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ABSTRACT The topology of the distribution network and direction of the power flow will change when
distributed generators (DGs) are connected to it, making it difficult to locate faults using conventional
techniques like the impedance approach. Aiming at the two-phase short-circuit grounding faults of active
distribution networks, this paper proposes a fault location method based on the time difference of the traveling
wave modulus. The first step is the proposal of a zero-mode time-of-arrival calibration method for the ideal
frequency band through the analysis of the attenuation of zero-mode traveling wave transmission. Next,
define the relative wave velocity, research the quantitative relationship between the modulus transmission
time difference and the zero-mode and aerial-mode wave velocities, and establish equation constraints
between the modulus transmission time difference, relative wave velocity, and transmission distance. Then,
time bounds and dynamic inequality constraints that establish relative wave velocities by fitting. Finally,
combined with the abnormal data processing strategy, with the goal of minimizing the weighted deviation
of the modulus time difference, the particle swarm optimization (PSO) algorithm is used to solve the
fault distance. The PSCAD simulation result demonstrates that the method proposed in this paper has the
advantages of high accuracy, strong error tolerance, and strong adaptability, and can quickly and accurately
locate faults.

INDEX TERMS Fault location, traveling wave modulus time difference, renewable energy sources, weighted
deviation, preferred frequency band.

I. INTRODUCTION

Safe and reliable operation of distribution networks is an
important guarantee for people’s production and lives. Rapid
and accurate localization of the fault promotes the speedy
removal of the fault line. Improving the efficiency of fault
management and the dependability of power grid operation
after faults occur has significant social and economic benefits
[1]. The current of two-phase short-circuit grounding faults
and the variations in phase voltage of the busbar to ground
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are greatly affected by the grounding location and fault resis-
tance. Conventional protection is difficult to accurately locate
and remove faults, leading to the long-term existence of faults
and seriously threatening the safety of the power grid [2],
[3]. Even though a two-phase short-circuit grounding fault
has a lower likelihood than a single-phase grounding fault,
it causes much more damage to the power system. According
to the detected current information, the impact of incom-
plete and error information is excluded after judgment two
times by the adaptive matrix algorithm, then to determine
the fault [4]. In [5], an extended fault-location formulation
for a general distribution system was proposed. The method
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is based on apparent fault impedance calculation and can
calculate sufficiently accurate fault location in a distribution
system with intermediate taps, lateral and with heteroge-
neous lines. Although the prospect is broad, these algorithms
mainly aim at the single-phase ground faults [6]. With the
advent of widespread access to distributed power on a large
scale, the operation regulation and fault characteristics of the
distribution network are poised to undergo profound transfor-
mations [7], [8], including the emergence of two-way power
flow and dynamic changes in network topology [9]. As one
delves deeper into the intricacies of the fault mechanism, the
complexity of the analysis increases manifold. The charac-
teristics of distribution network grounding faults with neutral
points grounded through arc suppression coils, in particu-
lar, may be weakened, making fault location more difficult.
It is worth noting that conventional fault location techniques,
such as the impedance method, may be inadequate in such
circumstances [10].

Compared with single-phase grounding faults, the fault
characteristics of two-phase short-circuit grounding faults in
renewable energy sources connected distribution networks
are more obvious, and traveling wave characteristics are more
suitable for fault location. The traveling wave method has
been widely used in the field of transmission network fault
location due to its high accuracy and reliability. At present,
the traveling wave method can be categorized into three
sub-types: single-ended methods [11], double-ended methods
[12] and wide-area methods [13], [14].

References [15] and [16] utilize the traveling wave
information at multiple opposite-end buses to perform the
extended double-ended traveling wave methods, and take
the average of the calculation results as the fault distance.
According to the correlation analysis of the initial arrival time
of traveling waves, an effective fault section identification
method was developed in [17]. This approach combines the
transmission path of the initial traveling wave and fuses and
processes waveform data from the entire network to accu-
rately locate faults. Reference [ 18] establishes the arrival time
difference matrix of traveling waves, and uses the matrix
difference before and after the fault to locate the fault.

The structure of the distribution network is complex since
there are many branches. When the topology of the distri-
bution network is known, a traveling wave location system
based on the entire distribution network can be established
according to the wide-area traveling waves [19], [20], but
there are still microsecond-level errors, which limits the
improvement of fault location accuracy. A technique pro-
posed in [21] merges the virtual fault point into the network
topology after each reset and recalculates the shortest dis-
tance between the node and other nodes. This method is
simple and effective, but the calculation burden is heavy. The
access of distributed generators makes the distribution net-
work fault form more complicated, especially the grounding
fault characteristics of the distribution network, whose neutral
point grounded through the arc suppression coil is further
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weakened, and the grounding fault location becomes more
difficult [22]. In response to the shortcomings of standard
intelligent algorithms in high-dimensional large-scale dis-
tributed power grid location selection, [23] proposes a hybrid
algorithm combining improved matrix algorithm to solve
the location of fault sections. Although the traveling wave
method has high location accuracy and widespread practice,
it still faces the problems such as difficult identification of
the traveling wave head, and great influence from traveling
wave speed in distribution networks. At the same time, the
probability of abnormal data also increases with the growth
of traveling wave data. In [19], the researchers establish
overdetermined equations based on the law of traveling wave
transmission, weaken the influence of abnormal data through
redundant equations, and use the wide-area traveling wave
method for fault location. This method utilizes redundant
information to identify and eliminates the impact of abnormal
data, thereby improving fault location accuracy to a certain
extent. However, the above methods focus on abnormal data
with high order of magnitude, without considering the abnor-
mal data caused by synchronization and sampling errors.

Aiming at the above problems, this paper proposes a
two-phase grounding fault location method based on modulus
time difference for new energy distribution networks. By ana-
lyzing the time-frequency characteristics of the zero-mode
wave head, the accurate zero-mode wave head calibration
method is condensed, and the relationship among the mod-
ulus time difference, the wave speed and distance is studied.
The relative wave speed is defined, its dynamic fluctuation
range is obtained through the simulation data, and the simu-
lation model is finally established to verify the effectiveness
and accuracy of the proposed method. The main contributions
of this paper are expressed as follows:

(1) The stability of the arrival time for the traveling wave
zero mode component is significantly lower than that of
the aerial mode component, which poses a challenge when
introducing zero mode components for fault location. This
article uses the S-transform to extract the time-frequency
characteristics of the traveling wave zero mode component
to analyze the cause of its instability, and establishes a cali-
bration method for zero mode wave head arrival time based
on this analysis.

(2) In weak synchronous or asynchronous situations, the
traveling waves between nodes are recorded by different
time benchmarks. The difference in the arrival time of the
wave heads between the two nodes cannot match the dis-
tance difference between the fault point and different nodes.
Based on differences in wave velocity between zero mode and
aerial mode, this article constructs a transmission relationship
between them. Considering wave velocity and arrival time
error, a fault location model is established with the weighted
deviation degree of modals time difference as the target,
and the fault location is achieved by comprehensively using
zero mode and aerial mode traveling wave information under
different time benchmarks.
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FIGURE 1. Comparison of wave head morphology at different distances.

(3) The existing methods mainly focus on abnormal data
with high orders of magnitude, without considering the
impact of error data caused by synchronization and sampling
errors. This article proposes a strategy for identifying and
processing abnormal data based on contradictory constraints,
which avoids the degradation location accuracy due to the
pollution from such data.

1. ANALYSIS OF THE PROPAGATION FEATURES OF THE
TRAVELING WAVES
A. FREQUENCY-DEPENDENT CHARACTERISTICS
1) FREQUENCY-DEPENDENT ATTENUATION
CHARACTERISTICS
The fault traveling wave propagates on the line in a tran-
sient form after the fault occurs. The energy loss caused by
line resistance and insulation leakage conductance makes the
amplitude of the traveling wave head attenuate during the
transmission process. The skin effect is more significant in
transmission, and the equivalent line resistance is higher due
to the traveling wave mutation’s abundance of high-frequency
components, which causes a slower steepness of wave head
[24]. Fig.1 shows a shape comparison of the wave head after
the same traveling wave transmitted different distances.

The wave head of a traveling wave can be regarded as the
superposition of multiple frequency components, which can
be expressed by

[ Aw = D (€O, (1) 0

Y(@) = V(R + joL)(G + joC) = a (») + jB (w)

where Ay is the amplitude of the traveling wave head, f,(¢)
is the amplitude of the wave head of the frequency w. R, L,
G, and C are the resistance, inductance, conductance, and
capacitance of lines, respectively. « (w) and S (w) are the
attenuation coefficient and phase coefficient of the traveling
wave at different frequencies, respectively. The amplitude
attenuation of each frequency component in the traveling
wave signal is different. Both @ (w) and  (w) increase with
the growth of frequency from equation (1) as the propagation
distance increases. The higher the frequency, the more signif-
icant the amplitude attenuation of the component.

By setting nine measuring points on a line and using
the wavelet transform to collect wave heads in differ-
ent frequency bands, the attenuation trend is obtained as
shown in Fig.2. The waveforms of different colors represent
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FIGURE 3. Comparison of amplitude attenuation in different frequency
bands of wave heads.

the absolute values of the wavelet frequency components
extracted by the wavelet transform at different distances.
It can be seen that the high frequency components attenuate
faster than the low ones due to the different parameters of
the different frequency components during the transmission
process. This is the frequency-dependent attenuation charac-
teristic of the traveling wave.

2) FREQUENCY-DEPENDENT ATTENUATION
CHARACTERISTICS

Different frequency components of traveling waves not only
have different amplitude attenuation characteristics but also
exhibit different propagation speeds. At a distance of 10 km
from the fault point, the aerial mode traveling wave is mea-
sured with a sampling rate of 1 MHz, and the spectrum
diagram drawn by S-transformation is shown in Fig.3.

Taking the modulus maximum value of each frequency
component as the arrival time of the frequency, the result of
100 kHz—450 kHz is shown in Fig.3. It can be seen that the
arrival time increases with the decrease in frequency, which
means that the wave velocity of the low-frequency component
is slower than that of the high-frequency component. The
velocity of traveling waves is closely related to frequency
and line parameters, and the velocities of different frequency
components are different, and the high-frequency compo-
nents have a faster transmission speed [25].

The high-frequency component with the fastest transmis-
sion in the wave head is detected first. However, since the
high-frequency component attenuates quickly, the traveling
wave acquisition device is limited by its resolution and
cannot identify the highest frequency component after the
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attenuation reaches a certain level, so it can only detect the
sub-high frequency components. The traveling wave velocity
at this time is actually the wave velocity of the sub-high fre-
quency component. As the transmission distance increases,
the attenuation becomes more and more significant, the fre-
quency component of the traveling wave becomes lower
and lower, and the corresponding wave velocity becomes
slower [26].

B. ANALYSIS OF TRAVELING WAVE CHARACTERISTICS IN
THE DISTRIBUTION NETWORK WITH DGS

1) EFFECTS OF DISTRIBUTED GENERATORS AND POWER
ELECTRONIC EQUIPMENT ON THE INITIAL TRAVELING

WAVE HEAD

The power electronics equipment will reduce the switching
frequency as much as possible to reduce the switching loss.
The switching frequency of the converter in the distributed
generators is usually 2 kHz. Hence, the harmonics generated
by the switch are mainly at 2 kHz. Selecting a suitable fre-
quency band signal can avoid the influence of the harmonics
generated by the power electronic equipment on the initial
fault wave head to a certain extent. In addition, the detection
of the initial traveling wave is that the wave head rise or fall
time is less than 10 us. Regardless of the harmonic situation
generated by the power electronic equipment, the LCL filter
filters the output signal of the thyristor or the PWM signal of
the IGBT before flowing into the alternating current side, and
the wave head rising or falling time is generally greater than
Ims.

Since the transmission speed of the fault traveling wave is
close to the that of light, and the distribution lines are gener-
ally short, the initial fault traveling wave head can be detected
at the microsecond level if the terminal transformer of each
branch is equipped with a traveling wave acquisition device.
The response delay of the power electronic equipment control
system is around milliseconds, and the initial fault traveling
wave head has reached the detection device before the control
system acts. At the same time, the generation mechanism
of traveling waves follows the wave process theory. The
transmission of the initial traveling wave head is only related
to the fault conditions and the distributed parameters of the
line. It is not affected by the power supply (grid-connected
inverter, control system) or the backside system of the fault
point. The grid-connected inverter and filter can be regarded
as the boundary of the line, which will affect the subsequent
refraction and reflection of the traveling wave, while the wave
head of the initial traveling wave is basically not affected.
In addition, when distributed power is connected to the grid,
the node voltage is affected by the DG access position and
capacity. The slight fluctuations on the node voltage caused
by DG can be negligible.

2) COMPARISON OF TRAVELING WAVE SIGNALS IN
DISTRIBUTION AND TRANSMISSION NETWORKS

Taking the 10 kV distribution system as an example, com-
pared with the transmission line, there is a certain difference
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in the fault traveling wave signal of the distribution network.
The main influencing factors are analyzed in detail as follows.

The structure of the distribution network is complex, and
there are many branches. The fault traveling wave will be
refracted and reflected at the branch nodes and the connec-
tion of the cable overhead line. Equation (2) is the voltage
refraction coefficient, Zj, is the wave impedance of the
incident wave branch, Z. is the parallel impedance of all
branch wave impedances directly connected to the branch
node except the incident wave branch. Assuming the total
number of branches is n, the fault traveling wave attenuates
to 2/n of the initial traveling wave after passing the branch
node. Line parameters also affect the attenuation of the fault
traveling wave. Equations (3) and (4) are the expressions of
the transmission coefficient and the transfer function. The
transfer function is related to the traveling wave transmission
distance, frequency, and line parameters. For the same trans-
mission distance, the attenuation of distribution overhead
lines is slightly greater than that of overhead lines, and the
attenuation of cables is much greater than that of overhead
lines.

27,
rf - ZZC + Zlc (2)
Y (@) = VZoYo = /(Ro + jwLo)(Gy + jwCo)
= (0) +jB () 3)
Aw) =e ™ 4)

The voltage traveling waves are detected by voltage trav-
eling wave transducers, which are connected to the ground
wire of the capacitive equipment (transformers). It detects
the change and characteristics of the current on the ground
wire of the equipment by detecting the change of the induced
electromotive force, thereby reflecting the sudden signal of
the line voltage traveling wave.

The equivalent capacitance of the distribution transformer
is smaller than that of the transmission network capacitive
voltage transformer (CVT). Due to the difference in the
equivalent capacitance, the initial traveling wave head of
the distribution network fault is much smaller than that of
the transmission network fault [27].

IIl. FAULT LOCATION METHOD BY MODAL TRAVELING
WAVES

A. TRAVELING WAVE ARRIVAL TIME CALIBRATION

The zero-mode traveling wave transmission circuit is formed
by the ground, and the aerial-mode traveling wave transmis-
sion circuit is formed by wires. Since the impedance of the
ground is larger than that of the line, the attenuation during
the transmission of the traveling wave zero-mode component
is more obvious [28].

Since the attenuation coefficient for the zero-mode trav-
eling wave transmission path is higher, more of its energy
is concentrated in the low-frequency band, and the atten-
uation in the high-frequency band is significant. The
time-frequency information of the zero-mode traveling wave
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FIGURE 4. Detailed time-frequency distribution of zero-mode traveling
waves in 300-400kHz.

in the 300~400 kHz frequency band is shown in Fig.4. Due to
the significant attenuation of the zero-mode traveling wave at
a long distance, the frequency components at above 380 kHz
have been submerged in the noise.

That noise exists on the full-time scale means there
is always background noise in the spectrum obtained by
S-transform, and the background noise at the same frequency
is basically unchanged in order of magnitude. Thus, a zero-
mode effective frequency band extraction method is formed,
and the wave head is calibrated according to the effective
frequency band information.

The time-frequency matrix W is obtained after S transfor-
mation of the detected zero-mode signal:

W = (1 <i<tmax,0 <j<fmax) (5)

[Wij ] tmax X fmax

where w;; is the amplitude of the traveling wave signal cor-
responding to frequency band i at time j, tmax and fmax
represent the upper limit of time and frequency, respectively.
Further average the rows of W to form the average
time-frequency background noise matrix Wyy:

wip ... W]
Won = Do (6)
Wi - W
The value of w; in (6) is:
w; = Zwl](l < j < tmax) @)

tmax

where 7 is the background amplification factor, and 10 is used
in this paper to ensure negative noise. Then, the negative noise
is calculated by the matrix difference:

W =W — Wy, ®)

The matrix W* is the zero-mode time-frequency matrix
after the background noise is negatively valued. After the
above processing, the negative value of the noise can be
ensured, and the effective frequency band can be identified.
W* at this time is shown in Fig.5.

As shown in Fig.5, the high-frequency component of the
traveling wave is negatively valued with the differential oper-
ation, and the effective frequency bands of zero mode and
the flooded frequency band are distinguished in numerical
signs. In consideration of the calibration’s practicability and
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effectiveness and with the goal of acquiring as much node
time information as possible, the calibration frequency band
is set as 100~200 kHz. If a node has a negative value between
100 kHz and 200 kHz, it is labeled as a fuzzy node, and
the calibration frequency range is lowered to the highest
frequency corresponding to the non-negative value between
100 kHz and the non-negative value; if all negative values are
in the 100~200 kHz frequency band, the node is marked as an
invalid node. After each frequency band within the selected
effective frequency band has been calibrated, the average
value of the calibration results is taken as the final calibration
result.

B. FAULT LOCATION ALGORITHM

When an asymmetric fault occurs anywhere in the distribu-
tion network, the traveling waves of zero mode and aerial
mode will be generated. Due to the different transmission
paths and parameters, the zero-mode transmiss1on speed v
is usually slower than the aerial-mode speed v The time
difference AtIOI between the zero-mode and aerial- mode wave
head arrival times at node i should conform to the following
relationship:

l lg 1 1
ol 0 ! i fi
At :ti_ti:_o__l:(v_o_y)lﬂ )

vi oV i i

where ti[ is the calibration time of the aerial-mode wave head
at node i, v? and vf are the average wave speeds of the
zero-mode and aerial-mode traveling waves transmitted to
node i, respectively.

Define the relative velocity v?l of the zero-mode and aerial-
mode of node i:

)

Ve

W= () (10)
Vi—Vi

Substituting (9) into equation (10), we have:
=1y (1)

It can be seen from equation (11) that the fault distance is
proportional to the modulus arrival time difference. By vec-
torizing the above equations to establish the shortest distance

W A
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function vector Ly, the relative wave velocity vector VO and
the modulus time difference vector ATY are:

Ly = [la(xp)] |,y A < i< N)
VO = v <i<N) (12)

1

ATY = [A) 1, n(1 < i< N)

If node i is not equipped with a measuring device, the
corresponding element of the vector will be set to zero. The
equality constraints are as follows:

VW*(A]QM)T::lf (13)

where * represents the variable form of that vector.
According to the collected data and combined experience
[29], the zero-mode wave velocity range is known to be:

0.8c < < 0.987¢ (14)

where ¢ represents the speed of light, whose value is
3 x 10%mys.

Since the zero-mode wave velocity is slower than the
aerial-mode wave velocity, the denominator of (10) is always
greater than 0, so the zero-mode wave velocity is positively
correlated with the relative wave velocity and the aerial-mode
wave velocity is negatively correlated with the relative wave
velocity. When calculating the upper limit, the wave velocity
difference between the aerial mode and the zero mode at the
initial moment of the fault is the smallest. The maximum
value is approximately infinite, and the lower limit calcula-
tion result retains two decimal places. The fluctuation range
of v?l is:

4.22¢ < W < 00 (15)

Fixed wave velocity constraints are difficult to adapt to
changing relative wave velocities, and it is necessary to estab-
lish wave velocity constraints that vary with distance. A linear
function, a quadratic function, a cubic function, and a power
function are used to fit the simulated scattered point data and
accurately describe how the modulus time difference changes
with fault distance. The fitting curve is depicted in Fig.6.

As shown in Fig.6, the cubic function has the highest
degree of fitting reliability, so it is chosen for fitting. Con-
sidering the line parameters, the wave velocity attenuation
difference caused by the transmission path, and the fitting
error, the relative wave velocity fluctuates within £10%
under normal circumstances. Therefore, the matrixed relative
velocity constraints can be expressed as:

|V01 _ V01*| < e€Xx Lf('x)
— ATY ()
(1 —¢e)x Ly (1+¢e)x Ly

where ¢ is the confidence range of the relative wave velocity,
which is taken as 10 in this paper.

Considering the error range and a certain margin, this paper
extracts the information of the first wave head f;/4—f/2 (f; is
the sampling rate) frequency band by db6 wavelet transform,
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and sets the fluctuation range of the actual wave head arrival
time as the range of the transient process of the frequency
band, as shown in (17).

tg <t <lgj an

where ¢; is the time when the first wave head reaches node i.
t; is 0 if there is no measuring device at node i. #,; and #,; are
the transient end and starting time of the first wave head.

The arrival time of the zero-mode in different frequency
domains is quite different, and the analysis of the time error of
the aerial mode wave head is not applicable to the zero-mode.
In this paper, the 100~200 kHz frequency is used to calibrate
the traveling wave head, and the final calibration time should
be within the time fluctuation range of the subdivided fre-
quency bands under this frequency band.

The error caused by sampling usually does not exceed one
sampling period. After taking it into account, the fluctuation
range of the arrival time of the zero mode is:

1
0 0 0
i_min ]T =4 = ti_max +]T

N N

t (18)

where t? max and t? min are the maximum and minimum
arrival times of zero-mode at node i, respectively.
Combining the time error range of the aerial mode due to
sampling, the time difference error range can be obtained as
followed:
19

i_min

2 2
—ly— — < Atl.Ol <ti0_max_t3i+_ (19)

fs B fs
Substituting f; =1MHz and let

T =) pin —tei — 2lxn (1 i <N)  (20)

min

Toax = 11 max =i + 2y <i<N) Q1)
01 01 " .
where T' . and T .. are the lower and upper limit matrices

of the fluctuation of the modulus time difference, respec-
tively. Using the above matrices to matrix and varialize the
equation (19), the time error constraint of the model is as
follows:

min max

If the error between the measured modulus time difference
and the ideal modulus time difference is ignored, it is only
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possible to obtain the same value as the measured time at
the actual fault point, and the objective function (23) is con-
structed accordingly.

N (V] 0l
_ _ AL — AL
min(eg,,) = min (Z %) (23)
i i

The final fault location model obtained is as follows.

V| A — Ar|
min JLI S——
(225)
0l 0l
Vo AT Zzz b 0 @9
S.t. Tmin = AT * = Tmix
i o _ &€ X Lf

C. FAULT LOCATION PROCESS

In this paper, particle swarm optimization (PSO) [30] is used
to solve the fault location results. PSO is a swarm intelligence
optimization algorithm that can find the optimal solution
through cooperation and information sharing among individ-
uals in the group. Due to the existence of equality constraints,
it is sufficient to set the distance and time variables to calcu-
late the wave velocity.

1) ABNORMAL DATA IDENTIFICATION AND PROCESSING
When there is obvious abnormal data, there may be cases
where the model cannot converge to a smaller value no matter
how the particle position changes. This is a consequence
of the inconsistency between the time constraint and the
wave velocity constraint introduced by the abnormal data.
It can be judged by the values of the penalty factors. There
are two possibilities for abnormal data that do not meet the
constraints: greater than the upper limit or less than the lower
limit, which means that the values of penalty factors are non-
Zero.

2) ACCURATE FAULT LOCATION PROCESS
The specific process of the fault location method based on the
modulus time difference is shown in Fig.7.

(1) Collect traveling wave signal data to form a dynamic
wave velocity value range.

(2) Identify the faulty line according to the state of the
circuit breaker, and mark the node numbers at both ends of
the faulty line as A and B, where A<B.

(3) According to the data collected by the wave head,
the arrival time and fluctuation range of the aerial mode is
extracted.

(4) According to the wave head calibration method of the
preferred frequency band, the zero-mode arrival time and
fluctuation range and eliminate invalid data is extracted.

(5) Substitute the obtained effective parameters into the
established PSO model to solve the fault location results.

(6) If there is no solution, identify abnormal data according
to the penalty item.

(7) Eliminate invalid data.
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FIGURE 7. Flow chart of the method operation.

(8) Repeat step (5) to obtain the fault location result.

IV. SIMULATION RESULTS AND DISCUSSIONS

A. SIMULATION MODEL

To verify the accuracy of the proposed fault location method,
a distribution network simulation model, as shown in Fig.8
was built by PSCAD/EMTDC. This model is a 10 kV
multi-outlet and multi-branch radial distribution network
composed of 4 feeders, the longest of which is the main feed
line. The system uses a mix of cables and overhead lines, the
parameters of the overhead line and cable are indicated in
Table 1. In Fig.8, T is the main transformer of the distribution
system, and its ratio is 110 kV/10.5 kV. Each branch termina-
tion is connected to a Dyn transformer, with a 10 kV/0.4 kV
ratio. The loads operate at a constant frequency with 200 kW
active power and 40 kvar reactive power. The traveling wave
detection devices are installed as shown in Fig.8 to collect
traveling wave signals.

B. SIMULATION ANALYSIS

Set a short-circuit grounding fault in A-B phase 6 km away
from node G on line F-G. The interphase resistance is usually
small, and is set to be 1 . The ground resistance is 50 2.
After eliminating the invalid data, the result obtained by
inputting valid data into the fault location model is 6.0177 km,
with an error of 17.7 m. At this time, the calculated objective
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TABLE 1. Parameters of Medium-voltage overhead lines.

positive- R, (Q/km) L, (mH/km) C) (WF/km)

sequence

parameter 0.17 1.20 0.010
zero- Ry (Q/km) Lo (mH/km) Co (uF/km)

sequence
parameter 0.23 5.48 0.008

Convergence process
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0.1191 7

Csum

0.1185[ b

0.118 7

L L L L L L L L L
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Number of iterations

0.1175

FIGURE 9. Convergence process of model.

function is 0.11768. The convergence process is shown in
Fig.9. The algorithm can quickly converge to the vicinity of
the fault point within 10 iterations and gradually approach the
fault point.

The particle distribution of the 95th iteration is shown in
Fig.10. The particles are randomly distributed at the initial
stage, and some particles cannot meet the wave velocity
constraint and time constraint at the same time, so the
corresponding objective function is affected by the penalty
function, which is much higher than the normal value. How-
ever, due to the heuristic optimization characteristics of PSO,
the particles quickly gather near the fault point that meets the
wave velocity constraint and time constraint at the same time
and constantly search for the optimal point. In the feasible
domain, as the particle distance parameter approaches the
fault distance represented by the modulus time difference
information, the value of the objective function gradually
shrinks and finally reaches the minimum.

In order to verify the recognition effect of the algorithm on
abnormal data, a data error of 1 ms was set at node H, and the
model was re-run. The iterative process is depicted in Fig.11
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FIGURE 11. Convergence process of model when there is abnormal data.

at this time. As can be seen, the value of the objective function
still decreases with the number of operations in the algorithm.
However, its value decreases slowly, and its minimum value
is still high until the end of the iteration, which means that the
abnormal data causes a conflict between the time constraint
and the wave speed constraint.

The particle distribution of the 95th iteration is shown in
Fig.12. Although the model can still get the approximate fault
location, the penalty function always plays a role because
the constraint contradiction model cannot find a feasible
solution that fully complies with the relative wave velocity,
modulus time difference inequality constraints. In the end,
the objective function can only be maintained at a higher
order of magnitude. In this case, the difference between the
relative wave velocity and the constrained upper and lower
limit D; max and D; min are shown in Fig.13.

When D; max < 0 and D; min > 0, node i can satisfy the
wave speed constraint. DG_max and DG_min of node H are both
less than zero, indicating that the relative wave velocity is
limited to a value range less than the lower limit of relative
wave velocity due to excessive time error, which is consistent
with the setting situation. Therefore, the abnormal data can
be identified, and the complete model is rerun after deleting
it. The calculated result is 6.0224 km, with an error of 22.4 m.
It can be seen that the proposed algorithm can effectively
identify the abnormal data collected by each node and locate
the fault point after eliminating the abnormal data.

A two-phase ground fault is set between nodes E and F in
the simulation model of Fig.8, 25 km away from node G. The
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FIGURE 14. Traveling wave signal processed by wavelet transform.

traveling wave signal is measured at node E, the transition
resistance is set to 50 2, and the zero-mode and aerial-mode
voltages after the transformation processing by db6 wavelet
are shown in Fig.14.

According to Fig.14, there is a certain difference in the
arrival time of the aerial mode and the zero mode of the fault
traveling wave in the power distribution system, so the
method based on the modulus time difference is feasible in the
power distribution system. From Fig.14 (a) and (b), we know
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TABLE 2. Results of different fault locations.

No. Faulty line  Fault distance/km  Fault location error/km
1 Node A-B 5 0.0132
2 Node B-C 10 0.0145
3 Node C-D 5 0.0245
4 Node D-E 5 0.0191
5 Node E-F 5 0.0272
6 Node F-G 5 0.0218
7 Node F-G 10 0.0173
8 Node A-M 10 0.0178

the arrival time of the first wave of the zero-mode and aerial-
mode components at node G is 2.1762 ms and 2.0953 ms,
respectively. Based on the time difference between the wave
heads of zero mode and aerial mode to reach node G, com-
bined with the propagation speed of two on different lines, it is
possible to determine the approximate location of the fault
point, then eliminate the pseudo-fault point and precisely
locate the fault point.

In order to further verify the extraction effect of the pro-
posed method on the arrival time of the mode component
wave heads, two-phase ground faults were set at different
positions upstream node G on the main feeder line. The fault
resistance was 50 €2, and the traveling wave signals were
acquired at node G. The results were shown in Fig.15. The
fault location in the figure refers to the distance from node G.

As the traveling wave transmission distance increases, the
difference between the arrival times of the two modulus
wave heads becomes more and more obvious. In addition,
the arrival time of the traveling wave head is not absolutely
proportional to the fault distance, but with the increase of
the fault distance, the arrival time of the traveling wave head
will become longer, which is consistent with the theoretical
analysis of wave speed attenuation in Section II.

To verify the location effect of the proposed method at
different fault locations, two-phase ground faults are set at
different locations of the grid with a time error of 1-2us. The
results are shown in Table 2. The simulation results show that
the proposed method can locate faults on different lines at
different distances, and the error is less than 30 m.

To verify whether the accuracy of this method meets the
requirements for new energy access, two nodes K and N
in the model shown in Fig.8 are connected with 50 kW
photovoltaics, and the fault location is performed again.
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TABLE 3. Results under distributed generator access.

No. Faulty line  Fault distance/km _ Fault location error/km
1 Node A-B 5 0.0141
2 Node B-C 10 0.0164
3 Node E-F 5 0.0327
4 Node F-G 5 0.0232
5 Node F-G 10 0.0194
6 Node A-M 10 0.0191
7 Node A-B 5 0.0157
8 Node A-M 10 0.0279

TABLE 4. Results under different grounding resistances.

No.  Grounding resistance/Q2  Fault distance/km  Fault location error/km

1 100 5 0.0223
2 200 5 0.0242
3 200 10 0.0182
4 400 10 0.0175

TABLE 5. Results in case of abnormal data.

N T‘m? . Abnormal  Abnormal location Fau_lt
synchronization . o location
o. location recognition results
error error/km
1 0.1ms E E 0.0136
2 0.1ms H H 0.0153
3 0.1ms E. H E. H 0.0196
4 Ims E E 0.0148
5 Ims H H 0.0175
6 1ms E. H E. H 0.0232

In addition, to test the applicability of the proposed method
for single-phase grounding faults, two sets of single-phase
ground faults (No.7 and No.8) are set up. The results are
shown in Table 3.

It can be clearly observed that under the influence of new
energy and power electronic equipment access, the arrival
time of the traveling wave head has a slight change, but the
result can still be guaranteed to be within 35 m, which has
little impact on the overall fault location accuracy. There-
fore, this method can be applied to the fault location of the
distribution network with the new energy access, including
single-phase ground fault.

The following section examines the fault location accu-
racy of this method for various grounding resistances. Set a
two-phase grounding fault on the line between nodes F and
G with different rounding resistances. When grounding faults
occur in distribution networks, the type of grounding medium
is complex and may include various high-impedance ground-
ing environments, such as soil, gravel, grassland, concrete,
branches, pits, and tiles [31]. In addition, the resistance is
also affected by temperature and humidity. Considering the
influence of various factors, the maximum resistance selected
is 400 €. Table 4 displays the results. The error of fault loca-
tion can still be kept within an acceptable range, indicating
that the method is less impacted by grounding resistance and
has strong resistance to transition resistance.

Based on the simulation in Section IVB, abnormal data
of different locations and proportions were set on the main
feeder line. The results are shown in Table 5.
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TABLE 6. Comparison results with several methods.

Methods Wave velgcny Abnormal data ~ Synchronization Location
attenuation error
[21] Not considered Not considered Yes 29.6 m
[32] Not considered ~ Not considered Yes 22.6m
Proposed Considered Considered No 20.1 m
method

Simulation results show that the proposed method can
recognize and process abnormal data, and ensure that the fault
location error is less than 0.1%.

C. COMPARED WITH OTHER METHODS

1~2 us random error was set on the faults of cases 2, 5, and
7 in Table 2, and the fault location comparison results with
other methods are shown in Table 6.

Fault location in [21] is performed by setting virtual fault
points to calculate the mismatch degree, but this method
does not consider the inconsistency of the whole network
due to wave speed attenuation when solving wave velocity.
[32] By using the reflection coefficient for fault localization,
but ignoring the attenuation of the wave speed, the error is
large. In this paper, wave velocity decay is considered, and
the penalty function during particle swarm solving is used
to indicate and eliminate anomalous data. In addition, the
proposed method does not require synchronization, which
reduces the cost and difficulty of actual-field practice. Under
the condition of the same sampling rate and 10us synchro-
nization accuracy, the location error of the proposed method

is less than 20.1 m, which has higher location accuracy than
[21] and [32].

V. CONCLUSION

1) The amplitude attenuation and frequency dependent wave
speed in the process of traveling wave transmission are
analyzed, and the inconsistent characteristics of the whole
network caused by wave speed attenuation are summarized.
The time-frequency characteristics of zero-mode traveling
wave are analyzed, and a wave head calibration method
considering background noise is proposed according to the
characteristics of time-frequency noise in whole time domain.

2) By analyzing the proportional relationship between
the modulus time difference and the fault distance through
analysis, we define the relative wave velocity and establish
the constraint on the modulus time difference, relative wave
velocity, and transmission distance. In addition, a location
model is established with the weighted deviation of the mod-
ulus time difference as the objective function and realized by
PSO algorithm, and the abnormal data are identified accord-
ing to the penalty term.

3) After connecting to the distribution network, distributed
generators and power electronic equipment will produce a
large number of harmonics, and selecting the proper fault
traveling wave frequency band will effectively reduce the
effects of higher harmonics. Before the control system is
activated, the fault features are only affected by the network
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topology and its parameters, and not by the control strategy.
As a result, the fault location method based on the initial
traveling wave head has good adaptability.

4) A 10 kV multi-branch radiation distribution network
model was built by PSCAD/EMTDC, and case analysis, wave
head arrival time analysis, and abnormal data analysis were
carried out for the proposed method. The results demonstrate
that the proposed method has advantages in terms of fault
location accuracy and time synchronization.
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