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Abstract: This paper aims to address the problems of inaccurate location and large com-
putation in hybrid transmission line traveling wave detection methods. In this paper, a new
fault location method based on empirical Fourier decomposition (EFD) and the Teager
energy operator (TEO) is proposed. Firstly, the combination of EFD and the TEO is used
to detect the time difference between the arrival of the initial traveling wave of the fault at
the two measurement ends of the hybrid line. Then, when the fault occurs at the midpoint
of each line segment and at the connection point of the hybrid line, the time difference
between the arrival of the fault traveling wave at the two measurement ends of the line is
calculated according to the line parameters. By comparing the obtained time differences,
it is determined whether the fault occurs in the first or second half of the line. Finally, the
fault distance is calculated using the double-ended traveling wave method according to the
fault section. The model was built on PSCAD and the proposed algorithm was simulated on
MATLAB platform. The results demonstrate that the proposed method achieves an average
fault location accuracy of 98.88% by adjusting transition resistances and fault distances and
comparing with other location methods. After validation, the proposed method for locating
faults has a high level of accuracy in location, computational efficiency, and reliability. It
can accurately identify fault segments and locations in hybrid transmission line systems.

Key words: empirical Fourier decomposition, fault location, hybrid lines, Teager energy
operator, traveling wave method

1. Introduction

In order to maintain a clean and beautiful city and better utilize land space, the number of
overhead lines inside the city continues to decrease, while underground cables gradually increase.
The original structure of the distribution network, consisting solely of overhead lines, has gradually
transformed into a hybrid system incorporating both cables and overhead lines [1,2]. Due to the
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underground use of cables, the failure rate is relatively low compared to overhead lines. However,
with the increase in usage time, cables may also fail due to insulation aging. Whether it is an
overhead line or a cable line fault, if not dealt with in a timely manner, it may cause serious
economic losses. Therefore, it is important to locate the fault location quickly and accurately after
a fault occurs in a hybrid line to improve the reliability of power supply and reduce the loss of
power outage [3,4].

Currently, many studies have been conducted based on single overhead lines or cable lines.
Due to the inconsistent characteristic impedance of hybrid lines, the traditional method of locating
faults on a single type of line will no longer be applicable. The fault location methods for hybrid
lines are mainly divided into two categories, namely impedance method [5] and traveling wave
method [6]. The impedance method has the advantages of economy and simplicity in fault location
of underground cables and overhead transmission lines [7], but its positioning results are greatly
influenced by factors such as system operation, line impedance, and load current. The traveling
wave method has better application value compared to the impedance method [8, 9], which can
be divided into single ended method [10] and double ended method [11, 12]. The key step is to
accurately detect the traveling wave head [13, 14]. Xie et al. [15] identified fault zones by defining
and comparing the node ratio coefficient values of nodes and fault points based on the refractive
characteristics of traveling waves at nodes, and proposed a hybrid line fault location method
based on extreme-point symmetric mode decomposition (ESMD) combined with the Teager
energy operator (TEO). This method has good reliability in fault line segment identification and
eliminates the impact of changes in traveling wave velocity on hybrid line fault location, However,
this method does not reflect the computational efficiency of ESMD for fault traveling wave signals.
Duan et al. [16] proposed the use of ensemble empirical mode decomposition (EEMD) combined
with symmetric differential energy operator (SDEO) to analyze fault traveling wave signals in
the empirical mode decomposition (EMD) method, which is difficult to extract fault information
due to the significant impact of mixed mode problems on the decomposed modal components.
However, this method may lead to excessive computational complexity. Gashteroodkhani et
al. [17] used the extracted transient voltage signal information to train a support vector machine,
which was used to identify fault segments and locate the precise location of faults through the
Bewley plot and transformed voltage signals. However, different fault conditions require different
training of the support vector machine, so this method requires a large amount of data for training.

In this paper, a fault location method based on the empirical Fourier decomposition (EFD)-
TEO is proposed for the problems of inaccurate location and high computational complexity in
hybrid transmission line travelling wave detection methods. Furthermore, we propose a fault in-
terval judgment method that utilizes the midpoints of each line segment and the connection points
of hybrid lines. The simulation results show that the hybrid line fault location method proposed
in this paper has high positioning accuracy, computational efficiency, and good reliability, which
is more conducive to rapid and accurate fault location.

2. Fault traveling wave head detection method based on EFD-TEQO

2.1. Traveling wave phase-mode transformation

Due to the coupling phenomenon between the three-phase lines, in order to better analyze the
traveling wave signals, the Karrenbauer transform is used to decouple the current traveling wave
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signals. According to the Karrenbauer transform, the transient traveling wave can be decomposed
into the zero-mode component and the aerial mode component [18], and its expression is as
follows:

L] [t 1 1] [ia
Io =zt -1 0 isl, (1)
is 1o -1 |ic

where: I, and j[g are the aerial mode components, Iy is the zero-mode component; is, Ig, and
Ic are the A, B, and C phase currents of the fault line, respectively.

Due to the severe attenuation of the zero-mode component, the aerial-mode component 1, is
used for the analysis in this paper.

2.2. Principle of empirical Fourier decomposition

EFD is an accurate adaptive signal decomposition method that has higher decomposition
accuracy and computational efficiency for complex nonlinear and non-stationary signals [19].
EFD consists of two key steps: an improved segmentation technique and the construction of a zero-
phase filter bank. This segmentation technique solves the problem of inconsistent decomposition
results in the Fourier decomposition method (FDM) [20]. The use of zero phase filter banks
further solves the problem of modal aliasing in EFD based on the empirical wavelet transform
(EWT) [21], promoting accurate decomposition of the original signal.

2.2.1. Improved segmentation techniques

In the segmentation technique, [0, ] is divided into adjacent frequency bands, and the values
of wo and w,, are determined during the adaptive sorting process. During the sorting process,
the Fourier spectrum amplitudes and their local maxima at w = 0 and w = m were determined.
The frequencies corresponding to the first N maxima in the sorting sequence were represented
by [Q1, 7, ..., Qn], Qy = 0 and Qpu4; = 7 were defined. The boundary of each segment is
represented by Eq. (2):

{argmian(a)) if 0<n<N, Q, # Q41
wp = , , 2
Q, if 0<n<N, Q,=Q,.1

where X, (w) is the Fourier spectrum amplitude between Q,, and Q,,,;.

2.2.2. Construction of zero-phase filter banks

In each frequency band, a zero-phase filter is a bandpass filter with cutoff frequencies w,, and
wn-1, and there is no transition phase. Therefore, the zero-phase filter retains the main Fourier
spectral components within the segment, while excluding all other Fourier spectral components
outside the segment. The zero-phase filter bank is shown in Fig. 1.

The Fourier transform of the signal () to be decomposed is represented as:

flw) = / F(ye I dr. 3)
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Fig. 1. EFD ideal filter bank

The zero-phase filter bank can be represented as:

1 if wy-1 < |w| £ Wy

An(w) = , 4)
" {O otherwise
where the values of 1 < n < N and w,, are determined by Eq. (2).

The filtered signal corresponding to i, (w) is represented as:

flw) if wpsy < 0] < w,

Fa(@)j = fin(w) f(w) = {0 Q)

otherwise
The decomposed components in the time domain can be obtained through inverse Fourier

transform:
—Wp-1 w,

fa(t) = / f(w)e’ dw + f(w)e’* dw. (6)

—wp [

The reconstructed signal is calculated as the sum of all decomposed components:

N
OEDIAG! )
n=1

2.3. Teager energy operator

The Teager energy operator is a signal analysis algorithm that can quickly and accurately cal-
culate the instantaneous energy of a signal, with the advantages of low computational complexity
and high temporal resolution [22].

The energy operator of continuous signal s(z) is defined as:

Uls(0] = s(1) = s(0)s”, ®)

where s’(¢) and s’ are the first and second derivative of s(t).
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The energy operator of discrete signals s(n) is defined as:

Yls(n)] = s7(n) = s(n+1)s(n - 1). €))

When a fault occurs in a transmission line, the traveling wave undergoes an energy mutation
during the transmission of the line. In this paper, the TEO is used to detect the energy mutation
point. Therefore, the combination of EFD and the TEO can detect the time when the fault traveling
wave reaches the measurement end.

The flowchart of fault traveling wave head detection based on the EFD-TEO is shown in Fig. 2.
Considering the coupling effect between the three-phase lines, the current traveling wave signal is
decoupled using the Karrenbauer phase mode transform. The decoupled aerial mode components
are decomposed by EFD, and the decomposed high-frequency mode components are selected for
TEO instantaneous energy calculation. The first energy mutation point obtained corresponds to
the time when the fault traveling wave reaches the measurement end.

Acquisition of three-phase transient current traveling wave
signals from M and N terminals after a fault.

:

Decoupling using the Karrenbauer phase-mode transform to
obtain the aerial mode component of the current traveling wave

:

The current traveling wave aerial mode components are
decomposed using EFD to obtain several modal components

|

Selected decomposed high-frequency modal components for
TEO calculation

|

The moment of arrival of the fault traveling wave at the two
measurement ends is obtained from the Teager energy
spectrum

End

Fig. 2. Flowchart of fault traveling wave head detection based on EFD-TEO

3. Fault location method for hybrid transmission lines

3.1. Fault interval judgment

The propagation path diagram of a hybrid transmission line fault traveling wave is shown in
Fig. 3. M and N are the two measuring ends of the hybrid line. F is the location of the fault, B
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and D represent the connection point between the cable and the overhead line. Ly, L, and L3
represent the lengths of the overhead line MB section, cable BD section, and overhead line DN
section, respectively. The propagation speeds of traveling waves in the MB section, BD section,
and DN section are represented by vy, v,, and v3, respectively. A, C, and E represent the midpoint
of the line MB, BD, and DN, respectively. D s r represents the distance from the fault point F to
the measurement end M. Tjs; and Ty represent the absolute time when the fault traveling wave
reaches the measurement end M and N of the line, respectively [23].

Overhead line

Cable
| LI ) L o+ L ]
|- DMI" ’|
| \ | ] I
Ml A B “F C ’ E IN
B |
————————— \\;
I A
o T Ty
Y :,»~~~;;~*
| | T,

Fig. 3. Propagation path of fault traveling waves in hybrid transmission lines

When the fault occurs at A, B, C, D, E, the time difference between the fault traveling wave
propagating to the two measuring terminals of the hybrid line can be defined as:

L L
Al‘l =S 2=
1 %) Vi
L L L
A=t L Ls
Vi 1%} Vi
Ly L3
Aty = — - — , (10
V1 V1
L L L
A=t 2 b
Vi V2 Vi
L L
Als = =1 + =2
V1 1%}

where At, Aty, Atz, At4 and Ats are the time difference between the arrival of the fault traveling
wave at the two measurement ends, and these time differences correspond to faults occurring at
points A, B, C, D and E, respectively.

Let the time difference between the propagation of the fault traveling wave from the fault
point to the two ends is AT, and AT = Tp; — Ty. Where the values of Ty, and Ty are obtained
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by the fault traveling wave head detection method of the EFD-TEO. The size of AT and At;
(1 < i < 5) is compared to determine whether the fault occurs in the first half or the second
half of the line. When the fault occurs in the first half of the overhead line MB, namely the MA
section, AT < Aty; when the fault occurs in the second half of the overhead line MB, namely the
AB section, At; < AT < At,. Within the allowable error range, when AT = At,, the fault can be
considered to occur at or very close to the point where the overhead line and cable are connected.
Similarly, when the fault occurs in the section BD of the cable line and the section DN of the
overhead line, the section judgment method is consistent with the above. The judgment methods
for faults occurring in different intervals are shown in Table 1.

Table 1. Judgment methods for different fault intervals

The line where the Time difference .
. Faulty section
fault occurred comparison
AT < Ay MA
MB
At] < AT < Aty AB
Aty < AT < At3 BC
BD
Aty < AT < Ay CD
Aty < AT < Ats DE
DN
AT > At EN
3.2. Fault location

After determining the half of the line segment where the fault is located, the double-ended
travelling wave method is used to calculate the fault distance of that half of the line segment.
Firstly, based on the time of arrival of the fault traveling wave at the measurement terminals M
and N by EFD-TEO detection, combined with the time of arrival of the fault traveling wave at
the measurement terminals M and N from the mid-point of each line segment and the hybrid
line connection point, it is determined whether the fault occurs in the first or the second half of
the line. Finally, the fault distance is calculated using the double-ended traveling wave method
according to the fault section.

1. When it is determined that the fault occurred in the first half of the overhead line MB,
namely the MA section, the distance x;r from the fault point to the measurement end M is:

Lyr
tml = =Ty
Vi
, _Lra_ L1 Ly Ly
nl Vi N 2XVvy vy Vo (11)
L,
Vi ><(l‘ml tn])"'?
XMF = 2

where t,,1 and t,; are the time taken for the fault traveling wave to reach M and A from the fault
point, respectively.
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2. When it is determined that the fault occurs in the second half of the overhead line MB,
namely the AB section, the distance x;r from the fault point to the measurement end to M is:

Lar Ly
tmp=—— =Ty -
V1 2 X V1
Lrp L, L3
o= =2 =Ty - —=-=
1 V2 Vi
L > (12)
vy X (tm2 - tn2) + 7
XAF = )
1
XMF = XAF +

2

where: t,,» and t,,, are the time taken for the fault traveling wave to reach A and B from the fault
point respectively, and x4 is the distance from the fault point to A.

3. When the fault occurs at the connection point B of the overhead line and the cable, the
distance xps r from the fault point to the measuring end M is:

XMFZLI. (13)

Similarly, the fault location method for cable segment BD and overhead segment DN is the
same as above.

3.3. Promote fault location
3.3.1. Promote fault interval judgment

A schematic diagram of a hybrid transmission line containing n (n > 1) sections of overhead
lines and cables is shown in Fig. 4. It is assumed that the length of each section of the line
is Lj, and the propagation speed of traveling waves on each section of the line is v;, where
j=123,...,n.

e L he L, o L, g e L, ke L e L, — e L, — (km)

1 " "
M A B C D E G H 1 J-FK L O P Q R 'N

Fig. 4. Schematic diagram of n sections hybrid transmission line

1. Assuming that the fault occurs at the first end J of line i, the time difference between
the arrival of the initial traveling wave of the fault at the measurement ends M and N can be
expressed as:

i—1 n
L; L;
Atri_p = Z =L = . (14)
— Vj — Vj
Jj=1 J=i

2. Assuming that the fault occurs at the midpoint K of line 7, the time difference between
the arrival of the initial traveling wave of the fault at the measurement ends M and N can be

expressed as:
i—1 n
L; L;
Aty =y L% L. 15
2i-1 JZ_; y, Z 5, (15)

j=i+l
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3. Assuming that the fault occurs at the end L of line 7, the time difference between the arrival
of the initial traveling wave of the fault at the measurement ends M and N can be expressed as:
i n
L; L;
Aty =y —L - . 16
DI Vs (10
Jj=1 J J=i+l J

i-1

n
In the formula,2 <i < n—1,wheni = 1,1etZ == 0; wheni = n, let Z ﬂ = 0, the time
= jmm Vi
difference between the initial traveling wave of the fault arriving at the measurement terminals M
and N can be obtained when the fault point is in the 1st and nth segment, respectively. Therefore,
the promoted fault interval judgement method can cover the whole interval. By comparing the
sizes of AT and At, it is determined whether the fault occurs in the first or second half of the line.
If Atr;_» < AT < Aty;_1, the fault occurs in the first half of the i-th line. If Atp;—; < AT < Aty;,

the fault occurs in the second half of the i-th line.

3.3.2. Promote fault location

The hybrid line fault location flowchart is shown in Fig. 5. When the fault occurs in the
first half of the i-th line, the distance D s from the fault point to the measuring end M can be
expressed as:

i-1
L
tmit =T = ). = (i 22), (17)
— Vj
j=1 J
Li < Lj
tit =Ty = 5= = > == (i+1<n), (18)
i Shvi
L:
il Vi(tmi1 = tai) + ?l
x=y Lj+ 5 (i >2), (19)
j=1
i-1
Dyp =) Li+x (i22), (20)
j=1

where 2 <i < n—1, t,;;1 and t,;; are the time taken by the fault traveling wave to reach the ends
J and K, respectively, of the first half of the line i.

When the fault occurs in the second half of the i-th line, the distance D ;s from the fault
point to the measuring end M can be expressed as:

L. =L
tmiz =T = 5= = ) | ==, 1)
Vi = Vj
n Lj
Thio = Tn - BN (22)
J=i+l Vi
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L;
it Viltmiz = ti2) + =
Ll l nmi ni 2
X = Li+—+ s 23
2Lt 2 (23)
Jj=1
i—1 L.
- Lyt
DMF_JZ_;L]+ 5+ (24)

where: 2 < i < n—1, ty,;» and t,;» are the time taken by the fault traveling wave to reach the ends
K and L, respectively, of the second half of the line i.

Ty, and Ty obtained by EFD-TEO were used to
calculate AT

|

Using line parameters to calculate As

|

Compare the magnitude of AT and At to determine
that the fault occurred on the i-th line

Aty <SAT<Aby, N
v
The fault occurred in the first The fault occurs in the second
half of the i-th line half of the i-th line
v \ 4
Calculate the fault distance Calculate the fault distance
using (20) using (24)
|
\ 4

End

Fig. 5. Hybrid line fault location flowchart

i—-1 n

L; L;

In the above formula, when i = 1, let Z A 0; when i = n, let Z ~L — 0. When the
=V J=reid]

fault occurs in the 1st section of the line and the nth section of the line, the time at which the
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initial traveling wave of the fault arrives at the ends of the half section of the line where the
fault is located can be obtained respectively, and the fault distance can be calculated using the
double-ended travelling wave method for this half section. Therefore, this promoted fault location
method can cover the whole section.

4. Simulation analysis

4.1. Simulation model establishment

A simulation model of the 10 kV distribution network feeder system was built in PSCAD as
shown in Fig. 6. The model includes three feeder lines. The third feeder is a hybrid transmission
line. In this hybrid line, L, L, and L3 denote the lengths of the MB section of the overhead line, the
BD section of the cable and the DN section of the overhead line, which are 8 km, 6 km and 6 km,
respectively. A, C and E denote the midpoints of the MB, BD and DN of the line, respectively.
Three fault points are set as F1, F2 and F3. The distances of fault points F1, F2 and F3 from the
M-terminal are 2 km, 9 km and 18 km respectively, and the simulation frequency is 1 MHz.

Overhead line

— Cable
110kV/10kV
G
L
- ——8km 1 6km f 6kmr
Fl F2 . F3
AZ/ A B; C D E§ N

M
Fig. 6. 10 kV distribution network

The overhead line in the model is a frequency dependent model, and the structure of the
overhead transmission line is shown in Fig. 7. In the figure, G1 and G2 represent overhead ground
wires. C1, C2, and C3 represent three-phase lines A, B, and C. The conductor radius is 8.16 mm,
the DC resistance is 0.0321 ohm/km, the ground wire radius is 5.52 mm, and the DC resistance is
2.8645 ohm/km. Based on the geometric parameters of the overhead line, the propagation speed
of the fault traveling wave in the overhead line can be calculated as 270 km/ms.

The diagram of the geometric parameters of cable is shown in Fig. 8. The propagation speed
of traveling waves in the cable line can be obtained from the geometric parameters of the cable,
which is 198 km/ms. According to the line parameters, v| = v3 = 270 km/ms, v, = 198 km/ms.
According to Eq. (10), it can be calculated that Aty = —52.5 ps, Aty = =22.9 ps, Atz = 7.4 ps,
Aty = 37.7 ps, Ats = 59.9 ps.
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Tower: 3HS
8 [m] Conductors: chukar

Ground Wires: 1/2_HighStrengthSteel

0.0 [m]
-

Fig. 7. Structure diagram of overhead transmission line

- - -
Cable#1 0.0 [m] Cable#2 0.5[m] Cable#3 1.0 [m]

1.0 [m] 1.0 [m] 1.0 [m]
Conductor. Conductor. Conductor.
Insulator 1 Insulator 1 Insulator 1
Sheath Sheath Sheath

Insulator 2 0.012 Insulator 2 0.012 Insulator 2 0.012
0.024 F— 0.024 F—— 0.024 k—
0.03 0.03 0.03
0.035 0.035 0.035

Fig. 8. Diagram of the geometric parameters of cable

4.2. Simulation results and analysis
4.2.1. Different fault distance

A single-phase ground fault is set up at F2, the fault occurrence moment is 2 ms, the fault
duration is 0.05 s, the sampling frequency of the processing signal is 1 MHz, the grounding
resistance is 0.01 Q, and the current traveling wave aerial mode component from 1 ms to 3 ms
is analysed. The distance from the fault point F2 to the hybrid line connection B is 1 km and the
distance to the measurement end M is 9 km. The number of modal decompositions of EFD is set to
3. In this paper, we use EFD to decompose the current transient travelling wave modal components
into three modal components, and select the third high-frequency modal component for the TEO
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operation, to obtain the fault travelling wave arrival moment. The fault feature extraction process
of current aerial mode components at F2 through the EFD-TEO is shown in Fig. 9.

x10°
g oo 5
3
2 0.005
g
0
< 1 15 2 25 3 0 15 2 2.5 3
/s x10° /s x10°
(a)
x10”
0.01 5 —
0.005 ] -
0"~ = 0
g s "
= x10° x10°
S 2 5
2 o 0 —_— ~—— ,
o
g 2 5
x10* x10*
5 2 ‘
[ ———— e L e o~
5 2
1 15 2 25 3 1 15 2 25 3
vs x10° ts x10°
(b)
x10® x10°°
6 4
0 5 1X:1029 Tx:1042
§ 4 Y:5.069¢-08 3 Y:3.58e-09
3 3 2
2
o 2 1
[}
~ 0 B )
-1 -1
0 500 1000 1500 2000 0 500 1000 1500 2000
Sample points Sample points
(©)

Fig. 9. Fault feature extraction process of current aerial mode components at F2 through EFD-TEO: (a) aerial

mode component of current at M and N terminals during F2 fault; (b) EFD decomposition results of the

aerial mode components of the M and N terminal currents during F2 fault; (c) Teager energy spectrum of
mode 3 obtained from M and N terminals during F2 fault

From the energy mutation point in the Teager energy spectrum, it can be seen that the time
when the initial traveling wave of the fault reaches the M end and N end is Ty = 29 ps and
Tn = 42 ps, respectively. It can be calculated that AT = Ty — Ty = —13 ps. By comparing
Aty < AT < Atz, it can be determined that the fault zone is in the BC section, which is the first half
of cable line L,. Substituting Ty, and Ty into Eqs. (17) and (18) respectively, it can be obtained that
Xpr = 0.9797 km, the distance from the measurement end M is Xar = L1 + Xgr = 8.9797 km,
and the ranging error is 20.3 m. The location results when the fault is occurred at F1, F2 and F3
under the same fault conditions are shown in Table 2.
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Table 2. Localization results under different fault distances

. Fault T N Fal.llt Location Errors/m
distances/km section results/ km
2 1 005 1072 MA 2.0459 459
9 1029 1 042 BC 8.9797 20.3
18 1073 1 005 EN 18.0891 89.1

4.2.2. Different transition resistances

As the amplitude of the traveling wave decreases with the increase in the transition resistance,
which in turn affects the accuracy of the travelling wavehead detection, it also has an impact on
the fault location results. In this paper, the transition resistors of 0.01 Q, 20 Q and 400 Q are
respectively set to verify the influence of the proposed method on fault location accuracy. On the
hybrid line, the distance from the fault point to the M-terminal is set to 2 km and 18 km. The
transition resistance is set to 0.01 €, and the fault type is single-phase ground fault, and the data
before and after the fault is taken for 1ms to be analysed, and the fault location results are shown
in Table 3.

Table 3. Positioning results under different transition resistances

. Fault . Fault T Tn Fal.llt Location Errors/m
distances/km | resistances/Q section | results/km
0.01 1 005 1072 MA 2.0459 45.9
2 20 1 005 1072 MA 2.0459 45.9
400 1 005 1072 MA 2.0459 45.9
0.01 1073 1 005 EN 18.0891 89.1
18 20 1073 1 005 EN 18.0891 89.1
400 1073 1 005 EN 18.0891 89.1

4.2.3. Different fault types

In order to verify the effect of different fault types on the proposed method, single-phase
ground faults (Ag), two-phase ground faults (ABg) and interphase faults (AB) are set up in this
paper to verify the effect of the proposed method on the fault location accuracy. On the hybrid
line L, the distances from the fault point to the M end are set to 9 km and 18 km. The transition
resistance is set to be 0.01 Q, and the data before and after the fault are taken for 1ms to be
analysed. The fault location results are shown in Table 4.

From the positioning results in the above tables, it can be seen that under different fault
conditions, the fault location method proposed in this paper can accurately identify the fault
section and has high location accuracy, and the fault location results are less affected by the
transition resistance and fault type, which verifies that this method has high location accuracy
and good reliability.
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Table 4. Localization results under different fault types
. Fault . Fault Tn Tn Fal.llt Location Errors/m
distances/km | resistances/ section | results/km
Ag 1029 1042 BC 8.9797 20.3
9 ABg 1028 1041 BC 8.9797 20.3
AB 1029 1042 BC 8.9797 20.3
Ag 1073 1 005 EN 18.0891 89.1
18 ABg 1073 1 005 EN 18.0891 89.1
AB 1073 1 005 EN 18.0891 89.1

4.3. Comparison of positioning results of different wave head detection methods

The EMD-TEO method and the variational mode decomposition (VMD)-TEO method are
used to compare with the method of this paper, a single-phase ground fault is set up at 10 km
from the measurement end of M, the fault occurrence moment is 2 ms, the fault duration is 0.05 s,
and the grounding resistance is 0.01 €, and the current traveling wave aerial mode components
before and after the fault of 1ms are analysed. The EMD-TEO method uses EMD to decompose
the current aerial mode component and selects the first modal component for TEO analysis; the
penalty factor in VMD is set to 1 200, and the number of decomposed modes K is set to 4.
The aerial mode component of the above fault is decomposed by VMD, and the second modal
component is selected for TEO analysis. The energy mutation point in the Teager energy spectrum
is the moment when the initial traveling wave of the fault reaches the measurement end. The aerial
mode component of this fault is processed by the VMD-TEO as shown in Fig. 10. With the above
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Fig. 10. Fault feature extraction process of current aerial mode component at 9 km through VMD-TEO:

(a) VMD decomposition results of the current aerial mode components at the M and N terminals at F2;

(b) Teager energy spectrum of the second modal component obtained from the M and N terminals during
the F2 fault
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fault conditions unchanged, the fault distance is changed and the location results by the VMD-TEO
and EMD-TEO at different fault distances are shown in Table 5.

Table 5. Localization results of different wave head detection methods

Method distal;acl;lst/ km I'm In sf:tlil(l)tn r:s(l)li?st ;(;(l;n Errors/m ai‘c]f::lgc;
2 1 004 1070 MA 2.1809 180.9
5 1012 1 056 AB 5.1509 150.9

EMD-TEO 8 1022 1 046 AB 7.8509 149.1 96.94%
9 1 031 1043 BC 9.0787 78.7
18 1074 1 006 EN 18.0891 89.1
2 1 005 1073 MA 1.9109 89.1
5 1013 1 059 AB 4.8809 119.1

VMD-TEO 8 1024 1 046 BC 8.0887 88.7 98.31%
9 1 029 1 042 BC 8.9797 20.3
18 1073 1 006 EN 17.9541 45.9
2 1 005 1072 MA 2.0459 45.9
5 1013 1059 AB 4.8809 119.1

EFD-TEO 8 1024 1 047 AB 7.9859 14.1 98.88%
9 1029 1 042 BC 8.9797 20.3
18 1073 1 005 EN 18.0891 89.1

From Table 5, it can be seen that the location error of the EFD-TEO method proposed in this
paper is lower than that of the EMD-TEO method and the VMD-TEO. Therefore, the method
proposed in this paper has a higher location accuracy compared to other fault location methods.

4.4. Comparison of computational efficiency of different signal decomposition methods

When a single-phase ground fault occurs at F1, F2 and F3 of the hybrid line, the current
traveling wave aerial mode component data collected at the M-terminal are denoted by fi, f2,
f3, respectively, and the transition resistance at the time of the fault is 0.01 Q. The EMD, VMD
and EFD methods are used to decompose fi, f2, f3, respectively, and then their computational
efficiencies are compared. The calculation was conducted on MATLAB R2017a, with Intel (R)
Core (TM) i15-8250U CPU, 8.0 GB RAM, and 64 bit Windows 11 on the PC. The computational
efficiency of different signal decomposition methods is shown in Table 6.

From Table 6, it can be seen that for the same fault signal, the computational efficiency of
EFD is higher than that of EMD and VMD. Therefore, the proposed method in this paper has
a better performance in fault location accuracy and computational efficiency, which is conducive
to fast and accurate fault location.
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Table 6. Calculation efficiency of different signal decomposition methods

X Computation time (s)
Signal
EMD VMD EFD
f 0.433809 0.394003 0.317821
H 0.433718 0.407193 0.388358
f3 0.418520 0.425266 0.327436

5. Conclusions

In this paper, a double-ended traveling wave fault localisation method based on the EFD-TEO

is proposed, and the following conclusions are drawn through extensive simulations in PSCAD
and MATLAB.

1.

In this paper, the fault location method proposed in this paper is compared with the EMD-

TEO and VMD-TEO in terms of fault location accuracy and decomposition efficiency of fault

signals, and it is verified that the method proposed in this paper has better performance in

terms of fault location accuracy and computational efficiency.

. A method for judging the fault section of a hybrid line based on the midpoint of each section
and the connection point of the hybrid line is proposed. By determining whether the fault
occurs in the first half or the second half of the line, it is possible to more accurately determine
the fault section of the hybrid line.

. A 10 kV small-current grounding system model containing hybrid lines was built on PSCAD.
The simulation was carried out by setting different transition resistances, fault distances and
fault types. And a large amount of simulation data was analysed in MATLAB using the
travelling wave location method of the EFD-TEO. Thus, it is verified that the fault location
method proposed in this paper has high location accuracy, computational efficiency and good
reliability for hybrid lines, which is more conducive to the fast and accurate location of the
fault point.
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