encapsulate the arc generator to
accurately control the environment temperature at −20, 25, and
150 ◦C. Figs. 2 and 3 show the arc generator with the thermal
chamber as well as an arcing event. The test conditions for the
dc arc tests are shown in Table I. The system voltage is chosen
to be 48 V, which is widely used in MHEVs. An inductor of

Fig. 2. Arcing event. (a) Before arcing. (b) During arcing.

Fig. 3. Arc generator inside a thermal chamber for ambient temperature
control.

10.3 µH is connected in series with the resistive load. This
inductance simulates the vehicle cable inductance. The tests
were performed at different air gap lengths from 1 to 4 mm
at a constant separation time of 2 s. A total number of 930 dc
arcs tests were performed, and both the voltage and current data
were collected at a sampling frequency of 1 MHz. The data are
used later to test and tune the proposed detection method.

B. Types of Arcing Events

Through the arcing tests, three types of arcing events were
identified: sustainable arc, intermittent arc, and unsustainable
arcing. These arcing events are illustrated in Figs. 4 and 5.

1) Sustainable arc: It represents an arcing event, which
reaches steady state and lasts during the entire arcing test
time, which is 5 s.
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Fig. 4. Types of arc events. (a) Sustained arc. (b) Unsustained arc. (c) Inter-
mittent arc.

2) Intermittent arc: It is an arc that occurs for a very short
period. During this time, the electrodes melt and reconnect
forming a closed circuit and extinguishing the arc. These
arcs normally occur when the current is high compared to
the thickness of the electrodes and the gap distance is less
than 2 mm.

3) Unsustained arc: It is an arcing event that does not reach
steady state and stops after a few seconds. Unsustainability
could be due to low current and large gap distance.

III. INTRODUCTION TO THE HURST EXPONENT

DC arc events inject a wide range of frequencies into the
electrical current spectrum. The sudden chaotic behavior of the
resulting arc waveforms can be detected if a method can measure
the level of randomness or the chaos of the signal. Such a noisy
behavior has similar characteristics to a human brain’s neural
activity. In [25], the Hurst exponent method was proposed to
detect epileptic seizure in a brain by examining the brain’s
electroencephalogram signals. The similar chaotic behavior of
the seizure neural signals to arc events led to the investigation
and development of the proposed arc detection method, which
utilizes the Hurst exponent estimation.

Fig. 5. Reconnected electrodes due to electrode meltdown.

The Hurst exponent is a mathematical tool used to predict
the trend of fluctuating data [26]. Based on long-term memory
analysis, the Hurst exponent can be used to determine the ran-
domness level of a data series. It can identify random, positively
correlated, and negatively correlated signals by calculating the
rate of change of the standard deviation in a time series.

The Hurst exponent is derived from Brownian motion, which
is defined as a random movement with normal distribution and
zero mean. A cumulative positionX(t)with zero expected value
can be written as

E(X(t)−X(0)) = 0 (1)

[E(X(t)−X(0))2]0.5 ∝ t0.5 (2)

[E(X(t)−X(0))2]0.5 ∝ tH (3)

whereE(X(t)) is the expected value ofX(t) andH is the Hurst
exponent.

From (2), the standard deviation of the random position grows
with time with an exponent of 0.5. By generalizing the equation,
as in (3), this concept can be used with any data series other than
a Brownian motion using different values of H representing a
nonrandom data.

The values of H can range from 0 to 1. As per (2), an H value
of 0.5 represents random data. An H value of 1 or 0 represents
positively and negatively correlated data, respectively. The Hurst
exponent value for a given data is usually estimated by using
a numerical method. Several methods have been developed to
estimate the value of H . The dispersional analysis method [27]
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is used in this article for the Hurst value estimation due to its
lower calculation requirements. From (3), the Hurst value can
be estimated by

[E(X(t)−X(0))2]0.5 = CtH (4)

log[E(X(t)−X(0))2]0.5 = Hlog(t) + log(C) (5)

where (C) is a constant. (H) is found by curve fitting (5) to the
data. The slope of the curve is the Hurst exponent value.

In this article, the Hurst exponent values are used to detect
abnormal behaviors in the data of current measurements. De-
pending on the behavior type, the proposed algorithm decides
whether the abnormality is due to an arc or not. This is explained
in the next section.

IV. PROPOSED DETECTION METHOD

In this section, the Hurst-exponent-based detection method
is explained. The concept of the detection method consists of
three main steps: 1) data collection; 2) data filtering; and 3)
data analysis. First, the data are collected using a current sensor
and then passed through the filtering stage. After the data are
properly filtered, the Hurst exponent analysis is applied. The
Hurst exponent determines the level of randomness or chaos of
the data. If the randomness level of the data suddenly changes
when compared to the system long-running Hurst average, an
arc is detected. This section is organized as follows: 1) data
filtering and conditioning and 2) Hurst analysis and the overall
algorithm.

A. Data Filtering and Conditioning

A proper filtering process is a crucial step for proper arc
detection. There are two proposed filtering stages before the
data are analyzed for arc signature: a bandpass filter (BPF) and
an envelope detector. The BPF is used to filter out low-frequency
components resulting from some load profiles, as well as loads
with high transients such as a sudden load change.

Switching loads on the vehicle are a source of undesired noise,
which affects the performance of detection methods. The noise
injection of switching loads may cause false positives or missed
arcs for frequency based methods such as the wavelet or the
FFT. Unless these switching frequencies are predefined, a proper
filtering technique is needed to reduce the noise energy in case
it falls within the BPF range. To achieve switching noise energy
reduction, the envelope filter is proposed, which is the second-
stage filtering.

The envelope filter is applied by taking the outline of the
bandpass (BP)-filtered signal, significantly reducing the switch-
ing energy. The reduction of switching harmonics allows the
detection method to be more sensitive to arc fluctuations over
the selected time window. To illustrate this, Fig. 6 shows an
BP-filtered arcing event occurring at t = 0.5 s. The current
contains switching noise falling within the BPF range. Because
the switching energy is much higher than the arcing energy, the
arc is harder to detect. To reduce the switching energy, the upper
signal envelope is applied, as shown in Fig. 7, to the BPF output.
As a result, most of the switching energy is removed making the

Fig. 6. BP-filtered arc with switching noise. The switching noise energy is
higher than the arc energy.

Fig. 7. Envelope filter output. The arc energy is higher than the switching
noise energy.

arc energy dominant and detectable by the Hurst method. The
proposed method has the advantage of not having to define loads
behavior or switching frequencies prior to the vehicle operation.

The envelope filter is implemented by taking a moving win-
dow of data points and calculating the rms value for each
window. The window size should be smaller than the Hurst
window and larger than the period of the BPF lower cutoff
frequency. Based on experimental tests, a window size of 1/4
of the Hurst window was used, which is 6.25 ms.

After the BPF and the envelope are applied, the resulting data
output is a signal with a constant value (assuming no arc or
other noise exist). However, because Hurst exponent measures
the randomness of a signal, calculating the Hurst exponent yields
a Hurst value of 1. Small amount of white noise must be added
to the signal to make the Hurst values converge to 0.5. The next
stage after the filtering is the Hurst exponent calculation of the
signal data, which is discussed in the next subsection.

B. Hurst Analysis

The Hurst analysis, when applied to a dc current signal
with white noise, yields values of about 0.5 because of the
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Fig. 8. Hurst exponents of a filtered constant dc current with white noise
stabilizing around 0.5.

randomness of the signal background noise. This is illustrated
in Fig. 8, where a constant dc current (filtered with a BPF) is
shown with the corresponding Hurst values. Because the arcing
event changes the profile of the current waveform and injects a
wide range of frequencies, the Hurst exponent can be used to
detect any change or fluctuation resulting from the arc ignition.

The time window size of the analyzed data correlates with
how the Hurst values respond to the data. Each Hurst exponent
value is calculated for a specific time window. Changing the
time window directly affects the values of the exponents. For
example, a high-frequency oscillation in a large time window is
seen as a random event causing the exponents to converge to 0.5,
while the same oscillation at a very relatively small time window
is seen as a rising or falling signal (which is not random), causing
the exponents to diverge from 0.5. Because fast arc detection
is always desired, the time window chosen for the single Hurst
exponent calculation is 25 ms. The detection of an arcing event is
based on changes in multiple Hurst exponent windows compared
to the running long averaged exponent value of the system.

The detection algorithm starts by collecting and filtering a
time window of data using the BPF and the envelope. During the
filtering stage, the dc component, low-frequency transients, and
high-frequency transients are removed or attenuated from the
data. After the filtering stage is completed, the Hurst exponent
estimation is performed. The Hurst value is then compared to the
long running average of previous exponents. If a sudden change
exceeding the predefined threshold value is detected, an arc event
has occurred. The number of windows used for detection can be
determined based on the designer requirements. More windows
result in longer detection time with less susceptibility to noise.
The method diagram is shown in Fig. 9, where Hn is the nth
Hurst value, Havg is the long running average Hurst value of the
system, and ΔHth is the threshold change in Hurst values for
arc detection.

Fig. 9. Proposed detection method block diagram.

TABLE II
PROPOSED METHOD PARAMETERS

The hardware tests performed in Section II were used to test,
validate, and tune the algorithm. The parameters of the detection
algorithm are shown in Table II. Two samples are shown in
Figs. 10 and 11 with the input to the algorithm (current data)
and the output of the algorithm (Hurst exponents). The arcs are
shown with the corresponding Hurst values after filtering. As the
arc starts at t = 0.5 s, a sustained step change above the threshold
in the Hurst exponent values for two or more windows indicates
the arc event.

V. PERFORMANCE VALIDATION OF THE PROPOSED METHOD

In many applications, several system conditions and events
can affect arc detection methods. Sudden load changes, for
example, with high di/dt inject a wide range of frequencies into
the system. Immunity against these abnormal events is essential
for reliable and robust detection. In this section, the proposed
detection method is tested under various abnormal conditions,
including sudden load changes, chaotic load profiles, and switch-
ing noise. In addition, the calculation load and detection rate of
the method are also presented.

A. Load Transient Analysis

Detection of arcing events is based on the Hurst exponent
change and number of windows used. Load changes cause high
frequencies to be injected into the system. Immunity against
load changes is desired to avoid false triggering. The proposed
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Fig. 10. Sample (1) dc arc occurring at t = 0.5 s with corresponding Hurst
exponents.

Fig. 11. Sample (2) dc arc occurring at t = 0.5 s with corresponding Hurst
exponents.

method was tested using two types of loads: sudden load changes
and chaotic load profiles.

Load transients could occur with a slow or high di/dt. Loads
with slow rise time have no effect on the method as they are
filtered out by the BPF. In contrast, loads with high di/dt could
result in a sudden spike in the Hurst exponent values, as shown
in Fig. 12. However, these loads are avoided by using more
than a single time window. The number of windows with high
Hurst values decides whether an arc is detected. To avoid false

Fig. 12. Sudden load change effect on the Hurst exponents. No false trigger
occurs as the Hurst spikes do not satisfy the detection time threshold of two
windows (50 ms).

triggering, the combined time of the Hurst windows need to be
longer than the load change transient time. This ensures that load
changes will not cause high Hurst values during all the selected
Hurst windows. A minimum of two windows (total time: 50 ms)
are needed to avoid load transients false triggering.

Another type of loads is a chaotic load profile. In a vehicle,
driving and steering result in a chaotic current being generated
and consumed by various loads. By obtaining several electric
vehicle load profiles, the immunity against chaotic loads is
tested. Due to the low frequency nature of these profiles (less
than 10 kHz), the BP filtering stage proved sufficient to stop
any miss-trigger events, as shown in Fig. 13. High transients in
the current resulted in single spikes on the Hurst values plot,
which does not false triggers the method. Only a sustained step
change that is larger or equal to two consecutive Hurst values
(adjustable) satisfies the detection threshold value. Fig. 14 shows
a zoomed-in plot of Fig. 13 in the time period 1–8 s for better
visual analysis.

B. Switching Harmonics Immunity

Switching loads are widely used in vehicles and other elec-
trical distribution systems. Unlike other methods, the proposed
detection method has high immunity to switching harmonics.
Through the proposed envelope filtering, switching harmonics
energy is significantly reduced (see Fig. 6 and 7), ensuring that
only arc-ignition energy is large enough to satisfy any detection
threshold. If the switching energy is still significant, no false
triggering can occur because the detection method recognizes it
as background noise. To illustrate this, Fig. 15 shows a dc arcing
event occurring at t = 0.5 s. Switching harmonics were injected
in the waveform using MATLAB, with a magnitude of 15% of
the dc current inside the BPF range at a frequency of 15 kHz
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Fig. 13. Chaotic load profile immunity. No false trigger occurs as the Hurst
spikes do not occur in two or more consecutive windows.

Fig. 14. Chaotic load profile immunity. A zoomed-in capture of Fig. 13.

(BPF range: 10–20 kHz). The corresponding Hurst exponent
shows no false triggering and correctly detects the arc-ignition
event. This was verified using 342 hardware test samples, which
were collected previously and injected with switching noise.

C. DSP Implementation

After the algorithm was validated in MATLAB using the arcs
database, the method was implemented using a DSP. First, the
calculation load required by the proposed method is identified.

Fig. 15. Noisy dc arc occurring at 0.5 s with the corresponding Hurst
exponents.

The processing power needed by the algorithm is mainly decided
by the number of calculations performed for the sampled data,
which is given by

N=
lnn/2
ln2∑

N=0

12n

2N+1
(6)

where n is the number of points per Hurst window. The number
of points mainly depends on the Hurst exponent window size
and the sampling speed. Higher sampling rate results in more
accurate detection but higher calculation load. Table III shows
a comparison of the calculation load for the proposed method
with other methods [9]. The proposed method has a significantly
lower number of calculations compared to the FFT and the
other statistical method. This allows the proposed method to
be implemented on various low-cost DSPs.

A prototype was built to implement the proposed method in
hardware and validate the live detection of arc events. A sensor
board with a BPF was designed and built, as shown in Fig. 16.
The BPF is a second-order single-stage active filter with a slope
of 40 dB per decade. The implemented BPF response is shown
in Fig. 17. The envelop filter and the Hurst estimation were
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TABLE III
CALCULATION LOAD COMPARISON WITH OTHER METHODS

Fig. 16. Arc detector prototype.

Fig. 17. Hardware BPF response. Cutoff frequency: 10–20 kHz. Blue: theo-
retical response. Red: experimental response.

implemented in software using a DSP. A total of 70 arc tests were
performed at room temperature with the arc detector prototype.
A 100% detection rate was achieved with a detection time of
50 ms using two Hurst windows (each window is 25 ms).

A sample test result is shown in Fig. 18. The arc can be
observed occurring at t = 1 s. The DSP outputs a fault flag,
which changes from low to high (0–3.3 V) when an arc is

Fig. 18. Online detection of an arc occurring at t = 1 s using the prototype.

TABLE IV
ARC DETECTOR SPECIFICATIONS

TABLE V
DETECTION RATE

detected. The DSP changes the flag from low to high within
50 ms of the arc ignition. This validates the proposed method
effectiveness for arc detection. Table IV shows the prototype
specifications.

D. Detection Rate

To verify the reliability of the proposed method, a detection
rate study was performed. First, a subset of 352 samples from the
arcs database (room temperature tests) was used with MATLAB
to test the detection rate of the method offline. Several load
profiles were also tested to verify that no false triggering occurs.
Then, the prototype was used to perform 70 tests for online
detection. A summary of the tests is shown in Table V. The Hurst
detection method was able to detect 100% of the arc events with
zero miss-triggers for the arcs from the database (offline) and
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Fig. 19. Effect of the Hurst window size. Larger window results in more stable
values but longer detection times.

the arc detector prototype (online detection) based on the test
conditions from Table I.

E. Parameter Selection

To achieve a reliable arc detection, the detection parameters
need to be properly selected. There are four main parameters
affecting the method performance: BPF cutoff frequencies, en-
velope window, Hurst window, and number of Hurst windows
for detection decision making.

The BPF and envelope filter mitigate the effects of load
profiles and switching noises. Chaotic load-changing profiles are
similar to dc arcs and can cause false positives. Switching noises
acting like background noises can mask dc arc signatures and
cause false negatives. The BPF (or high-pass filter) lower cutoff
frequency is selected to remove low-frequency components in
the load profiles, which is generally below 10 kHz in MHEVs.
The higher cutoff frequency reduces influences of fast load-
changing transients and suppresses high-frequency switching
noises. It is selected as 20 kHz in the filter design.

The Hurst window is defined as the time duration, during
which a Hurst exponent value is calculated. The Hurst window
is selected based on a tradeoff between detection time sensi-
tivity and detection accuracy. At time scales below 10 ms, the
Hurst values become fluctuating due to current sensors limited
bandwidth, sample rate, and signal-to-noise ratio. Increasing the
Hurst window reduces the sensitivity of detection but improves
the Hurst values stability against mis-triggers (false positives).
This is shown in Fig. 19 with an arcing event at 0.5 s. It can be
seen that the Hurst exponent results have a consistent increase

(ΔHth over 0.2) after the arc event when Hurst window is 25 ms
(used in the arc detection). The number of Hurst windows used to
determine a detection result is also a tradeoff between detection
sensitivity and detection accuracy. A minimum of two windows
is required to avoid mis-triggers.

The envelope filter mainly targets periodical switching noises.
The window size of the envelope filter has to be larger than the
period of the lower cutoff frequency of the BPF and smaller
than the Hurst window, as written in (7). Because the BPF
performance is not ideal, this value needs to be about ten times
larger than the period of the cutoff frequency. After the envelope
is applied, a small amount of white noise needs to be added.
The white noise can be about 0.05% to 0.25% of the maximum
system current. If the white noise is too high, the arc signature
becomes harder to detect.

tHurst > tENV > 10/fBPF,low (7)

where tHurst and tENV are the Hurst and envelope window sizes,
and fBPF,low is the lower cutoff frequency of the BPF.

VI. CONCLUSION

An improved detection method for high-impedance dc arcs
using Hurst exponents with a two-stage filtering was proposed.
The proposed detection method has strong system adaptability,
high noise immunity, and low computational requirements. A
dc arc generator setup was built based on a 48-V system, and
more than 1000 tests were performed to generate dc arcs at dif-
ferent electrode diameters, loads, gap lengths, and environment
temperatures. The hardware tests, in addition to chaotic load
profiles and injected switching noise, were used to validate the
method effectiveness and reliability for arc detection. An arc
detector prototype was built, and the method was implemented
on a DSP. It is shown that the method achieves a 50–100 ms
detection time and 100% detection rate for the tests performed.
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