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Abstract—Current single-ended fault location methods for
single-phase grounding faults in distribution networks are facing
challenges such as difficulty in identifying reflected wavefronts,
inaccurate judgment of wavefront reflection positions, and limited
noise immunity, which reduce their feasibility for engineering
applications. This paper proposes an efficient single-ended
traveling wave location scheme aimed at enhancing the accuracy
and reliability of fault location. Firstly, the improved Pettitt test is
employed to accurately determine the arrival time of the fault
wavefront, which avoids errors in judgment of the fault occurrence
moment. Subsequently, the Pearson correlation coefficient is
utilized to identify the initial wavefront and the wavefronts
reflected from the fault point, reducing interference caused by
other reflected wavefronts. To accurately calibrate the wavefront
arrival time, the Hough transform is introduced to determine the
wavefront position. Additionally, the paper discusses optimizing
the arrangement of traveling wave location devices in the
distribution network to improve location accuracy and reduce
costs. Compared to existing methods, the proposed scheme directly
analyzes the original waveform, achieving more accurate
wavefront identification and better noise immunity. The
effectiveness of the method is validated through software
simulations and physical experiments, demonstrating fault
location accuracy within 100 m, even under arc grounding faults
or noise interference.

Index Terms—distribution network, single-phase ground fault,
single-ended traveling wave fault location, Hough transform,
wavefront calibration

|. INTRODUCTION

HE distribution network is directly connected to the
users and has a more complex structure compared to the
high-voltage transmission network. It is also more prone

to faults, with the number of faults accounting for more than 80%

of the total number of faults in the power system, among which
single-phase ground faults account for the vast majority of
distribution network faults [1]. Therefore, how to rapidly and
accurately locate single-phase ground faults in distribution
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networks has become a key factor in ensuring the safety and
stability of the power grid.

The fault location methods in distribution networks can be
classified into the following three categories: fault feeder
detection, fault section location, and fault distance
measurement. Specifically, fault feeder detection involves
identifying the fault feeder on the bus side, allowing for its
disconnection to prevent further expansion of the fault [2]. Fault
section location is to determine the section where the fault point
is situated, in order to isolate the fault section and restore power
supply to the health sections [3]. Fault distance measurement
directly locates the fault position, eliminating the need for
manual inspection of the fault point [4]. The research in these
three aspects is essentially aimed at fault location, but their
requirements and objectives differ, and the level of difficulty in
achieving them gradually increases. The traveling wave fault
location method proposed in this paper is the fault distance
measurement method.

The fault distance measurement methods can be categorized
into impedance method, fault recording analysis method, and
traveling wave method [5]. The impedance method is based on
the fundamental frequency electrical quantities. As the line
length from the measurement point to the fault point is
proportional to the impedance, by calculating the impedance
through the mathematical relationship between power
frequency voltage and current, the approximate location of the
fault can be inferred. However, the accuracy of this method is
susceptible to influences such as fault transient resistance,
impedance of the opposite-side system, and load current [6].
The fault recording analysis method utilizes the transient
waveform characteristics at the time of fault occurrence, and
compares it with the characteristics of previous fault recordings.
Among them, the recording that most closely matches the
characteristics is likely to be near the fault point. For example,
using time-frequency transformation methods such as wavelet
transform, the transient fault waveform can be decomposed into
various frequency bands, and by comparing these with the
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historical recordings, the waveform with the closest frequency

band characteristics can be found to determine the fault location.

With the development of artificial intelligence technology,
specific information in fault waveforms can be trained to
automatically identify fault locations [7]. However, the
accuracy of this method is affected by system impedance and
transient resistance at the fault point. The traveling wave
method utilizes the principle that when a distribution line fault
occurs, current and voltage traveling waves are generated from
the fault point and propagate towards both ends of the line at
near the velocity of light. By analyzing the arrival times of these
traveling waves, the fault location can be calculated.

The traveling wave methods can be divided into two
categories: active and passive. Active traveling wave fault
location involves injecting a specific frequency signal into the
distribution network after a fault to achieve fault location,
which is costly and poorly adaptable to complex conditions [8].
Passive traveling wave fault location utilizes changes in
electrical quantities before and after the fault to achieve fault
location. Passive location methods can be further divided into
single-ended and double-ended method. Single-ended traveling
wave fault location captures the transient quantity at one end of
the line, obtaining the time difference between the initial
wavefront and the reflected wavefront to calculate the fault
location [9]. Double-ended traveling wave fault location
synchronizes the location devices using a reference signal (such
as GPS) to obtain the time difference of the fault traveling wave
arriving at both ends of the line, and then calculates the fault
location. This method requires high time accuracy and
additional communication devices [10].

For the single-ended traveling wave fault location method,
the main challenge lies in determining the reflected wavefront.
Reference [11] uses the energy entropy of variational mode
decomposition (VMD) to train a support vector machine (SVM)
to determine the fault location, but mode decomposition is
easily affected by noise, leading to pseudo-maxima that affect
fault location accuracy. Reference [12] uses the two-
dimensional information of traveling waves and applies
mathematical morphology for fault location, but this method
requires selecting an appropriate filtering function to achieve
good filtering effects and high fault location accuracy.
Reference [13] uses the three-dimensional waveform of
traveling waves to achieve fault location, thereby avoiding the
identification of reflected wavefronts, but this method requires
a large amount of historical data, making it difficult to
implement in engineering.

Compared to traditional methods for determining fault
timing, identifying the arrival time of traveling wave fault
wavefronts requires greater accuracy. Additionally, traveling
wave location devices necessitate higher sampling frequencies
and faster response times, typically in the microsecond range.
Currently, the fault triggering methods proposed in the literature
typically require waveform data from several cycles prior to the
fault [14], [15], [16]. However, for traveling wave location,
storing a large amount of waveform data at high sampling rates
consumes significant storage space, which not only places a
considerable burden on hardware but also extends the time

required for fault location.

Furthermore, how to rationally arrange traveling wave
location devices is an urgent issue that needs to be addressed.
Current research mainly focuses on optimizing the layout of
double-ended traveling wave location devices, using accurate
GPS synchronization to calculate time differences between
devices for fault location [17], [18], [19]. In contrast, single-
ended traveling wave fault location does not require
synchronization; it relies on the initial wavefront and the
wavefront reflected from the fault point for location, requiring
fewer location devices and resulting in lower costs. However,
in complex distribution networks, traveling waves can undergo
reflection and refraction at every node with discontinuous wave
impedance. If the location devices deployed are unable to
accurately capture the wavefront reflected from the fault point,
it can lead to significant location errors. Therefore, it is essential
to find an optimized layout for single-ended traveling wave
location devices that ensures accuracy in fault location while
controlling costs [20].

The distribution network contains numerous branches and
nodes. After determining the fault section [21], [22], [23], the
next step is to locate the specific fault point. However, due to
the different fault locations along the line, the wavefronts
reflected from multiple nodes of discontinuity in the wave
impedance (such as the wavefront reflected from the opposite
end or from the ends of other line segments) may arrive before
the wavefront reflected from the fault point. If the wavefront
reflected from the fault point cannot be accurately identified, it
will result in location errors. This is a major challenge faced by
most current single-ended location methods [24].

To address the aforementioned issues, this paper proposes an
efficient single-ended traveling wave location scheme for
distribution networks. Firstly, the improved Pettitt test is
employed to accurately determine the arrival time of the fault
wavefront, effectively avoiding location failures caused by
incorrect time calibration. Secondly, the Pearson correlation
coefficient is utilized to accurately locate the positions of the
initial wavefront and the wavefront reflected from the fault
point, thereby significantly reducing interference and
misjudgments caused by other reflected wavefronts.
Subsequently, the Hough transform is applied to further
calibrate the wavefront arrival time, improving the accuracy of
fault location. Additionally, a reasonable arrangement of
traveling wave location devices is proposed to ensure that the
devices can achieve more accurate fault location in practical
applications. The comprehensive application of these methods
demonstrates high practicality and reliability. The main
contributions of this scheme can be summarized as follows:

1) The single-ended location method proposed in this paper
effectively overcomes the interference factors that affect
location accuracy. It maintains high location accuracy
under varying conditions such as different fault
resistances, fault inception angles, fault locations, and
background noise. Furthermore, it can accurately locate
arc ground fault points.

2) This method is suitable for distribution network
environments characterized by numerous branches and
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complex structures. It effectively avoids interference
caused by wavefronts reflected from other nodes after a
fault occurs, allowing for accurate calibration of the
wavefront reflected from the fault point. By rationally
arranging location devices within the distribution network,
this method enables fault location across the entire
network.
The remainder of this paper is organized as follows: Section II
analyzes the propagation characteristics of traveling waves in
distribution networks; Section III describes the implementation
process of the proposed method; Section IV presents the
validation results from experiments, along with testing of the
physical prototype of the single-ended traveling wave location
device; Section V concludes the study and summarizes the key
findings.

Il. ANALYSIS OF TRAVELING WAVE LOCATION

A. Characteristics of Wave Propagation

A traveling wave refers to the process of electromagnetic
energy propagating along a conductor, where voltage and
current gradually establish an electromagnetic field around the
conductor and store electromagnetic energy. The mode
propagation constant y, of a three-phase line consists of the
mode attenuation constant a,, and the mode phase constant £,
as shown in (1).

Im (@)= Zn (@)Y (@)
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where w is the frequency of the traveling wave component, m
is the type of sequence component, Z,(w) is the impedance per
unit length of the line, Y,,(w) is the admittance per unit length
of the line, and R,y, L., G, and C,, are the resistance, inductance,
conductance and capacitance per unit length of the line,
respectively. The attenuation constant a.(w) describes the
amplitude attenuation characteristics of the traveling wave
during propagation, and the phase constant f,(w) describes the
phase delay characteristics of the traveling wave during
propagation. Regardless of whether it is a forward traveling
wave or a backward traveling wave, as the wave propagates, its
amplitude will gradually decrease while its phase will gradually
lag.

The calculation of the attenuation constant and phase
constant is shown in (2):
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The sequence wave velocity v,(w) can be defined as:
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The Clarke transform is a commonly used coordinate
transformation method that converts three-phase current or
voltage into components in a two-phase stationary coordinate
system, making signal analysis and processing more convenient.
The Clarke transform is expressed as follows:

X 2 -1 -1

| |1 1 1 ||X

Xa
Xg

4)

where xa, xg and xc are the three-phase components, x, and xz
are the line-sequence components along the a-axis and f-axis,
and xo is the zero-sequence component.

In actual distribution lines, due to the frequency-dependent
characteristics of parameters, traveling waves experience both
amplitude distortion and phase distortion during propagation.
The waveform distortion caused by different attenuation
constants for traveling wave components of different
frequencies is referred to as amplitude distortion; whereas the
waveform distortion caused by different propagation speeds is
known as phase distortion. As the frequency of the traveling
wave component increases, its amplitude and wave speed also
attenuate more rapidly, resulting in a progressively flatter shape
of the traveling wavefront during propagation.

B. Analysis of Traveling Wave Location

The wavefront refers to the leading edge of a traveling wave,
typically manifested as a pulse. The polarity of the wavefront is
defined based on the positive or negative values of voltage or
current. For the convenience of analysis, this paper uniformly
defines the polarity of the initial wavefront as positive. When
the wavefront propagates along a line and encounters a node
where the line parameters change, resulting in a change in wave
impedance, the energy of the electromagnetic field will be
redistributed. At this time, refraction and reflection will occur
at the nodes. The total energy of the electric field and the
magnetic field must remain equal within the unit length before
and after the refraction and reflection.

A specific single-branch line is taken as an example, which
is divided into three segments: Line 1, Line 2 and Line 3, with
four nodes labeled a, b, ¢ and d. A traveling wave location
device is installed at node b, with the fault point f'located on
Line 2. For ease of analysis, a length axis / is established along
the line, and a time axis ¢ is set at node b to represent the time
at which the wavefronts reach the location device, as shown in
Fig. 1.
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Fig. 1. Schematic of line structure
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Assume there is no power source or load at ends a and b.
After a fault occurs, the traveling wave reflection coefficients
fs at node s is:



Single-ended traveling wave location for single-phase ground faults in distribution networks based on Hough transform

_ 1-ng )
1+ng

P

where n; is the number of feeders at node s, which can be a, b,
c or d. Since there is more than one feeder, that is, ns>1, it

follows that £,<0.
The reflection coefficient Sy at the fault point f'is:
ﬂ Rf - Zc 6
"Ry +Z, ©

where Ry is the fault resistance, and Z. is the wave impedance
L/C . Since L>»C in the line

parameters, it follows that R<Z, and thus £<0. According to
(5) and (6), reflections at each node and the fault point will
cause a change in the polarity of the traveling wave.

The refraction coefficient o, at node s is:

o= @)
(1+ny)
where it can be concluded that a,>0.
The refraction coefficient oy at the fault point f'is:
4R Z
ap=—— (®)
(Re +Z,)
where it can be concluded that a>0. According to (7) and (8),
the refraction at each node and the fault point will not change
the polarity of the traveling wave.

To investigate the reflection and refraction of traveling waves
in each line, we can first assume that Lines 1 and 3 are relatively
long. In this case, the reflection wavefronts at nodes a and d
have a minimal impact on fault location; thus, priority can be
given to analyzing the refraction and reflection of traveling
waves within Line 2. Then, it can be assumed that Lines 1 and
3 are relatively short, allowing for an analysis of the impact of
their traveling wave reflections on location. Based on these
assumptions, the propagation of the traveling wave can be
analyzed as follows:

If the fault occurs in the first half of the line, that is, on the
side equipped with the location device, the arrival sequence of
the wavefronts at the device is shown in Fig. 2.
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Fig. 2. Wavefronts arrival sequence of fault in the first half of
the line

In this figure, after the fault occurs, the forward wave and the

backward wave propagate towards both ends of the line, with
both having a positive polarity. Let the lengths of Lines 1, 2 and
3 be denoted as /i, I, and I, respectively, and let d. be the
distance from the fault point to the node b. The direction of
wave propagation is indicated by slanted lines, with the slope
representing the wave speed v,,. The times at which the initial
traveling wave and the subsequently reflected traveling waves
reach the node b can be represented on the time axis z. The
current traveling wave i,1(f) at node b is:
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where S, b, fe, fa and frare the reflection coefficients of each
node and the fault point, while as, a. and oy are the refraction
coefficients of the respective nodes and the fault point. From
the equation, it can be observed that the wavefront reflected
from the fault point arrives at the node b with a positive polarity,
while the wavefronts reflected from the nodes arrives at the
node b with a negative polarity. Additionally, the wavefront
reflected from the fault point arrives at the node b before the
wavefronts reflected from the nodes.

If the specific arrival times of the initial wavefront and the
reflected wavefront can be determined, the distance can be
measured based on the time difference Af between them. The
distance measurement formula is:

= Vp, X At (10)
2

A waveform example for this situation is shown in Fig. 3.
After performing the Clarke transformation on the collected
three-phase currents by substituting them into (4), the current
i s obtained. For ease of analysis, the 50 Hz rotating frame has
been removed when calculating i,, leaving only the traveling
wave component generated by the fault.
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Fig. 3. Typical waveform of fault in the first half of the line

In this figure, the waveform represents the a-sequence
current i,. The condition for this situation to occur is that the
fault point must be located in the first half of the line, and the
lengths of the lines on both sides of the fault point must be
sufficient to ensure that their reflected wavefronts do not reach
the location device before the wavefront reflected from the fault
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point.
If the fault occurs in the second half of the line, the arrival
sequence of the wavefronts at the device is shown in Fig. 4.
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Fig. 4. Wavefronts arrival sequence of fault in the second half
of the line
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In this case, the current traveling wave i,2(¢) at node b is:
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where the wavefronts reflected from the opposite end arrives
the node b before the wavefront reflected from the fault point.
To accurately determine At, it is necessary to exclude the
interference caused by the wavefronts reflected from the
opposite end.
A waveform example for this situation is shown in Fig. 5.
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Fig. 5. Typical waveform of fault in the second half of the line

The conditions for this situation to occur are that the fault
point must be located in the second half of the line, and the lines
on both sides of the fault point must be sufficiently long to
ensure that their reflected wavefronts do not arrive before the
wavefront reflected from the fault point.

If the fault occurs close to the opposite end of the line, and if
lines 1 and 3 are relatively short, the lines on both sides may
affect the location. The arrival sequence of the wavefronts at the
device is shown in Fig. 6.

3
\=—

Z'dr)/ Vi
(41,-30, vy

[2(1z+3)-dr Vs

3d V7
vt
Fig. 6. Wavefronts arrival sequence of fault close to the opposite
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In this case, the current traveling wave i,3(¢) at node b is:
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where the wavefronts reflected from multiple nodes arrive at
node b before the wavefront reflected from the fault point. To
accurately determine Az, it is necessary to exclude the
interference caused by the wavefronts reflected from multiple
nodes.

A waveform example for this situation is shown in Fig. 7.
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Fig. 7. Typical waveform of fault close to the opposite end

From the above analysis, it is essential to determine the
position of the reflected wavefront from the fault point for
achieving accurate location. There are two methods for
judgment: The first method is based on the location of the fault
point. By using the time difference between the zero-sequence
and line-sequence components or calculating impedance, it is
possible to determine whether the fault point is located in the
first or second half of the line, and subsequently identify the
reflected wavefront from nodes. However, if the fault point is
near the opposite end of the line, the reflected wavefront from
the fault point will be mixed with the reflected wavefronts from
multiple nodes, making it difficult to distinguish. The second
method is to identify the polarity of the wavefront. Since the
wavefronts reflected from nodes all have negative polarity, if
the location method can recognize the polarity, it can effectively
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eliminate interference from other reflected wavefronts and
accurately determine the arrival time of the fault wavefront.

I11. SINGLE-END TRAVELING WAVE LOCATION METHOD

A. Determining the Fault Occurrence Moment

The Pettitt test is a non-parametric statistical method based
on the rank-sum test, used to detect change points in waveforms
[25]. This method identifies the moment of a change by
calculating the rank differences between two segments of the
waveform before and after the change, maximizing this
difference to determine when the change occurs. Its main
advantage lies in its independence from specific data
distributions.

To identify the change point, it is necessary to iterate through
the waveform data within the time window and calculate the
test statistic for each data point to compare the rank differences
of the two subsequences before and after that point. The
formula for calculating the test statistic in the traditional Pettitt
test is as follows:

(13)

where Uy is the test statistic for the 4-th point in the signal, # is
the length of the signal, and x; and x; are the i-th and j-th points
in the signal, respectively.

However, the formula is not sufficiently sensitive to changes
in the amplitude of the waveform. Therefore, it needs to be
improved to more effectively detect amplitude changes,
especially in response to electrical grid faults. The formula for
calculating the test statistic after improvement is as follows:

k n 3
U =" D" 26 —x;sgn(x —x;) (14)
i1 j=k+1
After calculating the test statistic Uy for all data points within
the time window, the maximum value of the absolute statistics
Umax must be identified. This value reflects the significance of
the differences in the data before and after the change point.

U ax = Max U, | (15)

1<k<n
Once the maximum test statistic Umax 1s found, the
significance level P-value needs to be calculated. The P-value
represents the probability of observing the current maximum
statistic Umax Or a more extreme value, assuming the null
hypothesis that there are no change points in the sequence is
true. A smaller P-value indicates a more significant deviation of
the current data from the null hypothesis, suggesting the
potential presence of a change point at that location. Typically,
when the P-value is smaller than a predetermined significance
level (such as 0.2), it is concluded that there is a significant

change point in the waveform data.

6U 2
P=2exp| ——%
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The steps for the Improved Pettitt test to detect change points
are as follows:

1) Segmenting Time Windows: Divide the input waveform
with a sampling rate of 1 MHz into several time windows, each

(16)

typically containing 100 sampling points, to facilitate batch
testing.

2) Pettitt Test: Perform the Pettitt test on the waveform of
each time window and calculate its significance level P-value.
If the P-value is below the set threshold, it can be determined
that a fault has occurred within that time window.

3) Storing Waveforms: To avoid the situation where the fault
wavefront is exactly at the edge of the time window, it is
necessary to store the triggering time window along with one
time window before and after it.

The Improved Pettitt test for fault waveforms is shown in Fig.
8.

30 T T T
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Fig. 8. Improved Pettitt test for fault waveforms

In this figure, the blue waveform represents the a-sequence
current i,, while the green waveform represents the significance
level P-value. The zoomed-in view displays the waveforms of
the triggering time window along with one window before and
after it. It can be observed that when the current signal is stable,
the P-value is relatively high, approaching 2; however, after the
fault occurs, the waveform changes sharply, leading to a
significant decrease in the P-value, dropping below the set
threshold, which triggers the recording. The triggered time
window can accurately capture the position of the fault
wavefront, allowing this method to be used for detecting the
arrival of the fault wavefront.

B. Identifying Wavefronts Position

The Pearson correlation coefficient is a statistical measure
that quantifies the linear relationship between two variables
based on the ratio of their covariance to their standard
deviations.

To determine the wavefront position, it is necessary to
introduce the concepts of the original waveform and the
reference waveform. The original waveform refers to the
traveling wave data of the current fault obtained through actual
monitoring or simulation. The reference waveform, on the other
hand, is a set of waveforms extracted from historical fault data,
containing known the initial wavefront and the reflected
wavefront from the fault point, used as a comparison
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benchmark. Since the reference waveform is only used to
determine the position of the wavefront and does not require
accurate calibration, it does not need to be completely
consistent with the current network or fault type. It only needs
to have waveform features that are sufficiently similar to the
current data. In the specific implementation, the original
waveform data within the current time window needs to be
traversed, and the Pearson correlation coefficient between the
waveform around each data point and the reference waveform
is calculated to find the most similar position. The Pearson
correlation coefficient is defined as follows:

k+m/2
> (=X (vi-Y)
_ i=k-m/2
Rk h k+m/2 5 k+m/2 ) (17)
Z (X —X) (Yi-V)
i=k-m/2 i=k-m/2

where Ry is the Pearson correlation coefficient at the A-th point
of'the signal, and k ranges from m/2<k<n—m/2, with m being the
length of the reference signal. The length m is primarily chosen
to accurately calibrate the wavefront time and must meet the
application requirements of the Hough transform. Typically, m
is set to 30 sampling points. x; and y; are the i-th points of the
original and reference signals, respectively, while X and y

are the means of the original and reference signals. The value
of Ry ranges from -1 to 1, with 1 indicating perfect positive
correlation, -1 indicating perfect negative correlation, and 0
indicating no linear correlation.

After calculating the Pearson correlation coefficients Ry for
all points in the original data, the maximum correlation
coefficient Rmax needs to be identified, indicating the position
where the original waveform is most similar to the reference
waveform. Additionally, to accurately represent the fault
conditions of the current in the positive or negative half-cycle,
the absolute value of the correlation coefficient should be
considered when seeking the maximum value.

Rmax - m/2§nI2<axn—m/2| Rk|

(18)
where 7 is the length of the original signal, which is determined
by the length of the fault waveform identified through the
improved Pettitt test.

A set of historical fault data is selected, and the initial
wavefront of the traveling wave and the reflected wavefront
from the fault point are extracted. The traveling wave data used
here is generated from software simulation of a metallic ground
fault. Compared to the initial wavefront, the reflected wavefront
becomes smoother after propagation and reflection. These two
reference waveforms are matched with the current fault
waveform by traversing the data. When the correlation
coefficient reaches its maximum, it indicates that the shapes of
the two signals are most similar, and the position most similar
to the reference waveform can then be identified as the target
wavefront position. The matching condition between the
original signal and the reference signal within the time window
of the fault signal is shown in Fig. 9.

In this figure, the blue waveform represents the original
current signal, while the green waveform represents the

reference current signal. The position with the highest
correlation coefficient between the initial wavefront and the
reflected wavefront of the reference signal is identified in the
original waveform. A corresponding time window is then
defined based on the length of the reference signal.
Subsequently, the Hough transform can be used within this time
window to accurately calibrate the arrival time of the wavefront.
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Fig. 9. Matching of the original signal and the reference signal

C. Calibrating Wavefronts Arrival Time

Hough transform is a widely used feature extraction
technique in image processing. The basic idea is to utilize the
duality between points and lines: collinear points in original
space correspond to intersecting lines in parameter space. In
other words, all lines intersecting at the same point in parameter
space correspond to collinear points in original space. This
concept allows Hough transform to accurately detect defined
shapes, such as lines, circles, and ellipses.

The classic Hough transform is mainly used for detecting
shapes in two-dimensional images. It has now been improved
and applied to the detection of one-dimensional waveforms.
The function coefficients in the parameter space need to be
calculated based on the data points of the waveform in the
original space. Since the Cartesian coordinate system cannot
represent lines that are perpendicular to the x-axis, a polar
coordinate system is used for definition in the parameter space.
In the polar coordinate system, the sampling points (x;, y;) on
the original waveform can be described as a function in the
parameter space by the following equation:

£ =X%;C0sO+Y,;sind (19)
where p is the shortest distance from the line to the origin,
defined as the perpendicular distance between the line and the
origin, and @ is the angle between the line and the x-axis,
ranging from 0° to 180°. According to this equation, each
sampling point in the original space is mapped to a sine curve
in the parameter space. The intersection points of these sine
curves be the parameters of the line in the original space.

In practical detection, due to computational accuracy and
waveform noise, multiple sine curves may not intersect at
exactly the same coordinate point, but instead form an
intersection region distributed over a certain interval in the
parameter space. Therefore, to improve the accuracy of the
calculation and simplify the method, the calculation process
needs to be optimized. First, the parameter space is discretized
and divided into a grid, creating a two-dimensional accumulator
array (also known as the Hough matrix). Then, the number of
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times the sine function passes through each grid in the
parameter space is counted, and the maximum value in the
accumulator array is found. The grid coordinates (p, 6)
corresponding to this point represent the polar parameters of a
line in the image space. To avoid repeated detection, the count
values of the grids within a certain range around this point are
set to zero. Next, other local maximum points are sought, which
correspond to other lines in the waveform. This method, using
a two-dimensional accumulator array, greatly simplifies the
process of the Hough transform, and the level of grid
subdivision in the parameter space determines the final line
fitting accuracy.

The schematic of the steps of the Hough transform is shown
in Fig. 10.

1.Inputting Data 2.Preprocessing Data
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Fig. 10. Line identification process based on Hough transform

The figure illustrates the Hough transform process from data
points to deriving line parameters, with the specific steps
outlined as follows:

1) Input Data: Input the data points to be fitted with a line.
Here, the points (xi, 1), (x2, ¥2), and (x3, y3) are selected, and
these points lie on the same straight line.

2) Preprocess Data: Correspond the data points (x1, 1), (x2,
1), and (x3, y3) to a set of points in an array to improve the
efficiency of subsequent calculations.

3) Transform to Parameter Space: Map the set of points in

the original space array to sinusoidal curves in the parameter
space, with their intersection point defined as (po, 6o).

4) Construct Accumulator Matrix: Divide the 180° range
into a certain number of angle segments and the maximum
distance into a certain number of distance segments to construct
the accumulator array. Then, create a buffer array to calculate
the sine and cosine values for each segmented angle, which will
be frequently used in parameter transformation. Finally, count
each discretized sine curve.

5) Detect Peaks: Find peak points in the accumulator array,
corresponding to lines in the original space. Then, zero out the
points in the accumulator matrix within a certain range of the
detected peak values to avoid detecting multiple adjacent false
lines.

6) Extract Line Parameters: Extract the corresponding line
parameters (po, o) based on the detected peak points and draw
the respective lines in the original space.

Since the original data has a time scale in the millisecond (ms)
range and current amplitudes in the milliampere (mA) range,
directly using it for computation may lead to limited recognition
performance due to the small numerical values being affected
by the floating-point precision of the computer. To address this,
the amplitude of the a-axis modulus i, is normalized and
mapped to the range [0, 50], meaning that the maximum current
value within the time window is set to 50, the minimum to 0,
and the remaining data points are scaled proportionally. As
normalization  essentially  performs a  proportional
transformation of the original data into a unified numerical
range, the result is dimensionless. Additionally, the horizontal
axis is converted from time to data point indices to enable
appropriate magnification of the data. The results of wavefront
calibration are shown in Fig. 11.
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Fig. 11. Wavefront calibration based on Hough transform

In this figure, within the zoomed-in view, the waveform is
identified using the Hough transform. The red lines represent
the lines identified by the Hough transform, while the blue dots

indicate the data points of the normalized current i, with the

x-axis labeled as "Index," and the green dot represents the
intersection point of the two red lines, which marks the arrival
time of the wavefront. The time difference At between the
arrival of the initial wavefront and the wavefront reflected from
the fault point can be used to calculate the distance between the
fault point and the measurement point.

To avoid the influence of factors such as background noise,
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quantization errors, and intrinsic curvature on line identification,
the Hough transform may result in misidentified lines, which
could affect distance measurement. Since the shapes of
traveling wavefronts exhibit a certain similarity, they typically
appear as pulse-like shapes, with the first line having a smaller
slope and the second line having a larger slope. Therefore, the
slopes of the two identified lines usually fall within a specific
range. If the slopes of the identified lines do not meet the
expected criteria, these misidentified lines can be excluded,
thereby improving the distance measurement accuracy.

D. Layout Plan for Traveling Wave Location Devices

The advantage of single-ended traveling wave location lies
in the fact that it only requires installing location devices on one
side of the line to complete the process. Therefore, compared to
double-ended location, fewer devices are needed. In complex
distribution networks, by properly deploying single-ended
traveling wave location devices, fault location can be achieved
at a lower cost.

The layout plan is as follows: First, all lines are classified
into different layers, and the connected line containing the most
nodes is selected as the first layer. Here, a connected line refers
to a path formed by power lines between two nodes. If multiple
lines pass through the same number of nodes, any one of them
can be chosen. Then, starting from each node of the layer, the
line passing through the most nodes is selected for division. For
circular lines, division is done starting from the connecting
node. The location devices are installed at the intersection
points of each layer.
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Fig. 12. Layout of traveling wave location devices

Taking Fig. 12 as an example, the model consists of overhead
lines and cable lines. The first layer of lines is represented by
an orange dashed line, the second layer of lines by a green
dashed line, and the third layer of lines by a purple dashed line.
location devices are installed at the intersection points of the
lines of each layer. For example, the location device at node 4
can monitor lines 3-4, 4-5, and 4-8. Due to the impedance
difference between overhead lines and cable lines, reflection
and refraction may occur at the connection points, affecting
location accuracy. Therefore, devices need to be installed at
these connection points. In the figure, white nodes indicate
locations where no devices are needed, and black nodes indicate

locations where devices must be installed. Through line
stratification, the device installation locations can be easily
determined.

Furthermore, for distribution networks consisting of both
overhead and cable lines, the wave speeds of the two types can
be converted to a single type of line. Assuming the traveling
wave propagation speed in overhead lines is v, and in cable
lines is v., the equivalent length of the cable line can be
calculated based on the propagation speed of the overhead line.
Let /, be the length of the overhead line and /. be the length of
the cable line. If the time taken for the traveling wave to
propagate through these two segments is the same, the
expression can be represented as:

<
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E. Single-Ended Traveling Wave Location Process

The single-ended traveling wave location process based on
the Hough transform is shown in Fig. 13. The figure illustrates
the specific steps of signal processing, data analysis, and result
output, as described below:
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Fig. 13. Fault location process based on Hough transform

1) Signal Processing: First, three-phase currents ia, ig and ic
are collected and transformed into equivalent two-phase signals
using the Clarke transform. Then, the improved Pettitt test
method is employed to monitor the a-axis magnitude i, to
determine the fault occurrence time and to collect data from the
time window around the fault initiation.

2) Data Analysis: The data within the time window is
analyzed to identify the specific position of the fault wavefront
using the Pearson correlation coefficient. Based on this position,
the Hough transform is applied to identify the lines present in
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the waveform, and the arrival time of the wavefront is
determined by the intersection point of the two lines.

3) Fault location: The time difference between the arrival of
the initial wavefront and the reflected wavefront from the fault
point at the measurement point is calculated, thereby
determining the fault distance.

IV. EXPERIMENT VERIFICATION

A. Software Simulation Experiment

The 10 kV resonant grounding system model is built using
PSCAD/EMTDC simulation software, with a simulation time
step set to 1 ps. The line topology references the IEEE 14-node
system [26], retaining the positions of the original power supply
and load nodes, while adjusting the length and structure of the
lines. A hybrid structure of overhead lines and cable lines is
used. In this model, a resistance ground fault F; is set at a point
6 km from node 5, and an arc ground fault F, is set at a point 4
km from node 5, both along line 5-4, as shown in Fig. 14.
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Fig. 14. Topology of the IEEE 14-node network

In this figure, the first layer of lines consists of 1-2-3-4-7-9-
14-13-12-6-5, while the second layer includes 4-2, 4-5, 4-9, 5-
2,6-13, 7-8 and 9-6. Therefore, traveling wave location devices
need to be installed at nodes 4, 5, 6 and 7. Additionally, nodes
9, 10 and 11 serve as connection points between overhead lines
and cable lines, so location devices should also be placed there.
In summary, location devices need to be installed at nodes 4, 5,
6,7,9, 10, and 11, with a sampling rate of 1 MHz. The current
transformers used in each device use the Lucas model, with a
through-core structure. The primary turns are 1, and the
secondary turns are 120. The magnetic material used is low-loss
silicon steel sheets.

The models of overhead lines and cable lines use JKLGYJ-
95/15 aluminum core cross-linked polyethylene insulated

overhead cables and YJLV-3%x95 aluminum core cross-linked
polyethylene insulated polyvinyl chloride sheathed power
cables, as shown in Fig. 15.

/77 /7777777777777 7777777777777 7777
Insulator 3.,
Armour ",
Insulator 2.,
1m Sheath.

Insulator 1.,
Conductor-.

€ -p

Fig. 15. Models of overhead lines and cable lines

To evaluate the accuracy of fault location, the fault location
error is defined as follows:

_ |dm _ dr|
r
where e is the location error, d,, is the measured fault distance,

d, is the actual fault distance, and /. is the actual line length.
Typically, the measurement error should be less than 5%.

50 |
k=25 ’

e x100%

2]

600

3000 0 ! At 0
= 0 10 ,20 30 ==l-r7
~ < Index o )
~ -~ N *
Rk Tl AN | L 25
: | Mo L 3 0
0 ! 10pposite Endf) ande>2<0 30
0 0.1 0.2 0.3
Time[ms]

Fig. 16. Location process for resistance ground fault

1) Resistance Ground Fault: For the resistance ground fault
at fault point Fy, the fault resistance is set to 100 €2, and the fault
inception angle is set to 60°. The fault current traveling wave
collected at node 5 is analyzed for fault location, as shown in

10
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Fig. 16.

In this figure, for node 5, fault point F; is located in the
second half of line 5-4, so the wavefront reflected from the
opposite end of the line arrives before the wavefront reflected
from the fault point. Through the identification of the
correlation coefficient, the positions of the wavefronts are
determined, and the arrival times of the initial wavefront and
the wavefront reflected from the fault point are accurately
established within the time window. The final measured fault
distance is 5.98 km, with an error of 0.33%.

2) Arc Ground Fault: For the arc ground fault at fault point
F», the Emanuel arc model is used for simulation [27]. This
model consists of two voltage sources, two diodes, and two
variable resistors to form a circuit for positive and negative half-
cycle currents, used to simulate the characteristics of high
impedance faults (HIF) as shown in Fig. 17. U, is the fault
phase voltage, and the two DC voltage sources U, and U,
simulate random arc voltage. When U,,>> U, the current flows
to the ground; when U,,<<U,, the current flows in reverse;
when U, is between U, and U,, no current flows. Changing the
size of the arc voltage can alter the randomness and arc
extinction time of the arc. S is the fault control switch, and R,
and R, are random arc resistances. Changing the size of the arc
resistance can control the magnitude of the fault current.

=
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Fig. 17. Emanuel arc model [27]

In this case, the fault current traveling wave collected at node
5 is analyzed for fault location, as shown in Fig. 18.
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Fig. 18. Location process for arc ground fault

In this figure, compared to the waveform of resistance
ground fault, the waveform of arc ground fault exhibits
significant noise and larger amplitude fluctuations. Due to the
randomness of arc voltage, repeated experiments were
conducted to verify the reliability of the location method. The
experimental results are shown in TABLE 1. Through repeated
experiments on arc ground faults, the results show that the

11

location method can accurately pinpoint the fault, thereby
verifying the reliability of the method.

TABLE 1
REPEATED EXPERIMENTAL LOCATION RESULTS FOR
ARC GROUND FAULTS
Data Number Measured Distance[km] Error[%]
1 4.01 0.25
2 4.10 2.50
3 4.06 1.50
4 391 2.25
5 4.02 0.50

B. Applicability of the Location Method

To wverify the adaptability of the location method in
engineering applications, considering the factors that may
affect its performance, a 20 km long single-circuit overhead line
was selected. Similar to Section III.A, PSCAD/EMTDC
simulation software was used for modeling, with a simulation
time step of 1 ps. The line structure is shown in Fig. 19. Through
software simulation, the location accuracy of the method was
tested under different fault resistances, fault initial angles, and
background noise conditions.
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Fig. 19. Schematic of the test line simulation model

1) Different Fault Resistances: To analyze the impact of fault
resistance on traveling wave location, the location results under
different fault resistance conditions were studied. The fault
resistance was set to 100 Q, 500 Q, 1000 Q and 5000 Q, with
the fault point located at 3 km from the measurement point on
phase A, a fault inception angle of 60°, and Gaussian white
noise with a signal-to-noise ratios (SNR) of 40 dB was added.
The fault current waveforms are shown in Fig. 20.
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Fig. 20. Waveforms under different fault resistances

The figure shows that as the fault resistance increases, the
amplitude of the fault current traveling wave gradually
decreases, and both the initial wavefront and the wavefront
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reflected from the fault point become less distinct. When
measuring distance with the original current amplitudes,
different amplitudes will result in different errors. Therefore, to
ensure a uniform scale before performing the Hough transform,
the fault current needs to be normalized after determining the
wavefront positions. The corresponding location results are
shown in TABLE II.

TABLE 1II
RESISTANCE GROUND FAULT LOCATION RESULTS FOR
DIFFERENT FAULT RESISTANCES

Fault Resistance[Q] Measured Distance[km] Error[%]
100 3.01 0.33
500 3.02 0.67
1000 2.97 1.00
5000 3.02 0.67

The results indicate that after normalizing the fault current,
variations in fault resistance have little effect on location
accuracy, with the location error remaining within a low range.

2) Different Fault Inception Angles: To analyze the impact of
the fault inception angle on traveling wave location, the
location results under different fault inception angles were
studied. The fault inception angle was adjusted by setting the
fault start time. The fault inception angles were set to 90°, 60°,
30° and 1.5°, with the fault point located at a distance of 6 km
from the measurement point on phase A, a fault resistance of
500 Q, and Gaussian white noise with a SNR of 40 dB added.
The fault current waveforms are shown in Fig. 21.
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Fig. 21. Waveforms under different fault inception angles

The figure shows that, compared to the changes in fault
resistance, the variation of the fault inception angle has a
smaller impact on the amplitude of the fault current waveforms
and a relatively minor effect on the initial wavefront and the
fault point reflection wavefront. The corresponding location
results are shown in TABLE III.

The results indicate that variations in the fault inception angle
also have little effect on location accuracy, with the location
error remaining within a low range.

TABLE III
RESISTANCE GROUND FAULT LOCATION RESULTS FOR
DIFFERENT FAULT INCEPTION ANGLES
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Fault Inception Angles[°] Measured Distance[km] Error[%]
90 5.95 0.83
60 6.05 0.83
30 6.06 1.00
1.5 6.08 1.33

3) Different Background Noise: To analyze the impact of
background noise on traveling wave location, the location
results under different background noise were studied.
Gaussian white noise with SNR of 50 dB, 40 dB, 30 dB and 20
dB was added to the waveforms. The fault point was located at
a distance of 5 km from the measurement point on phase A, with
a fault inception angle of 90° and a fault resistance of 100 Q.
The fault current waveforms are shown in Fig. 22.
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Fig. 22. Waveforms under different background noise

The figure shows that as the SNR decreases, the waveform
becomes increasingly jittery. This poses a challenge for line
identification of the Hough transform, as background noise can
affect the determination of line parameters. The corresponding
location results are shown in TABLE IV.

TABLE 1V
RESISTANCE GROUND FAULT LOCATION RESULTS UNDER
DIFFERENT BACKGROUND NOISE

SNR[dB] Measured Distance[km] Error[%]
50 4.99 0.20
40 4.94 1.20
30 5.10 2.00
20 5.23 4.60

The results indicate that variations in background noise have
a significant impact on location accuracy. The lower the SNR,
meaning the stronger the noise, the greater the location error.
However, the error remains within a controllable range,
demonstrating good anti-interference capability.

C. Physical Simulation Experiment

In the 380 V distribution network physical simulation
experiment system, tests for fault traveling wave detection and
location are conducted, as shown in Fig. 23.
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Fig. 23. Physical simulation experiment system

In this figure, the system draws lines from the distribution
cabinet and connects to the constructed outdoor line model.
Faults are set using a fault simulator, and the fault resistance
can be adjusted by connecting fault resistors to the line. The
controller is used to turn the fault on and off. At the end of the
line, the traveling wave location device can be connected,
which can extract waveforms and calculate the specific fault
distance using location algorithms. The specific structure is
shown in Fig. 24. The oscilloscope is used to observe the
captured fault traveling wave, while the computer is used to
view the fault location results.

The traveling wave location device draws power from the
secondary line voltage u[ of the distribution network and

provides power to the location device u, through a rectifier
circuit (RECT). First, three-phase current transformers (CTs)
with a ratio of 20 A:4 A are connected to the circuit being tested
for primary isolation, collecting three-phase current data ia, is
and ic. The secondary isolation is then achieved using a tunnel
magnetoresistance (TMR) chip, which converts the secondary
current signal iy, i and i into a voltage signal U, , Ug

and u; . These signals are fed into an analog-to-digital

converter (ADC), converting the analog signals into digital
signals with a sampling frequency of 10 MHz. The single-ended
traveling wave location method calculates the fault distance by
utilizing the time difference At between the initial wavefront
and the wavefront reflected from the fault point. To ensure
accurate measurement of the wavefront time difference, a Field
Programmable Gate Array (FPGA) is used for high-speed data
acquisition. The FPGA processes the data from the ADC
samples in parallel and ensures the accuracy of multi-channel
ADC synchronous sampling through its high-accuracy clock.
The FPGA first stores the sampled data in random access
memory (RAM). When no fault occurs, the data is cyclically
overwritten in RAM. Upon triggering a fault, the FPGA will
backtrack a segment of historical data in RAM and store it in a
first-in, first-out (FIFO) memory. When the FIFO storage is full,
the serial data is transmitted to the Raspberry Pi (RPi) via the
universal asynchronous receiver-transmitter (UART). Once the
Raspberry Pi receives the data, it inputs the fault data into the
location algorithm to calculate the fault distance and transmits
this information back to the master station through 5G
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communication. This device integrates functions for signal
sampling, data processing, and fault location.
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Fig. 24. Operation process of location device

The analysis of the time required for system fault location is
as follows: After the fault occurs, three-phase current data need
to be collected simultaneously, with each data set containing
65,536 data points and a sampling frequency of 10 MHz.
Therefore, the time required to collect this data is 6.55 ms. After
sampling, the data is transmitted to the Raspberry Pi via UART
at a transmission bit rate of 115,200 bps. Since the AD
conversion data is 10 bits, with each frame using 5 data bits for
transmission and including 1 start bit and 1 stop bit, the
transmission time for each frame is 60.76 ps, and the total
transmission time for all the data is 23.89 s. After the data is
transmitted to the RPi, the RPi runs the fault location code,
which takes 5-7 s. Therefore, the total time from receiving the
fault signal to the system completing the response is
approximately 30 s.

To conduct fault testing, a testing system with three feeders
has been built, as shown in Fig. 25.

G T ! 0m 2 L
QO s100m, 500 mF174
® - o—l—(@@)—» L
Fod 2
T, 5 100m 6 700m 7
L 500 m,300_m Ls
R F3é 8 I

Fig. 25. Line topology of the experiment system

In this figure, feeder L, is a single-segment line of 300 m in
length, with the fault point F; located at the end of the line.
Feeder L, is a single-segment line of 600 m, with the fault point
F; located 100 m from the beginning of the line. Feeder L;
consists of branches of 100 m, 700 m and 800 m, with the fault
point F3 located on the 800 m segment, 500 m from the start of
that segment. The traveling wave location devices are installed
atnodes 1, 3 and 6.
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A single-phase ground fault was simulated using the physical
simulation experiment system of the distribution network. To
verify whether the reference waveform generated by the
software simulation can be applied to the physical simulation,
the same reference waveform from Section III.B was selected,
which is the metallic ground fault traveling wave generated by
the software simulation. The traveling wave from fault point F»
was used as another reference waveform. Subsequently, fault
point F; was chosen for traveling wave location, and its
waveform is shown in Fig. 26.
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Fig. 26. Location process of physical simulation

Compared to the waveform of the ground fault simulated in
software, the waveform in the physical simulation experiment
exhibits greater fluctuation amplitude, stronger randomness,
and less distinct wavefront shapes. By comparing the reference
waveforms of wavefronts in the software and physical
simulations, it can be seen that both waveforms can accurately
identify the positions of the two wavefronts, with the
determined time windows differing by only one data point. The
Hough transform can also accurately calibrate the wavefront
arrival time. The location results obtained from the physical
simulation experiments are shown in TABLE V.

TABLE V
LOCATION RESULTS IN PHYSICAL SIMULATION EXPERIMENT
. Actual . o
Fault Point Distance[m] Measured Distance[m] Error[%)]
Fi 300 305.68 1.89
F, 100 104.55 455
F3 500 493.17 1.37

From the location results, the measured distances are
relatively close to the actual distances, indicating that the
Hough transform can provide accurate location for physical
simulation experiment data.

D. Comparison of Analyzed Signals

To validate the reliability of the method proposed in this
paper, a comparison will be made with location schemes from
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other literature. Reference [28] uses Variational Mode
Decomposition and Time-Frequency Energy Operator (VMD-
TEO) for fault location, first performing Variational Mode
Decomposition (VMD) on the traveling wave signal, then using
Teager Energy Operator (TEO) to analyze the first mode, and
taking the energy maximum point as the wavefront arrival time.
This method is referred to as TEO below. Reference [29] uses
Hilbert-Huang Transform (HHT) for fault location, first
performing Empirical Mode Decomposition (EMD) on the
traveling wave signal, then applying Hilbert Transform on the
mode with the highest frequency, and taking the instantaneous
frequency maximum point as the wavefront arrival time. This
method is referred to as HHT below. Reference [30] uses
Discrete Wavelet Transform (DWT) for fault location, utilizing
"db4" as the mother wavelet, and taking the modulus maximum
point of the wavelet transform as the wavefront arrival time.
This method is referred to as DWT below. By implementing
these methods, the performance of each method in terms of
wavefront calibration accuracy and noise immunity is analyzed,
with the specific results as follows:
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Fig. 27. Comparison of location effects for faults close to the
opposite end of the line

1) Wavefront Calibration Accuracy: To analyze the accuracy
of wavefront calibration using various methods, this study
selects the waveforms of fault points close to the opposite end.
In this scenario, the wavefronts reflected from multiple other
nodes arrive before the wavefront reflected from the fault point.
The original waveform and the waveforms transformed by each
method are shown in Fig. 27. In this figure, Wavefront (1) is the
initial wavefront, while wavefronts (2), (3) and (4) are reflected
from multiple other nodes, and wavefront (5) is reflected from
the fault point. Among these, wavefronts (1) and (5) are of
positive polarity, while wavefronts (2), 3) and () are of
negative polarity. It can be observed that all three methods can
effectively calibrate the wavefront arrival time, but none can
accurately distinguish the polarity of the wavefronts. This
limitation may lead to fault location errors in cases where the
wavefronts reflected from the nodes (such as wavefronts (2),
(3) and (3)) arrive earlier than the wavefront reflected from the
fault point (such as wavefront (5)) in the waveform. In contrast,
the analysis of the waveform using the Hough transform, as
shown in Fig. 11, accurately identifies the positions of the initial
wavefront and the wavefront reflected from the fault point, as
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well as their arrival times.
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Fig. 28. Comparison of location effects in noisy background

2) Noise Immunity: To analyze the adaptability of each
method to environmental noise, Gaussian white noise with an
SNR of 40 dB was added to the original wavefront signal. The
original waveform and the waveforms transformed by each
method are shown in Fig. 28. In this figure, wavefront (1)
represents the initial wavefront, wavefront (2) is reflected from
the opposite end, and wavefront (3) is reflected from the fault
point. It can be observed that the TEO waveform can accurately
calibrate the arrival times of wavefronts (1) and (2), while
wavefront (3) is almost covered by background noise.
Additionally, the HHT and DWT waveforms are completely
obscured by noise, making it impossible to calibrate the
wavefronts. In contrast, the noise immunity analysis of the
Hough transform, as shown in Fig. 22, indicates that the Hough
transform exhibits significantly higher noise immunity
compared to these methods.

V. CONCLUSION

This study focuses on the characteristics of traveling waves
and the principle of single-ended traveling wave location,
proposing and validating a single-ended traveling wave location
method based on the Hough transform. The main contributions
and research results are as follows:

1) An efficient single-ended traveling wave fault location
scheme for distribution networks is proposed. This scheme first
captures the fault occurrence time using an improved Pettitt test
and identifies the wavefront based on the Pearson correlation
coefficient, thus avoiding interference from wavefronts
reflected at other nodes. Subsequently, the wavefront arrival
time is accurately determined using the Hough transform,
significantly improving fault location accuracy. Compared with
methods such as wavelet transform and Hilbert-Huang
transform, this scheme not only calibrates the wavefront
reflected from the fault point but also demonstrates superior
noise immunity.

2) By constructing both software and physical simulation
models, this study validates the effectiveness and accuracy of
the proposed location scheme under various conditions,
including different fault resistance, initial fault angles, fault
locations, background noise levels, and different types of faults
(such as resistance ground faults and arc ground faults).
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Additionally, a more economical layout scheme for traveling
wave location devices is proposed. Experimental data indicate
that the location error of this scheme can be controlled within
5%, demonstrating its robustness in complex fault scenarios.

In summary, this study provides a certain technical reference
for fault location in distribution networks, with high practical
application value and potential for further dissemination. Future
exploration will continue in optimizing algorithms and
hardware development.
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