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ABSTRACT The similarity between arc fault current waveforms and nonlinear load currents can lead to
misjudgments in arc fault identification methods that rely on arc current. In response to this issue, this paper
establishes a unified fault criterion based on the conclusion that different types of loads that exhibit similar
magnitudes of load side voltage sag during arc faults. Combined the voltage sag criterion with waveform
criteria, this paper proposes a novel arc fault detection method. The method takes the load side voltage sag
value exceeding the threshold as the detection start condition. After detection starts, the method identifies
faults by calculating the degree of load side voltage waveform distortion using Hausdorff distance algorithm.
Simulations are conducted on five different loads to determine the startup threshold and detection threshold.
Test results show that the fault identification accuracy of the proposed method is 100% under the above
thresholds.

INDEX TERMS Series arc fault, arc voltage, voltage sag, Hausdorff distance.

I. INTRODUCTION
The ignition of distribution circuits is a significant cause of
electrical fires, with over 40% of electrical fires annually
originating from electrical circuitry. Among these incidents,
series arc faults caused by loose terminals, insulation damage,
and conductor impairment stand out as one of the primary
triggers for distribution line fires [1]. In response to this
hidden danger, the National Electrical Code (NEC) in the
USA introduced a mandate through the UL1699 standard
for the implementation of arc fault circuit interrupters
(AFCI) in electrical installations operating on 110 V/60 Hz
power grids in 2002, aiming to bolster their protection.
With the 2022 updates to the UL1699 standard, it is now
compulsory to incorporate AFCIs in all residential electrical
installations [2]. Chinese national standard GB 14287.4-2014
specifies the terms and definitions, classification, require-
ments, tests, inspection rules, markings, and instructions for
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arcing fault detectors installed in electrical circuits of 10 kW
and below in industrial and civil buildings [3].
The arc faults are a major issue not only in high-voltage

power grids [4], but also in smart DC (mainly photovoltaic)
[5] and low-voltage distribution systems [6]. Methods for
detecting AC series arc faults in low-voltage distribution
systems can be categorized as follows: (1) Detection methods
based on physical characteristics of arc such as sound,
light, and magnetism. This method requires the installation
of sensors near the potential locations of arc faults so
its detection range is limited. It is commonly used in
switchgear and difficult to identify arc faults in dispersed
electrical equipment and wiring [7]. (2) Detection methods
based on electrical characteristics. These methods achieve
fault detection by extracting features from fault current
waveforms. It can be used to detect faults occurring on
dispersed electrical equipment and wiring, making it become
research focus in series arc fault detection for power lines [8].
When a protected line experiences an arc fault, the arc

extinguishes near the zero crossing of the current, and
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a ‘‘zero rest’’ phenomenon occurs in the current. During the
zero rest period, high-frequency components appear, which
can be used as a criterion for determining whether an arc
fault has occurred [9], [10]. However, under the condition
of nonlinear load, it can also appear ‘‘zero rest’’ when the
arc fault does not occur, which easily causes misjudgment.
The research work presented in [11], [12], [13], and [14]
utilize signal processing methods to detect the singularity of
fault currents, which has high detection sensitivity. However,
the harmonic content of distribution network current is high,
and the current waveform itself has certain singularity, which
is also prone to misjudgment. With the advancement of
intelligent detection technology, alternative approaches to
identify fault current characteristics involve the application
of artificial intelligence algorithms. The research work
presented in [15], [16], [17], and [18] employ artificial
intelligence techniques to conduct reinforcement learning
on precollected arc current data, followed by using the
well-trained model for arc fault detection. These methods
place high demands on the computational performance of
IED (Intelligent Electronic Devices). Moreover, confirmation
is still needed regarding the method’s generalization capa-
bilities for diverse kinds of loads. Currently, its engineering
practical value needs further evaluation.

The major drawback of arc fault detection methods based
on arc current characteristics lies in the substantial existence
of nonlinear loads, causing normal load currents during
regular operation to present similar fault characteristics as
arc currents, leading to misjudgment, which makes it difficult
to meet the demands for accurate arc fault identification.
As a result, researchers and professionals have in recent
years begun to explore detection methods using arc voltage
characteristics. The researchwork presented in [19] addresses
the challenge of identifying mixed loads by employing
wavelet packet transform to process arc fault voltages,
partially solving the problem resulting from mixed loads.
However, the choice of different wavelet bases significantly
has strong impacts on the detection results. The research
work presented in [20] uses harmonics generated by arc
voltage to detect arc fault. However, the experimental loads
are not enough to verify the effectiveness of the method.
The research work presented in [21] introduces a differential
voltage detection method using upstream and downstream
dual monitoring points. It detects faults by analyzing the
voltage changes between these points, offering a promising
solution. However, it requires synchronously sampling in
multiple points, which limits its applicability in low-voltage
distribution networks. Artificial intelligence technique also
has been introduced to detect arc fault voltage [22]. But it
has the same drawback as mentioned in [15], [16], [17],
and [18].
In response to the challenges existing in series arc fault

detection as described above, an in-depth analysis of the
influence of arc resistance on the load-side voltage is
conducted by establishing a mathematical description of
series arc faults. Furthermore, a novel method for arc fault

detection is proposed based on voltage sag characteristics and
the Hausdorff waveform similarity algorithm.In this method,
the voltage sag value on the load side is used as a triggering
condition. The detection process involves calculating the
Hausdorff similarity between the arc voltage waveform and
a sine waveform to determine the occurrence of a series
arc fault. Finally, an arc simulation model is established
using MATLAB/Simulink to validate the effectiveness of the
proposed detection method through simulations. This method
is expected to address the difficulties posed by existing
methods in recognizing nonlinear loads.

II. ARC FAULT DETECTION BASED ON LOAD SIDE
VOLTAGE SAG
A. ANALYSIS OF FAULT CHARACTERISTICS OF SERIES ARC
Arc is a high-temperature, high-brightness discharge phe-
nomenon usually caused by gas discharge between two
electrodes. Arcs can be divided into three stages: arc ignition,
arc combustion, and arc extinction. Gas discharges occur
when a sufficient voltage is applied between the electrodes,
ionizing the gas around the electrode surfaces and forming
a plasma cloud. This process is known as ‘‘arc ignition’’.
During this stage, the arc current is low, and the resistance
between the electrodes is high.

In the arc burning stage, both the arc current and
temperature rapidly increase. Since a millimeter-scale gap
is enough to extinguish the arc, the distance between the
two contacts in a series arc must be very close to maintain
combustion. This allows us to ignore the arc column voltage
drop and consider the arc voltage drop as dependent on the
near-electrode region voltage drop. Andwhen the arc is stably
burning, its voltage drop does not vary much with current,
allowing it to be approximated as a constant. For air as the
medium, commonly used copper electrode materials can be
assumed as U0 ≈ 20V [23]. As the current decreases, the
arc enters the arc extinction stage, continuing until the arc is
completely extinguished, accompanied by the sharp increase
of the resistance between the electrodes.

Based on the analysis above, in the case of a series arc fault
occurring in low-voltage distribution lines, it can be regarded
as a non-linear resistor connected in series in the line. The
resistance value of this resistor varies with the current and
changes during the arc burning, with a variation period of
half a cycle. According to the arc discharge process, the arc
resistance can be divided into 3 stages. 0−t1 represent the arc
ignition stage. t1− t2 and t3− t4 represent the arc combustion
stage. t2 − t3 represents the arc extinction and re-ignition
stage. t4-0.02s represents the arc extinction stage. In the arc
combustion stage, the rate of change of arc resistance is
relatively small and tends to stabilize. In the arc extinction and
ignition stage, the rate of change of arc voltage is significant,
while the arc current is nearly zero, causing the arc resistance
to approach infinity.

During the arc combustion stage, the arc resistance under-
goes relatively small variations and can be approximated as
a constant, affected by the load. Using the minimum arc
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resistance represents the resistance value of this stage. Based
on the simulation results, arc resistance in combustion stage
can be represented as a function of the load through fitting
function as follows.{

Rmin = Rarc(t) = 0.113R+ 0.00072X2

(t1 < t ≤ t2, t3 < t ≤ t4)
(1)

where R represents load resistance and X represents load
reactance.

The resistance of the arc during the arc ignition and
extinction stages can be obtained from the Cassie arc
model [24]:

d ln g
dt

=
1
τ

(
u2 − U2

c

U2
c

)
(2)

where arc resistance Rarc(t) = 1/
g,τ represents the arc time

constant, u represents arc voltage, and Uc represents the
arc voltage constant. For the sake of convenience, the arc
extinction and reignition stage between t2 and t3 was selected
for arc resistance calculation. After integrating both sides,
we can obtain the formulas for the arc resistance during the
arc ignition and extinction stages.

Rarc(t) =
1

e
1
τ
(
∫ t
t2
dt+ 1

Uc2

∫ t
t2
u2dt)

(3)

When the current is in the ‘‘zero rest’’ phase, the recovery
voltage across the arc gap can be neglected. Assuming a
moment in time, denoted as t = t2, when an arc fault occurs
in the circuit, and considering that the arc resistance cannot
undergo a sudden change, Rarc(t) = R(t2) is met at this
time, the equation for Rarc(t) during the extinction stage is
as follows:

Rarc(t) = Rmin
1

e
1
τ
(t2−t)

, t2 ≤ t < 0.01s (4)

where Rmin represents the initial resistance value during
extinction.

Similarly, the resistance during the arc reignition can be
expressed as:

Rarc(t) = Rmax
1

e
1
τ
(t3−t)

, 0.01s ≤ t < t3 (5)

where Rmax represents the maximum value during arcs.
Rmax can be approximated by the following fitting function.

Rmax = Rarc(t = 0.01s) = 3620R+
8100
X

R2 − 2440X (6)

The resistance of the arc in the arc ignition, combustion,
and extinction stages can be segmented as follows:

Rarc(t) =


0.113R+ 0.00072X2,0 < t < t1
Rmin

1

e
1
τ (t2−t)

,t2 < t < 0.01s

Rmax
1

e
1
τ (t4−t)

,0.01s < t < t3
(7)

It is noted that the arc resistance in the extinguishing-arc
stage in Equation (7) changes exponentially. And the arc time
constant is usually very small, on the order of 10−4s [24],

FIGURE 1. Schematic diagram of arc voltage and arc resistance.

FIGURE 2. Series arc fault equivalent circuit.

which means that the arc resistance in this stage will rise to
over 104 ohms in a very short time. Therefore, the arc current
is almost zero for most of the time in this stage. To facilitate
the analysis of load side voltage influenced by arc resistance,
the expression of arc resistance in Equation (7) is simplified to
obtain the segmented expression of arc resistance represented
by half-cycle as shown in Equation (8).

Rarc(t) =


∞, 0 < t ≤ t1

0.113R+ 0.00072X2, t1 < t ≤ t2
∞, t2 < t ≤ 0.01s

(8)

The access of arc resistance Rarc(t) will have an impact
on the magnitude of the load terminal voltage. Uses us(t) =

−Um sin(100π t) represent the system side voltage, u(t)
represent load side voltage. Figure 1 depicts the schematic
diagram of the phase relationship between voltage u(t),
us(t) and arc resistance Rarc(t). Assuming no energy storage
components existing on the load side, and neglecting the line
voltage drop.

As shown in figure 1, during the arc ignition (0 − t1) and
arc extinction stages (t2 − 0.01) depicted in the diagram,
the arc resistance is effectively infinite, rendering the circuit
effectively open, and since there are no energy storage
components at the load side, the voltage on the load side is 0.

However, during the arc combustion stage (t1 − t2), as the
equivalent resistance of the arc Rarc(t) is relatively small, the
voltage drop across the arc resistance is relatively small too.
As a result, the load side voltage exhibits a sine waveform
with an amplitude lower than that of the system side voltage.

B. ARC FAULT DETECTION BASED ON LOAD SIDE VOLTAGE
SAG
The influence of series arc resistance on voltage distribution
can be reflected in the phase voltage of the faulted phase,
therefore, theoretical analysis can be conducted using a
single-phase system. The equivalent circuit for a series arc
fault is depicted in Figure 2.
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Among which, the point of connection between the
distribution network and the power grid can be considered
to have a grid voltage unaffected by the load. In the analysis
of arc faults, the voltage at this point can be equivalently
represented as a constant voltage source us(t) of 220V. The
magnitude of the system side voltage uM (t) is equal to the
value of the grid voltage substracted by the voltage drop
across the impedance of the system side line, as given by:

uM (t) = us(t) − i(t)Rs − Ls
di(t)
dt

(9)

During an arc fault, an equivalent nonlinear resistor Rarc(t)
is introduced into the circuit, resulting in a reduction in the
RMS value of the current i(t). For the system side voltage
uM (t), due to the fact that the impedance of the system side
line is typically less than 5% of the total circuit impedance,
the voltage drop on the system side caused by current
reduction generally does not exceed 1V. Consequently, the
fault voltage sag is not very pronounced. As a result, the fault
cannot be detected effectively on relying on the system side
voltage uM (t).

However, for the load-side voltage uN (t), before the fault
occurrence, it is determined as the system side voltage uM (t)
minus the voltage drop across the line impedance, as given
by equation (10). After an arc fault, an equivalent nonlinear
resistor is introduced into the circuit, and the load-side
voltage úN (t) is calculated as the system side voltage uM (t)
minus the combined voltage drops across the line impedance
and the arc resistance, as shown in Equation (11).

uN (t) = us(t) − i(t)(Rs + R1 + R2) − (Ls + L1 + L2)
di(t)
dt
(10)

u′
N (t) = us(t) − i(t)(Rs + R1 + R2 + Rarc(t))

− (Ls + L1 + L2)
di(t)
dt

(11)

Due to the fact that the resistance of the arc is greater
than the line resistance, a noticeable voltage division occurs
during the arc fault. During an arc fault, there is an evident arc
fault voltage drop of about 15-20V at the location of the arc
occurrence. The voltage drop across the line equals the sum of
the normal line voltage drop and the arc voltage. As a result,
at the load-side monitoring point, a voltage sag of around
15-25V occurs. The fault voltage detected at the load side
falls below the voltage range during normal operation. This
voltage sag due to the arc fault is very distinct.

From the above analysis, it becomes evident that a
discrepancy exists in voltage magnitudes between the system
side voltage and the load side voltage when a series arc
fault occurs in a low-voltage distribution line. Consequently,
if the difference between the load side voltage magnitude
during such a fault and the load side voltagemagnitude during
normal operation can be detected, it becomes possible to
address the challenge of distinguishing between the operation
of nonlinear loads and series arc faults.

III. ANALYSIS OF VOLTAGE SAG CHARACTERISTICS AT
THE LOAD-SIDE
Although voltage sag at the load side is a significant feature
of series arc faults, it is important to note that there are various
causes of voltage sags in low-voltage distribution networks.
Therefore, for the purpose of exploring the feasibility of
utilizing this phenomenon for the purpose of detecting arc
faults, it is necessary to conduct in-depth research into
the characteristics of load side voltage sags in low-voltage
distribution networks.

In actual systems, the main factors contributing to
significant voltage sags include system short-circuit faults
(FRS, Fault Related Sags), as well as scenarios like heavy
load startup and induction motor starting [25], [26]. Among
these, FRS events are characterized by their long propagation
distance, large sag amplitude, and rapid drop and recovery.
Considering that short-time delay overcurrent release in
distribution networks usually respond promptly to system
short-circuit faults, it can be assumed that the short-time delay
over-current release in the distribution network takes action
before the arc fault detection devices. Therefore, the influence
of voltage sag phenomena due to system short-circuit faults
on arc fault identification is not considered in this paper.

Scenarios causing voltage sags during normal operation
of the system include instances like heavy load access
and asynchronous motor starting. Compared to short-circuit
faults, the voltage sag amplitudes resulting from these
factors are generally smaller, but they can persist for longer
durations.

To determine whether voltage sags resulting from actions
like heavy load switching and asynchronous motor starting
could lead to misjudgment of arc fault detection methods
based on voltage sags, it is necessary to conduct a compara-
tive analysis among the voltage sag phenomena during heavy
load accessing, asynchronous motor starting, and the voltage
sag phenomena during the occurrence of arc faults.

TABLE 1. Low-voltage distribution network cable parameters.

In low-voltage distribution networks, the supply radius is
generally short, and the line impedance is low. Considering
the low-voltage distribution network cable parameters pre-
sented in Table 1 and using Equation (10) to calculate the
voltage drop based on the cable’s rated current, it is found
that:

According to the requirements of low-voltage distribution
network design standards, when the distribution network line
reaches a maximum distance of 250m, the line voltage drop
does not exceed 6V. Build the circuit shown in Figure 2 in
MATLAB/Simulink, use impedance Zs connected to constant
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voltage source to simulate the voltage drop on the system side.
The distribution branch uses 4mm2/100m cable in Table 1,
and the distribution trunk uses 10mm2/150m cable in Table 1.
Based on the above setup, simulate line overload by changing
the load power. The simulation results show that the load
access voltage drop in this extreme scenario is 8.166V. This
value is still smaller than the voltage sag caused by series arc
faults. Therefore, it is possible to distinguish between heavy
load switching and arc faults by setting appropriate threshold
values.

It should be pointed out that, nonlinear loads such as
power electronic loads are prone to misjudgment in arc
detection methods based on current waveforms due to the
high harmonic content of their working current. However,
in the proposed method, the voltage sag during the access
of such loads will not exceed the starting threshold, and
the detection will not start. This is because no matter how
variable the current waveform of a nonlinear load is, the
RMS of its current only depends on its power, resulting in
a relatively constant voltage sag. Simply put, the voltage
sag values of a 1000W linear load and a 1000W nonlinear
load should be similar, and nonlinear loads will not bring
additional difficulties to detection. In summary, the proposed
method has found a way to avoid misjudgment caused by
nonlinear loads.

If a large-capacity asynchronous motor is accessed to
the load side and is started at full voltage, the starting
current can reach a value of 500% to 800% of the full load
current. During the initial moments of starting, the current
can exceed the rated current of the cable. When this high
current passes through the line impedance, it causes a drop
in voltage, resulting in a voltage sag phenomenon. This type
of voltage sag is known as MSRS (Motor Starting Related
Sags), which are related to the starting of electric motors [27],
[28]. In direct starting of asynchronous motor, the voltage
sag is most severe during the initial moment of starting. The
load-side voltage experiences a substantial voltage sag, which
then gradually rises as the motor speed increases.

Considering a calculation based on an extreme starting
current of 8 times the rated current, for example, in the case
of a 4kW motor with a rated speed of 1430 RPM, the voltage
sag amplitude during motor starting can reach up to 15V.
This amplitude is similar to the voltage sag amplitude during
an arc fault. In this scenario, the methods relying on voltage
sag values only to differentiate between asynchronous motor
starting and arc faults could lead to misjudgments.

From the analysis above, it can be concluded that setting
a sag threshold can help differentiate between the voltage
sags caused by common non-asynchronous motor loads and
those caused by arc faults. However, relying solely on voltage
sag characteristics is not effective in distinguishing between
asynchronous motor starting and arc faults. Therefore, it is
necessary to further integrate information regarding the
amplitude of load-side voltage sags and the waveform
characteristics of load-side voltage to accurately identify arc
faults.

FIGURE 3. The load-side voltage waveform of asynchronous motor
starting and series arc fault.

IV. A METHOD FOR SERIES ARC FAULT DETECTION
BASED ON VOLTAGE SAG CHARACTERISTICS AND
HAUSDORFF SIMILARITY
To address the problem where voltage sag values during
asynchronous motor starting closely resemble those during
arc faults, it is necessary to utilize the fault waveform char-
acteristics to further distinguish between above scenarios,
and an arc fault detection algorithm that combines voltage
sag features with waveform characteristics is proposed
correspondingly.

A. IDENTIFICATION OF ASYNCHRONOUS MOTOR
STARTING AND SERIES ARC FAULTS BASED ON
HAUSDORFF DISTANCE ALGORITHM
During an arc fault, the load-side voltage will significantly
deviate from a sinusoidal waveform, as shown in Figure 1.
This deviation is primarily characterized by the appearance
of a step or discontinuity at a certain position in the voltage
waveform. The specific waveform changes vary based on
different load types.

During the starting of an asynchronousmotor, the load-side
voltage is equal to the value of the grid voltage minus the
voltage drop across the line impedance, as given by equa-
tion (10). While the distorted current waveform can introduce
a slight distortion in the load-side voltage waveform due to
the voltage drop across the line resistance, the impedance of
low-voltage distribution lines is relatively small. This means
that the distortion caused by the voltage drop across the
line impedance is limited. As a result, the load-side voltage
waveform during asynchronous motor starting approximates
a standard sinusoidal waveform, as shown in Figure 3.
Therefore, it is possible to differentiate between asyn-

chronous motor starting and arc faults by analyzing the
distorted characteristics of the load-side waveform during
arc faults. To detect the degree of distortion in the load-side
voltage waveform, this paper proposes a method for fault
identification based on the Hausdorff distance algorithm.

Hausdorff distance is a measure of the similarity between
two sets of points [29]. Assuming there are two sets of point
sets A and B:

A = {a1, . . . , an} (12)

B = {b1, . . . , bn} (13)
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FIGURE 4. Hausdorff distance algorithm calculation flow chart.

Calculate and compare the Euclidean distance between a
point in set A (such as ai) and all points in set B, and find the
closest point bj to ai, so that bj satisfies:∥∥ai − bj

∥∥ ≤ ∥ai − bk∥ , 1 ≤ k ≤ n, k ̸= j (14)

Among them, represents the Euclidean distance between
two points. The minimum Euclidean distance of the corre-
sponding point in the above equation is:

min
b∈B

∥ai − b∥ =
∥∥ai − bj

∥∥ (15)

For all elements in set A, the maximum value that satisfies
equation (16) is the Hausdorff one-way distance from set A
to set B, which is:

h(A,B) = max
a∈A

min
b∈B

∥a− b∥ (16)

By analogy, the Hausdorff one-way distance from set B to
set A is:

h(B,A) = max
a∈B

min
b∈A

∥a− b∥ (17)

Define the Hausdorff distance H (A, B) between point set
A and point set B as

H (A,B) = max[h(A,B), h(B,A)] (18)

The Hausdorff distance between point sets A and point
sets B is the larger of the one-way Hausdorff distances from
A to B and from B to A. The Hausdorff distance value
H(A,B) is the result of determining the similarity between the
two point sets. A larger H(A,B) indicates a lower degree of
similarity between point sets A and B. Figure 4 illustrates the
calculation process of the Hausdorff distance.

Utilizing the Hausdorff distance algorithm for fault identi-
fication involves comparing a template waveformwith amea-
sured waveform. Considering the characteristics where arc
fault waveforms deviate from sinusoidal and asynchronous
motor starting waveforms approximate sinusoidal, this paper
chooses a sinusoidal waveform as the template for calculating
the Hausdorff distance.

In this method, the criterion is designed by calculating the
Hausdorff distance between the load-side voltage waveform
and the sinusoidal waveform template. When the load-side
voltage waveform undergoes distortion, leading to the
Hausdorff distance between the load-side voltage waveform
and the standard sinusoidal waveform template exceeding the
threshold, an arc fault occurrence is identified successfully.

B. SERIES ARC FAULT DETECTION PROCESS BASED ON
VOLTAGE SAG AND HAUSDORFF DISTANCE ALGORITHM
The criterion using voltage sag characteristics for fault
identification is simple, with strong universality. Setting it as
the triggering condition for detection ensures that detection
does not initiate during normal operation, which reduces the
frequency of detection start-ups and enhances the accuracy of
identification.

To address potential false start-ups caused by excessive
voltage sag values during asynchronous motor starting,
the Hausdorff distance algorithm calculates the Hausdorff
distance between the voltage waveform and the sinusoidal
waveform as soon as the detection is initiated. The calculated
Hausdorff distance is denoted as ‘‘H value’’. It is classified
as normal system operation if the load-side voltage sag value
exceeds the threshold while the H value remains within
the threshold. If both the load-side voltage sag value and
the H value exceed their respective thresholds, an arc fault
occurrence can be determined.

The concrete detecting process is as follows:
1) Real-time sampling of the load side voltage is conducted

based on a sampling frequency of 10kHz, resulting in a sam-
pled array of load side voltage values u = [u1, u2, · · · , un].
Wherein, the sampling array contains 2 cycles at 50Hz
(0.04s), which consist of 400 sampling points (n =

400). Additionally, the maximum voltage value umag =

max[u1, u2, · · · , un] within the voltage array is recorded.
2) The root mean square (RMS) value of the load side

voltage is calculated, along with the voltage sag value
from the present moment compared to the previous power
frequency cycle (20ms ago). The calculation formula for
load-side voltage sag is as follows:

Usag(T ) = U (T ) − U (T − 1)T = 1, 2, 3, · · · n (19)

where, Usag(T ) represents the voltage sag value, U (T ) is the
RMS value of the load-side voltage for the current cycle, and
U (T − 1) is the RMS value of the load-side voltage for the
previous cycle.

Using voltage sag valueUsag(T ) exceeding a thresholdUset
as the triggering condition for detection. When an arc fault
occurs, the voltage drop should meet the following condition:

Usag(T ) ≥ Uset (20)

3) Construct a sinusoidal waveform template with an
amplitude equal to the load-side voltage amplitude Umag.
The mathematical expression for the sinusoidal waveform is
y = Umag sin(2 ∗ π ∗ 50 ∗ ti). Save the sinusoidal values at
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FIGURE 5. Fault detection flow chart.

each time point ti in an array to obtain a discrete sequence of
the standard sinusoidal waveform y = [y1, y2, · · · , yn].
4) To calculate the H value within a single cycle, it is

necessary to align the data moments of the load-side voltage
sequence and the standard sinusoidal waveform sequence.
Given that both are sinusoidal waveform variations, align-
ment can be achieved by synchronizing their maximum
values. The steps for this process are as follows:

a) Identify the maximum values of both sequences y =

[y1, y2, · · · , yn] and, and record the moment when the
maximum value occurs.

b) Calculate the time difference between the moments of
the two maximum values, which corresponds to the number
of sampling intervals between them.

c) For the waveform with the maximum value occurring
earlier, align it with the waveform that has the maximum
value occurring later by shifting the data points to the right.
The distance of the shift equals the number of sampling
points corresponding to the time offset. This process results
in the phase-aligned sequences y′ = [y1, y2, · · · , yn] and
u′

= [u1, u2, · · · , un].
5) Calculate the Hausdorff distance between the load-side

voltage sequence u′
= [u1, u2, · · · , un] and the standard

sinusoidal waveform sequence y′ = [y1, y2, · · · , yn]. Using
Hset to represent the threshold, the following conditions
should be met when an arc fault occurs:

H (u′, y′) > Hset (21)

whereH (u′, y′) represents theHausdorff distance between the
load-side voltage and the standard sinusoidal waveform, and
Hset represents the detection threshold.

6) The the detection action delay 1t can be set according
to the criterion below: To prevent false detection caused by
network short-circuit faults, the action delay 1t should be
greater than the operating time of the protection device.

7) If the H-value exceeds the threshold twice within half
a cycle of the waveform, which means it is detected twice
during a single frequency cycle, the action delay procedure
is initiated. When the delay period is reached, a signal
indicating fault occurrence is generated.

Figure 5 depicts the detection process flowchart for series
arc fault detection based on voltage sag characteristics and
the Hausdorff distance algorithm.

C. CRITERIA SETTING
Regarding the setting of the startup threshold Uset and
the detection threshold Hset , the specific value for Uset is

provided here along with the setting approach for Hset . The
value setting for Hset will be presented in the subsequent
simulation experiments.

1) USET SETTING
Based on the analysis from the previous section, the
conclusion can be drawn that the chosen startup threshold
Uset should effectively identify the voltage sags caused by
load connection other than three-phase asynchronous motor
starting from the voltage sags due to arc faults. The design
of the startup threshold should prioritize reliable detection
initiation when an arc fault occurs, even if it results in some
permissible false starts due to load connection. Therefore,
the reliability coefficient should not be set excessively high,
ensuring reliable initiation of protection in the event of an arc
fault:

Uset = Umax · Krel (22)

where Uset is the startup threshold, Umax is the maximum
voltage sag due to load connection, and Krel is the reliability
coefficient. The principle of selecting a reliability coefficient
is to ensure reliable detection startup reliably when a
fault occurs. Moreover, the detection false start caused by
normal operating voltage drop can be distinguished from arc
faults through Hausdorff distance comparison, so selecting a
small Krel will not affect the detection accuracy. Therefore,
we select a reliability coefficient of 1.2 here to balance high
detection accuracy and few false startup times.

Based on the calculated results, the maximum voltage
sag due to load access is 9V. Using equation (22), we can
determine that the set startup threshold Uset is 10.8V.

2) HSET SETTING
The setting of the detection threshold Hset should ensure that
it can prevent false triggers under the most adverse conditions
of direct starting of asynchronous motors while accurately
identifying arc faults.The starting methods of asynchronous
motors can be divided into direct starting and partial voltage
start. Usually, for residential buildings analyzed in this
paper, there will not be high-power asynchronous motors on
the load side. For small asynchronous motors, the starting
method used is direct starting. Therefore, the authors take
the maximum asynchronous motor capacity (7.5kW) that
allows direct starting as the research object to determine
Hmax. We use the H value of the starting of the 7.5 kW
asynchronous motor as Hmax, and then multiply it by the
reliability coefficient Krel2 to set the detection thresholdHset .

Hset = Hmax · Krel2 (23)

where Hmax is the maximum H value during the starting
process of the asynchronous motor; Krel2 is the reliability
coefficient.

Based on the waveform analysis in Section III, it can
be found that the degree of waveform distortion during arc
faults is much greater than that during asynchronous motor
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FIGURE 6. Residential building power distribution network.

starting. Therefore, selecting a larger reliability coefficient
can ensure that the detection will not mal-operate during
normal operation of the distribution network, and will
not affect the accuracy of fault detection. The reliability
coefficient in this paper is taken as 2.

Specifically, the Hausdorff distance H value between the
asynchronous motor startup waveform and the standard sine
waveform can be calculated through extensive experiments.
Based on the experimental results, the specific value of the
detection threshold Hset will be determined. This process
aims to effectively achieve the logical judgment mentioned
above.

3) 1T SETTING
Short-time overcurrent release are the devices used in
distribution networks to protect lines and equipment from the
harmful effects of short-circuit currents. They automatically
disconnect the circuit after a certain time delay. The purpose
of this time delay is to achieve coordinated operation between
upstream and downstream circuit breakers, preventing from
override tripping. The operation time t of a short-time
overcurrent relay typically has three settings: 0.2 seconds,
0.4 seconds, and 0.6 seconds. These settings can be chosen
and adjusted based on different protection requirements.

The design of the action delay 1t for arc fault alarms
should be coordinated with the operation time t of the
short-time overcurrent release to avoid to be triggered by
general faults. The action delay 1t is designed as 1t =

t + 0.2 seconds.

V. SIMULATION VERIFICATION
A. SIMULATION MODEL
Take a residential building distribution networks as an
example, a simulation model is established based on
Matlab/Simulink for the purpose of conducting simulation
experiments on the proposed arc fault detection method. The
simulation is carried out according to the configuration of
the residential building distribution feeder diagram shown in
Figure 6. The 1st outgoing line of the 1st distribution panel

is selected as the test object. Table 2 and Table 3 provide the
parameters of the line impedance and the types of test loads.

TABLE 2. Main parameters of test cable.

TABLE 3. Main parameters of test load.

Conducting arc fault simulations in MATLAB/Simulink
based on the Cassie arc model. The model is based on a
220V, 50Hz power supply and includes harmonic sources of
3rd, 5th, and 7th order with RMS values of 5V, 3V, and 2V,
respectively. Each harmonic source has an initial phase angle
of π /6, π /3, and π /2, respectively. The voltage transducer
operates at a sampling frequency of 10kHz. The simulation
of series arc faults is carried out using the Cassie arc model.

B. VERIFICATION OF VOLTAGE SAG CHARACTERISTICS
First, the voltage sag scenario in the load access is tested.
Before the load access, the branch l1 is unloaded, and then
the test load specified in Table 3 is connected to the branch l1.
Record the voltage values at the load side before and after
load access. The voltage sag values before and after access
are shown in Figure 9.

Apply a series arc fault in branch l1 and record the load
side voltage waveform and voltage sag values before and after
the arc fault occurs under different load conditions. Simulate
an arc fault occurring at 0.06 seconds and obtain the load
side voltage waveform as shown in Figure 7. The voltage sag
value during the fault and the voltage sag value during load
connection are depicted in Figure 8.

From Figure 8, it can be observed that before the fault
occurs, the load side voltage waveform is a standard sine
wave. After the fault, the load side voltage waveform deviates
from the sine wave, exhibiting a step-like or distorted pattern
at a certain point in the voltage waveform. The waveform
characteristics are diverse from each other among various
load types. Based on Figure 8, it is evident that in the scenario
of load access, except for the asynchronous motor starting,
the voltage sag values are relatively small. Among them, the
smallest sag value is Usag = 4.22V for load A access, and
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FIGURE 7. Load side voltage waveform of series arc fault.

FIGURE 8. Comparison of the voltage sags of series arc fault and load
access.

the largest sag value is Usag = 8.13V for load C access, both
of which are smaller than the threshold. However, during
asynchronous motor starting, the load side voltage sag is
Usag = 15.8V, exceeding the threshold.

When an arc fault occurs, despite different load types,
the voltage sag values before and after the fault are similar,
ranging from 15 to 20V. Among them, the smallest voltage
sag during an arc fault is Usag = 16.24V for load A, and the
largest is Usag = 20.84V for load C. The voltage sag during
an arc fault is higher than the sag values during the access
of loads A to D, and it is similar to the voltage sag during
the starting of load E. The voltage sag during the starting of
load E and during an arc fault is both greater than the given
threshold Uset .

Based on the above analysis, it can be concluded that the
voltage sag values during the load access are all smaller than
the start threshold, indicating that the detection procedurewill
not be triggered. On the other hand, both the asynchronous
motor starting and the occurrence of an arc fault result in
voltage sag values greater than the start threshold, triggering
the detection. Using the load side voltage sag as the detection
start condition ensures that detection is not triggered during
normal operations, except for asynchronous motor starting.

C. VERIFICATION OF ARC FAULT DETECTION METHOD
BASED ON HAUSDORFF DISTANCE ALGORITHM
1) PARAMETER SETTINGS
The fault characteristics of the load side voltage during
an arc fault mainly manifest as local distortion features.
To capture the localized fault features, it is of importance not
to choose an excessively large data window for calculating
the Hausdorff distance. Otherwise, the localized features
of the fault waveform might not be adequately reflected.

FIGURE 9. H value of starting voltage of three-phase asynchronous motor.

The data window for calculating the Hausdorff distance
is chosen as 0.05 cycles, which corresponds to 1 ms.
Through experimental comparisons, this data window length
effectively captures the localized waveform features while
maintaining stable outputs for the detection algorithm.

2) STARTING OF THREE-PHASE ASYNCHRONOUS MOTOR
Using the Hausdorff distance algorithm to detect arc faults
involves several steps. First, calculate the Hausdorff distance
of the voltage waveform during the starting of a three-phase
asynchronous motor. Next, calculate the Hausdorff distance
when an arc fault occurs. Finally, compare the calculated
Hausdorff distances of these two scenarios and set the
detection threshold accordingly.

The three-phase asynchronous motor is started using the
direct starting method with the maximum starting current,
leading to a significant voltage sag during the starting
process. This can lead to false detection. In general, motors
with small power (less than 7.5 kW) and infrequent starts are
allowed to be directly started. Therefore, in the simulation,
two different power motors, one with 4 kW and 1430 RPM,
and the other with 7.5 kW and 1440 RPM, will be subjected
to direct starting tests.

Figure 9(a) depicts the A-phase voltage waveform during
the asynchronous motor starting process. Upon observing the
waveform, it can be noticed that the phase voltage gradually
recovers during the motor’s starting process, exhibiting some
fluctuations in amplitude during the recovery. This phe-
nomenon is attributed to the fact that the rotor electromotive
force is initially small during the start, resulting in significant
amplitude of phase current. Consequently, the line voltage
drop is substantial, leading to a smaller amplitude of the
load side voltage. As the motor’s speed increases, the rotor
electromotive force also rises, eventually approaching the
load side voltage. As a result, the fluctuations in the amplitude
of the motor’s phase voltage decrease gradually, ultimately
keeping unchanged. For calculating the Hausdorff distance,
the voltage waveform of the subsequent period after the
occurrence of the voltage sag is selected. During this period,
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the amplitude fluctuations are small, and the waveform is
relatively stable.

Figure 9(b) illustrates the voltage waveform of the
subsequent period after the voltage sag occurrence, along
with the reference sinusoidal waveform that matches the
amplitude of the voltage waveform. It is evident from the
figure that the two waveforms exhibit high similarity in their
shapes.

Figure 9(c) depicts the calculated results of the Hausdorff
distance for the selected computation period. The Hausdorff
distance calculated between the voltage waveform and the
reference sinusoidal waveform is referred to as the H-
value. The results indicate that the H-value output remains
stable after the asynchronous motor starts. For the 4kW
asynchronous motor, the maximum computed period H-value
is 4.81, while for the 7.5kW asynchronous motor, the
maximum computed period H-value is 19.63. It is evident
that the larger the motor’s power, the greater the computed
H-value within the calculation period. Since the maximum
starting power for the direct starting method is typically
limited to 7.5kW, the most unfavorable factor for detection
shall be the 7.5kW asynchronous motor’s start-up, its
maximum H-value during starting process is 19.63.

Based on the above results, the detection threshold for
the Hausdorff distance is set to Hset = 39.26. It should be
noted that this is the detection threshold of the preliminarily
setting, and the detection effect of this threshold needs further
simulation and test. If the detection effect is not good,
it is necessary to further modify this threshold to meet the
requirements of fault detection.

3) SERIES ARC FAULT
Based on the conclusions drawn from the analysis of arc
fault waveform characteristics in Section V-B, it is evident
that the fault characteristics are more prominent in nonlinear
and inductive loads, while resistive loads exhibit less distinct
fault characteristics. To ensure the sensitivity of detection,
the case that an arc fault occurs in resistive load A with
the least distinct fault characteristics, is selected as the most
unfavorable scenario for the purpose of detection. In this
scenario, the H-value of the load side voltage after the
occurrence of an arc fault in resistive load A is calculated.

Figure 10(a) illustrates the voltage waveform during an arc
fault occurrence in a resistive load A. In the initial stage of
the fault, the voltage amplitude drops to a lower level when
the arc is conducting, and there is a certain ‘‘zero rest’’ time
during voltage zero crossings. The voltage waveform in the
subsequent period after the occurrence of the arc fault is
chosen to calculate its Hausdorff distance.

Figure 10(b) illustrates the voltage waveform of the
subsequent period after the voltage sag along with the
template sinusoidal waveform. There is a noticeable ‘‘zero
rest’’ time in the fault voltage at the load side, and there
is a distinct waveform disparity compared to the standard
sinusoidal waveform.

FIGURE 10. H value of voltage of series arc fault.

FIGURE 11. Comparison of the H value of three-phase asynchronous
motor starting and series arc fault.

Figure 10(c) illustrates the computed results of the
Hausdorff distance for the selected calculation period. The
results reveal that during the fault at the load terminal voltage
within the calculation period, the voltage at the load side
remains at 0V for approximately 0.1 cycles around the zero-
crossing time. Within this window, the voltage waveform
significantly deviates from the template sinusoidal waveform,
resulting in the maximumH value of 56.35.When the voltage
at the load side reaches its peak value, the voltage matches the
amplitude of the template sinusoidal waveform, yielding the
minimum H value of 4.32. The maximum and minimum H
values repeat twice within a single cycle.

4) VERIFICATION OF DETECTION EFFECT
Figure 11 compares the magnitudes of H values during
the asynchronous motor starting process and during the
occurrence of a series arc fault. As shown, it is evident
that the H value during a series arc fault is significantly
greater than that during asynchronous motor starting. The H
value during a series arc fault oscillates periodically between
4.32 and 56.35. Within a single cycle of H value calculate
result H = [H1,H2, · · · ,H20], there are five data points
that exceed the detection threshold Hset . Additionally, every
half cycle, there is one occurrence of H value exceeding
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FIGURE 12. Arc detection with different data windows.

the threshold. According to the detection procedure, this
indicates the presence of an arc fault. On the other hand,
the H value during asynchronous motor starting remains
consistently below the detection threshold Hset , avoiding the
frequent pick-up due to motor starting.The above simulation
results show that the threshold setting of the preliminary
setting threshold is reasonable and is able to identify arc fault.

Set resistive arc faults in the line, and simulate the change
of H value under different data window lengths as shown in
Figure 12. As can be seen from Figure 12, the fluctuation of
H value is greater when the data window is long. Among
them, the large data window length of Figure12(c) can no
longer reflect the periodic fault characteristic of arc voltage.
This is because the data window contains both zero rest area
and sine wave area. It can also be seen that the smaller
the data window, the better the algorithm reflects the partial
features. However, the smaller the data window, the higher the
requirement for sampling frequency. Excessive sampling rate
will increase the application cost of the method, which is not
conducive to engineering practicality. Therefore, under the
condition that both 0.5ms and 1ms data windows can output
stable H values and reflect the periodic fault characteristic of
arc voltage, the 1ms data window was ultimately selected to
reduce the sampling rate requirement of the method.

5) COMPARISON WITH SIMILAR METHODS
In order to demonstrate the superiority of the proposed
method, a comparative experiment was conducted between
the method presented in this paper and the traditional
current-based arc fault detection method.

To capture the local characteristics of arc fault waveforms,
existing arc fault detection techniques typically employ
time domain or time-frequency domain methods to detect
series arc faults. In reference [13], two cycles of current

from the electrical circuit are collected, and the ‘‘zero
rest’’ time ratio coefficient is calculated, which serves as a
fault feature. Reference [12] proposes a diagnostic method
that utilizes DWT(Discrete Wavelet Transform) to extract
the frequency range of fault features, with the extracted
feature being the d3 component from 2 to 4 kHz obtained
from db2 wavelet decomposition. Reference [15] employs
EMD (Empirical Mode Decomposition) to extract IMF
(Intrinsic Mode Function) components that reflect the local
characteristics of arc fault signals. These IMF components
are then used as fault features for fault diagnosis.

In the comparative experiment, this paper will assess the
performance of the aforementioned detection methods. The
selected fault features and their criteria are outlined in Table 4.

TABLE 4. Types of fault criterion.

The simulation of arc fault was carried out in the
experimental conditions built in Section V-A, included a total
of 50 cases, covering various fault scenarios and load types,
to thoroughly assess the performance of the four methods.
In these simulations, all four methods demonstrated effective
arc fault identification and no instances of missed detection
were observed.

However, the comparative criteria exhibited poor reliability
in normal operating conditions, resulting in four cases where
normal operation was incorrectly classified as an arc fault.
The scenarios with incorrect results are presented in Table 5,
the working current waveforms of these loads are shown in
Figure 16. In the table, ‘‘

√
’’ represents accurate detection

of normal operation, while ‘‘×’’ indicates misjudgment for
normal operation.

TABLE 5. Misclassification scenario of normal operation.

The electronic dimmer and the switch power supply
belong to the power electronic load. The working current
of the above-mentioned power electronic loads have a
relatively obvious zero rest time. This waveform feature
has caused the literature [12] and literature [13], which
identify arc faults by detecting partial waveform distortions,
to misjudge. Compared with the power electronic load,
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FIGURE 13. Series arc generator and data monitoring device.

the zero rest time of the hand drill is shorter, causing the
method in literature [12] to misjudge, and literature [13]
did not misjudge. The working current of the microwave
oven contains complex harmonic content and nonlinear
components, causing the literature [15] that identifies arc
faults by detecting nonlinear and non-stationary signals to
misjudge.

However, the method proposed in this paper did not
misjudge when the load was operating normally. This is
because the voltage sag values when the above loads access is
0.92V, 2.98V, 3.02V, and 0.90V, respectively, which are lower
than the detection start threshold of 10.8V, and the detection
does not start reliably. Therefore, the method proposed in
this paper shows extremely high reliability when the load is
operating normally.

From the simulation results, it can be concluded that:
1) Traditional current-based arc fault detection methods are
capable of accurately detecting arc faults. However, due
to the diverse current profiles of non-linear loads, these
methods struggle to differentiate between fault currents and
currents associated with non-linear loads such as motors
and power electronics-type loads. This limitation can lead
to misjudgment. 2) The detection method proposed in this
paper outperforms traditional arc fault detection methods in
terms of reliability. It effectively distinguishes between arc
faults and the operation of nonlinear loads. By using the
proposed detection method, the accuracy of detection has
been improved.

D. TEST VERIFICATION
With the support of the ‘‘Intelligent Distribution Network
Physical Dynamic Simulation Platform’’ established by the
author’s affiliated institution, this paper conducted experi-
mental testing on series arc faults under different loads. The
series arc fault testing platform consists of a power supply,
a series fault arc generator, precise control devices for switch
operation and closing, a load, data acquisition andmonitoring
equipment, and a PC, as shown in Figures 13 and 14. The
series arc fault generator is constructed in accordance with
the standard GB/T 31143-2014 and GB 14287.4-2014. It can
achieve precise adjustment of the gap between dynamic and
static contactors through a precision stepper motor control,
enabling the simulation of different series arc discharge
processes and flexible setting of parameters such as discharge

FIGURE 14. Series arc fault test system.

FIGURE 15. Calculation results of Hausdorff distance between electric
kettle and induction cooker.

duration, discharge frequency, and discharge intervals. The
voltage sensor uses a closed-loop Hall sensor with a model
number of CHV-200VS, measuring a range of 0 to ±300V,
with a frequency measurement bandwidth of 20kHz, which
can be used for electrical quantity monitoring and data
acquisition in the arc discharge circuit.

The loads for the arc fault tests are shown in Table 6.
The tests were conducted with an arc fault occurrence time
of 0.1 seconds. Figure 14 illustrates the voltage waveform
at the load side and the calculated H-value after arc faults
occurred in an electric kettle and an induction cooker. Due to
space limitations, the test results for other loads are presented
in Table 7.

TABLE 6. Main parameters of test load.

From the fault waveforms in Figure 15(a) and Figure 15(b),
it can be observed that due to the randomness and instability
of arc faults, there is a certain degree of voltage waveform
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TABLE 7. Fault detection test results.

jitter. The fault characteristics of the load-side voltage
during the experiments are more complex compared to
the simulation results. The H value calculation results in
Figure 14(c) indicate that the H values for the electric kettle
load exceed the threshold three times within one cycle, and
the induction cooker also exceeds the threshold three times,
both of which are detected as arc faults.

Analyzing the fault waveforms and H value calculation
results, it can be concluded that the actual arc sustaining
process is unstable, with voltage waveforms at the load side
experiencing random fluctuations and singularities during
the arc’s persistence. This leads to larger H values and a
higher number of H value threshold exceedances within the
calculation cycle compared to the simulation results. This
instability is advantageous for the detection and recognition
of faults.

To further validate the effectiveness of the detection
method, fault recognition experiments were conducted for
all loads listed in Table 6, and the experimental results are
presented in Table 7.

The voltage sag of the arc fault in the test is around
20V, which is consistent with the results of theoretical and
simulation analysis. In the test, the voltage sag of the arc
fault in the electric bicycle charger is the smallest, and the
voltage drop value of the arc fault in the induction cooker
is the largest, which is 20.2V and 20.8V. In comparison,
the minimum value of the fault drop in the simulation is
15.8V, and the maximum value is 18.6V. Comparing the
above results, we can draw the following conclusions: First,
the simulation results of the arc fault drop indicate that the
arc fault drop should be between 15-20V. The test results
verify this conclusion, and the startup threshold Uset=10.8V
can ensure reliable start when an arc fault occurs. Second, the
distribution of fault sag values under different loads in the test
is more concentrated, which will be beneficial to the reliable
start of this method in practical applications.

To sum up, the test results demonstrate that the voltage
sags for all tested loads meet the startup conditions, and
the number of H value threshold exceedances within the
calculation cycle satisfies the fault discrimination criteria.
Therefore, the proposed detection method can accurately
identify arc faults under different load types, making it
applicable for series arc fault detection in real distribution
lines. Meanwhile, the test results show that the preliminary
setting threshold can effectively detect fault arcs without
further modification and the detection threshold Hset finally
set as 39.26.

VI. CONCLUSION
Aiming at the limitations of existing series arc fault current
detection methods, particularly their vulnerability in the case
of the operation of nonlinear loads, a novel series arc fault
detection method is proposed, which relies on voltage sag
characteristics and the Hausdorff distance algorithm. The
following conclusions have been drawn as below:

1) The voltage sag amplitudes during arc faults are similar
for various load types. The proposed arc fault detection
method based on voltage sag characteristics outperforms
traditional methods that rely on wave-form features. This
is because that the proposed method avoids judgment
leakage and misjudgment caused by the diverse waveform
characteristics of arc faults. However, it should be noted that
the voltage sag criterion might lead to misjudgment during
asynchronousmotor starting due to the significant voltage sag
occurring during this stage.

2) To differentiate between asynchronous motor starting
and arc faults, the Hausdorff distance algorithm is employed
to quantify the distortion of load side voltage. Simulation
results demonstrate that the Hausdorff distance of load side
voltage during arc faults is significantly higher than that
during asynchronous motor starting. Thus, the introduction
of the Hausdorff distance algorithm effectively addresses
the identification challenge between asynchronous motor
starting and arc faults. This enhancement improves the
detection method and enhances its reliability.

3) The detection performance of the proposed method
is compared with mainstream fault detection techniques.
Experimental results show that traditional arc fault detection
methods struggle to balance sensitivity and reliability. The
dual criteria of voltage sag and Hausdorff distance introduced
in this paper accurately capture fault characteristics, leading
to an improved detection accuracy.

4) Experimental validation of the proposed detection
method was conducted using the ‘‘Intelligent Distribution
Network Physical Dynamic Simulation Platform.’’ The test
results indicate that the proposed method can accurately
identify arc faults under different load types and is suitable
for practical series arc fault detection in distribution circuits.

APPENDIX
THE CURRENT WAVEFORMS THAT CAUSED
MISJUDGMENTS IN TABLE 5
See Figure 16.

FIGURE 16. Current waveforms that caused misjudgments.
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