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Abstract: Aiming at the difficulty of fault location of multi-source transmission lines, this paper
proposes a fault location method for multi-terminal transmission lines based on a fault branch
judgment matrix. The fault traveling wave signal is decomposed by Complete Ensemble Empirical
Mode Decomposition with Adaptive Noise (CEEMDAN), and the IMFs sensitive components that
can characterize the fault characteristics of the target signals are selected by constructing a correlation-
rearrangement entropy function. The arrival time of fault signals at the endpoint has been accurately
calibrated by combining them with the Teager Energy Operator (TEO). To eliminate the influence
of wave velocity and fault time on the location results, this paper proposes a two-terminal location
method based on the line mode component to improve the location accuracy. On this basis, combined
with the fault branch judgment matrix, the accurate location of multi-terminal transmission line faults
is realized. This method has been shown to have high accuracy in detecting traveling wave heads,
accurately judging fault branches, and producing a small error in fault location results. Compared
with the existing multi-terminal transmission line fault location algorithm, it has obvious advantages
and meets the needs of actual working conditions.

Keywords: CEEMDAN; multi-branch grid-connected line; double-ended traveling wave ranging;
fault branch judgment matrix

1. Introduction

Transmission lines, as essential carriers of electric energy transmission and long-
distance transmission, are prone to faults during operation due to their use in remote
areas and complex operating environments, which seriously affect the normal operation
of the power grid. Therefore, accurately and quickly determining the fault location is a
primary problem for transmission lines. As transmission networks continue to develop,
the structure of transmission lines has become increasingly complex, and the proportion of
multi-terminated transmission lines has gradually increased. The complexity of the topol-
ogy of multi-terminated transmission lines is higher than traditional double-terminated
transmission lines, which makes traditional fault location methods unable to meet the
requirements for accurate fault location in transmission networks.

Due to its accuracy and reliability, the traveling wave method [1-3] is currently one
of the most effective methods for fault location of power systems. However, its applica-
tions to multi-terminal transmission lines have issues such as low reliability of positioning
results, difficulty in identifying traveling wave heads, and uncertainty of traveling wave
velocity [4,5]. Further, literature has proposed a two-terminal ranging method based on
time-frequency analysis of traveling waves [6,7]. The fault traveling wave characteristic
frequency is extracted using wavelet packets to capture the fault wave head accurately.
However, this method has the problem of characteristic frequency aliasing in the case
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of grounding faults and has significant limitations. Parsi et al. propose a fault-locating
method based on the natural frequency of traveling waves and VMD (Variational Mode
Decomposition), which effectively overcomes the problem of spectrum aliasing [8]. How-
ever, the accuracy of line parameters and the attenuation of traveling wave reflection signal
has a significant impact on locating accuracy.

The structure of multi-terminal transmission lines is complex, with several branches.
In the traditional double-ended traveling wave method, fault branches are not determined,
resulting in an incorrect location. To address this problem, the traveling wave difference
matrix to judge the feeder fault has been developed [9-11]. This method has good location
performance for T-connected lines but cannot be applied to more complex multi-terminal
transmission lines. Malik et al. [12] use the multi-terminal traveling wave time difference
and the double-terminal traveling wave principle to build a fault branch search matrix and
determines the fault branch through the change characteristics of matrix elements. The
positioning method has a simple principle and high reliability, but the positioning process
is complicated and requires substantial computation. Further, Xie et al. [13] propose a fault
location method based on a distance matrix and branch coefficient, which improves the
traditional two-ended traveling wave method by using zero-mode components and line-
mode components to accurately select fault branches. However, the zero-mode component
quickly attenuates in lines and only exists in ground faults, so the location reliability needs
to be investigated.

To solve the problem of wave speed uncertainty, various studies have employed the
mathematical morphology method to filter and denoise the collected fault information
and then used the morphological gradient method to perform local feature calculation,
which improves the accuracy of traveling wave speed [14-16]. Moreover, an improved
double-ended traveling wave localization algorithm, which eliminates wave speed in the
formula, has also been proposed [17,18]. However, the band method requires an accurate
fault occurrence time, which is difficult to determine in practice.

A traveling wave detection algorithm based on CEEMDAN-TEOQ is introduced in this
paper in order to reduce the problem of low precision in capturing the wave head. This
algorithm improves upon CEEMDAN in terms of both its algorithm and principles, solving
the problem of mode confusion. The Pearson coefficient is used to assess the degree of
correlation between two variables for each IMF (Intrinsic Mode Functions) component
of the decomposition. The IMF component that can characterize the fault is accurately
selected by combining the alignment entropy. The TEO algorithm calculates the time at
which the captured wave head reaches the end of the line. In terms of fault location, the
a mode and 3 mode components are used to calculate the fault distance at the end of the
line, effectively eliminating the influence of wave speed and fault time on the location
results. Furthermore, according to the distance difference between each end and node, a
fault branch judgment matrix is constructed to achieve accurate selection and location of
fault segments. Finally, ATP/EMTP is used to further verify the method.

2. Improved Double-Ended Traveling Wave Localization Method Based on Line Mode
Component

When a short circuit fault occurs, the fault point generates a fault-traveling wave
signal that flows throughout the entire line. Since there is coupling between the three-phase
lines, it is necessary to first decouple the three-phase transmission lines before performing
the ranging calculation to eliminate the influence of inter-line coupling.
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2.1. Decoupling of Three-Phase Transmission Lines

In real conditions, the transmission lines are uneven. For the sake of analysis, all
factors causing unevenness are usually ignored. The existing transmission line is treated as
a homogeneous transmission line.

The uniform transmission line equation is given by Equation (1)

du
—— =7 1
. 1)
In Equation (1), U = [Ua,Ub,UC]T, I =L, IC]T are the three-phase voltage and
Zaa Zab Zac
current vectors, [Z] = |Zp, Zpy  Zpe | is the line impedance matrix.
an Zch ch

There is a coupling relationship between the phases in the three-phase transmission
line, which are not independent of each other. In order to eliminate coupling effects,
phasors are usually converted to moduli, and the phase-to-mode conversion relationship is
established in Equation (2).

Us=S"'U L =Q ' )

Bringing this equation into Equation (1), it can be organized by Equation (3)

_dU;
dx

= ZIs 3)

In Equation (3), Us = [U“,UB,UO]T, I = [I“,IB,IO]T denote the «, 3, and 0 moduli of
voltage and current, respectively.

Zs = S71ZQ is the mode resistance matrix. Phase-mode transformation can be
realized using various methods, such as Clark phase-mode transformation, Kellenberger
phase-mode transformation, and symmetric component transformation matrix. However,
the Clark phase-mode transform and Kellenberger phase-mode transform may fail to detect
certain types of faults, so the symmetric component transform matrix is chosen to calculate
the modulus in this paper.

The symmetric component transformation for current is given in Equation (4).

I [1oa a?] [
Ig| = 3 1 a* all], 4)
Iy 1 1 1||L

In Equation (4), Iy, Ig, o is the line mode and zero mode components under symmetric
component transformation and I, I, I, is the phase current, and a = /120,

Among them, the 0-mode component becomes more severely attenuated as the fre-
quency increases, so the line mode component is chosen as the detection object.

Taking the alpha mode as an example, the Ia is given in Equation (5).

Iy = I, + al, + a*I. (5)

From Equation (5), it can be seen that I, is not equal to 0 regardless of the fault type,
so the alpha mode component can detect all fault types. Therefore, this paper chooses the
ax-mode component as the fault signal to detect the traveling wave head.

2.2. Main Errors of Double-Ended Traveling Wave Ranging

The traditional traveling wave positioning method calculates the fault distance by
using the time a which the fault traveling wave reaches both ends of the line. When a short
circuit fault occurs at line F, the traveling wave propagation path is shown in Figure 1. In
this figure, djs and dy represent the distance between the fault point and the endpoint M
and N, respectively.
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Figure 1. Diagram of traditional fault location.

According to the double-ended traveling wave positioning formula, the distance from
the fault point F to the end of the line M, N is shown in Equation (6).

d _ Lyn+o thtN)
{ M ? (6)

dy = LMN+UZtN_tM)
where, Ly is the total length of the line; t;, ty are the times at which the wave head
reaches the terminals M and N, respectively; v is the velocity of the traveling wave.

From Equation (6), it can be seen that the wave speed, the arrival time of the wave
head, and the line length are the main factors affecting the accuracy of fault location. In
practice, the arc sag of the conductor leads to a difference between the horizontal distance
and the actual length. The variation range of the conductor length is 0.9~1.1 times the
horizontal distance of the tower.

When the fault occurs at point F at the time t, the distance between fault point F and
the end of line M is given in Equation (7):

d;\/I =v(tp — to) )

The distance of the wire between the endpoints MN is given in Equation (8):

Ly = dy +dy = o(tr — fo) + 0(tn — to) ®)
The horizontal distance from F to the M end is given in Equation (9):

dm __tMm—t ©)

d = L =
M IBYiN MN tp 4+t — 2t MN

According to Equations (6)—(9), it can be seen that the errors of double-ended traveling
wave ranging mainly originate from:

e Traveling wave velocity: In actual working conditions, the transmission line envi-
ronment affects line parameters, making it difficult to determine the wave speed.
Therefore, wave speed cannot be accurately calculated in practical applications, lead-
ing to large-ranging errors.

e  Wave head capture accuracy: First arrival time of fault traveling wave at both ends
of the line is a primary factor affecting the positioning accuracy. The error mainly
consists of the synchronization error of the sampling clock and the extraction error of
the faulty traveling wave head.

e  Arcsag, ambient temperature, load current, and other factors on the line length.

Due to the high synchronization accuracy of current GPS synchronization technology,
the synchronization error of the sampling clock can be effectively solved. This paper does
not delve into this issue in-depth. Further, as for factors affecting the actual length of
the line, the main factor causing line length error is arc sag. To solve the problem of the
traditional double-ended method’s difficulty in determining wave speed and the impact
of line arc sag on fault location, this paper improves upon the conventional double-ended
traveling wave method.
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2.3. Improved Double-Ended Traveling Wave Ranging Method Based on the Line Mode Component

According to Equation (9), the fault location accuracy is mainly determined by the
wave head time £, and the fault occurrence time ty. The random nature of the fault makes
it difficult to accurately measure ty, which impacts the localization accuracy accurately.
To solve this problem, this paper improves the localization equation by combining the
line mode component to improve localization accuracy without measuring the time at the
moment of fault occurrence.

According to the three-phase decoupling above, it is known that the attenuation of
the 0-mode component is inversely proportional to the frequency, the linear-mode element
is more stable, and the linear-mode component can detect all fault types. Therefore, this
paper analyzes the aerial mode component.

The moments when the x-mode and 3-mode components arrive at the ends of the lines
M and N, respectively, are 11, tN1, tm2, and tnp, which can be obtained by substituting
into Equation (9).

v —t
w1 = f b2 LMN (10)
dnpp = 2=t 1
M2 = Fyp+ing—2f “MN
Since dyr = dyn = dpp, it follows that
tan —t
d M1 — Em2 LN (11)

M p—
tv1 — Ev2 +EN1 — EN2

Comparing (10) and (11), the improved double-ended traveling wave ranging method
proposed in this paper does not need to collect the time of short-circuit fault occurrence
and can quickly locate the short-circuit point by accurately detecting the arrival time of the
traveling wave head at both ends of the line.

Using the CEEMDAN-TEO algorithm to detect faulty traveling warheads, this paper
proposes an improved method of correctly identifying faulty traveling wave heads.

3. Traveling Wave Head Detection Algorithm Based on CEEMDAN-TEO

When transmission lines are fault-located using the double-end ranging method, the
fault signals transmitted to both ends of the line must be decomposed first. A typical
Hilbert yellow transform for signal processing has been applied to the decomposition of
fault-traveling waves in engineering. Therefore, some researchers have decomposed the
faulty traveling wave signal using CEEMDAN, which solves the problems of modal mixing
and endpoint effects. However, the method still leaves part of the noise signal, resulting in
significant errors in the positioning results. On this basis, this paper proposes to improve
the CEEMDAN algorithm by preprocessing the decoupled mode components, calculat-
ing the instantaneous energy spectrum using TEO for the decomposed high-frequency
components, and determining the traveling wave head through the spike moments in
the instantaneous energy spectrum to accurately calibrate the time when the faulty signal
reaches the endpoint.

3.1. Selection of IMFs

CEEMDAN’s improved decomposition of the target signal results in IMF components
derived from its highest to lowest instantaneous frequencies. Due to the existence of
spurious components, in order to extract sensitive elements that can characterize the fault
of the target signal, this paper makes additional improvements at the principle level by
using Pearson coefficients to calculate the correlation degree between two variables and
combining it with ranking entropy to achieve the accurate selection of IMF components.

For the time series y(t) and x(t), the correlation coefficient is given in Equation (12).

cou(x,
ny = 53(55yy) (12)
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where cov(x, y) is the covariance of x(t) and y(t), oy and é, and J, are the standard devia-
tions of x(t) and y(t).

The ranking entropy is a measure of the complexity of a time series, and the method is
simple and fast to calculate and robustly and accurately capture the moment of sudden
change of the fault signal.

By defining a time series as {M(7),i = 1,2,..., N}, matrix M is obtained using phase
space reconstruction given in Equation (13):

m(l) m(1+7t) -+ m(l+(g—1)7)
m@) m2+7) o m2+ (- 1)7)
m(j) m@+7) - m(+(g-1)7) (13)
m(ﬁ) m(n'+r) m(n+(.q—1)r)

where T represents the delay time, g represents the embedding dimension, n denotes the
number of reconstructed components, and () is the jth row component of the reconstruc-
tion matrix. The jth reconstructed row component of the matrix M is arranged in ascending
order according to the principle from smallest to largest. The corresponding position index
of each element in the vector is obtained jy, o, .. ., jq, that is.

m(j+ (i —1)7) < x(+ (2 = D1) < -+ < x(j+ (jy = 1)¢) (14)

If there are equal values in the components of the phase space reconstruction ma-
trix, they are arranged according to the original ordinal numbers. For each row of the
g-dimensional phase space reconstruction matrix, a sequence of notations can be obtained
{j1,j2,--,jq }- There are a total of q! permutations possible, and the probability of gen-
erating each sequence of notation is derived Py, P,, ..., P;. At this point, the permutation
entropy PE of the sequence M(i) can be calculated according to the formula of information
entropy, i.e.,

PE= Y Piln(P;) (15)
j=1

In Equation (15), P; is the probability of producing the jth sequence. When P; = 1/4!,
PE has the maximum value in (15). In general, the PE value is normalized to
PE = PE/In(q'), and the alignment entropy of this time series M(i) is the normalized
PE value.
Based on the above analysis, the correlation-alignment entropy function is constructed
and given in Equation (16).
V = Max(pxy, * PE) (16)

The improved CEEMDAN algorithm decomposes the target signal to obtain several
IMF components and then processes them, i.e., calculates the correlation coefficients and
the alignment entropy values of these components, respectively, and then substitutes into
the correlation-alignment entropy function constructed by Equation (16). This allows the
IME-sensitive components that can best characterize the fault features of the target signal
to be selected by this function. This method can improve the accuracy of fault feature
recognition and the extraction of weak fault feature signals under solid noise interference.

3.2. Demodulation of TEO

The accurate capture of wave heads is one of the important factors in determining the
accuracy of positioning. The waveform obtained by decomposition using the improved
CEEMDAN algorithm does not fully identify the fault traveling wave head. At the same
time, TEO is a nonlinear operator that can track the real-time changes of the measured
signal waveform and plot the envelope of the locally adjacent sampling points of the modal
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component waveform with good resolution. This is a highly suitable processing method
for detecting the wave head of traveling wave faults in transmission lines.

The TEO demodulation process involves the instantaneous amplitude and instanta-
neous frequency of the signal.

s(t) = a(t)cos[p(t)] = a(t)cos {wct + Wi /(: g(t)dT + 9} (17)

where a(t) is the time-varying amplitude; ¢(t) is the time-varying phase; 6 is the initial
phase; g(7) is the normalized FM signal; w, is the carrier frequency; w;, is the maximum
frequency deviation.

dep(t
wlt) = 9(6) = L = v+ wonglt) 18)
The energy operator of the single component signal is given in Equation (19).
g[s' (0] = a* () (1) (19)

According to Equation (19), the instantaneous amplitude of signal s(¢) can be obtained
as follows:

pls(t)]
B = —F—== (20
|a(t)] mEIO) )
The instantaneous frequency of the signal s(t) can be obtained from (20) as:
pls(t)]
t) = 21
VD) “

The TEO is used to process the single-component signal of the fault-traveling wave-
form after improved CEEMDAN decomposition, which can effectively detect the change of
frequency component energy in the single-component signal. When applied in transmission
line fault ranging, it can accurately calibrate the moment of sudden waveform change.

3.3. Simulation Verification

In this paper, a simulation line was set up using ATP/EMTP, with a fault point located
45 km away from the M end. The wave within 1 ms after the fault was selected for analysis.
The x-mode component and 3-mode component were detected at M and N ends, respec-
tively, after improving CEEMDAN-TEO. As shown in Figure 2, the time of the a-mode
component arriving at the M and N ends was 154.2 us and 260.3 us, respectively; the time
of the 3-mode feature arriving at the M and N ends was 150.8 s and 254.6 ps, respectively.
Substituting the data into (11) yields.

tar — v L . 154.2 — 150.8
MN ™ 9542 " 150.8 + 260.3 — 254.6

dm x 120 = 44.83 km

(22)

The modified wave ranging method employed by Raphael et al. [19] only eliminates

the effect of wave speed, and it also needs to be combined with the moment of fault

occurrence to achieve ranging. The accuracy of the method proposed in this paper was
verified by comparing it with Raphael et al.’s method.

v —tv2 N1 — EN2
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Figure 2. Time of arrival of the fault traveling wave mode component.

Substituting into the double-ended traveling wave localization Equation of Raphael
etal. [19]:
g tM—to B 1542 -0
M=+ ty —2tg MN 7 1542412603 — 0

x 120 = 44.64 km (23)

As can be seen from Equation (23), the positioning error of the proposed method is
170 km, while the calculation error of Raphael et al.’s method is 360 m. In order to further
evaluate the accuracy of the algorithm proposed in this paper, comparative experiments
were conducted at different fault locations, and the results are shown in Figure 3.

From Figure 3, the accuracy of the improved algorithm is better than that of the algo-
rithm utilized by Raphael et al. [19], excluding when the fault occurs near the measurement
point. Meanwhile, Raphael et al. [19] accurately obtained the time of failure; the fault
signal at fault 0 s is directly studied for convenience consideration. A comparison of the
wavehead capture accuracy is also made, from which it is evident that Raphael et al. [19]
have greater errors. Further, by comparing the localization errors of the two localization
methods, the proposed method has higher ranging accuracy.
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Figure 3. The comparative experimental results of this paper and Raphael et al. [19].

3.4. Algorithm Adaptation Analysis

The algorithm’s relevance and ranged accuracy were determined through comparison
experiments conducted on different grounding resistances and fault types.

3.4.1. Different Transition Resistance

A phase A grounded short circuit simulation test was performed on the transmission
line located 50 km from the M terminal for various transition resistances. The proposed
method was used to calculate the fault location, and the results are shown in Table 1.

As demonstrated in Table 1, the proposed method exhibits smaller error and higher
positioning accuracy compared to Raphael et al. [19] under different transition resistances.
Furthermore, when a high-resistance ground fault occurs, the ranging error is 251 m,
meeting the requirements for fault location.

Table 1. Positioning results under different transition resistors.

In This

Tral}smon Paper Positioning Relative Refer.e'n ce 1] Positioning  Relative
Resistance e . o, Positioning o
Positioning Error/m Error/% Error/m Error/%
0 Results/km
Results/km
0 49.921 79 0.158 49.837 163 0.326
10 49.912 88 0.176 50.198 198 0.396
50 50.096 96 0.192 50.241 241 0.482
200 50.111 111 0.222 49.764 236 0.472
500 49.846 154 0.308 49.743 257 0.514
1000 49.824 176 0.352 50.346 346 0.692
2000 50.251 251 0.502 50.428 428 0.856

3.4.2. Different Fault Types

Simulation tests of different types of short circuits with a fault resistance of 50 () were
conducted on a transmission line located 80 km from the M terminal. The fault distance
was estimated using the algorithm presented in this paper, and the errors are shown in
Table 2.

As demonstrated in Table 2, the method proposed in this paper exhibits higher posi-
tioning accuracy. It can conduct fault location for any fault type, meeting the requirements
for accurate line positioning. This is in contrast to Raphael et al. [19].



Appl. Sci. 2023,13,1174

10 of 17

Table 2. Location error under different fault types.

In This
Paper Positioning Relative Refer.e'n e [19] Positioning  Relative
Fault Type s o Positioning o
Positioning Error/m Error/% Results/km Error/m Error/%
Results/km
Ag 80.124 124 0.155 79.703 297 0.371
AB 79.824 176 0.220 80.367 367 0.459
BC 80.192 192 0.240 80.344 344 0.430
ABg 80.137 137 0.171 79.641 359 0.449
BCg 79.845 155 0.194 79.639 361 0.451
ABC 80.131 131 0.163 80.369 369 0.461

4. Research on Multi-Branch Line Fault Ranging Technology Based on Fault Branch
Judgment Matrix

4.1. T-Type Transmission Line Fault Branch Judgment Method

When the T-type transmission line in Figure 4 experiences a failure, and the time for
the fault traveling wave to reach each endpoint is fps1, a2, EN1-

OO

N1

Figure 4. T transmission line.

There are two cases of faults on T-type transmission lines: faults on branch lines and
faults on T nodes. These are discussed separately in this paper.

4.1.1. Fault Occurred on The Branch Line

As shown in Figure 4, the fault occurs on M1-M2 and the fault distances of branches
M1-M2 and M1-N1 with M1 as the starting point are calculated according to (11).

fav1 — Em12
dmEm, = Lyym, = Ly, +d1yF (24)
U v — tviz i — tve i !
My, — M
dmEN, = - 12 Lym,N, = LmyTy (25)

Evyy — tmg, T ENg — BN,

Similarly, we can calculate the fault distance starting from M2 as d;, rum, and dpg, Py,
and starting from N1 as dn, rp, and dn,ru, -

To further determine the location of the fault on the branch line, the calculated fault
distance and the distance from the beginning of the branch line to the T node are used to
construct a fault branch line judgment matrix, where X represents elements that are not
considered.

The fault branch judgment matrix constructed by modeling the T-shaped transmission
line in Figure 4 is given in Equation (26).
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M, N M;
M, X dv,eN, — Ly, dmyem, — Ly (26)
N1 dnrm, — Ly X dn,rm, — Ly
My dmyrmy, — Ly, dMoFEN, — LTy X

when the fault occurs on My — My, dMlFNl — LMlTl =0, dMlFMz — LMlTl >0, lele —
LNlTl =0, leFMZ — LNlTl >0, dMZFMl - LM2T1 <0, dMZFNl — LM2T1 < 0, therefore, the
fault branch judgment matrix is

My Ni M
M, X 0 >0
N; 0 X >0
M, <0 <0 X

(27)

As can be seen from the fault branch judgment matrix (27), the elements in the row
corresponding to the M2 endpoint are all <0, while the elements in the column corre-
sponding to the M2 endpoint are all >0. Therefore, the principle for determining the fault
branch on a T-type transmission line is as follows: when the elements in the row of a fault
branch judgment matrix corresponding to an endpoint are all <0 and the elements in the
column corresponding to the same endpoint are all >0, then the endpoint corresponds to
the fault branch.

4.1.2. T-Node Failure

When the fault occurs in the T-node, the distance from the fault point to any endpoint
is the distance from the T-node to each endpoint, and all elements in the fault branch
judgment matrix are 0. Therefore, the principle for determining a fault at the T-node of
a T-type transmission line is as follows: when all elements in the fault branch judgment
matrix are 0, the T-node is determined to be faulty.

4.2. Multi-Terminal Transmission Line Fault Location Method

When a fault occurs in a multi-terminal transmission line that passes through multiple
T-nodes, it can be analyzed using the T-type transmission line fault branch determination
method proposed in the previous section. The schematic is shown in Figure 5.

M1 |@ ® @ | M2
@ |§T1 § 12 T3 Tk |@

N1 N2 N3 Nk

Figure 5. Multi-branch grid-connected line.

Multi-terminal transmission lines have multiple branch nodes. The corresponding
element in the fault branch judgment matrix must be changed to the difference between the
distance from the beginning to the fault point and the distance between the beginning of
the fault branch and the nearest T-node from the end. Therefore, the fault branch judgment
matrix is as follows:
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M

X
dniemy — Ly
dnyeMy — LneTy
dngEMy — LTy

dnrm, — L,
dm,em, — Lv,Ty

Ny
davyen, — Ly
X
dn,eNy — Ly,
dngPN; — LnsTy

AngFN, — Lngmy
dm,EN, — LTy

N
dmrN, — Ly

dN1FN2 - LNsz
X

AN;EN, — L, T

ANFN, — LT,
dm,EN, — LT,

N3
Ay N, — LTy
dN1FN3 - LN1T3

AN, FN; — L, T
X

aAn.FN; — LT
AMEN; — L, Ty

Ni
dm N, — Ly,
dnyen, — LT,
aAn,FN, — LT,
ANsFN, — LN, T,

X
dM,EN, — L, T,

M,
dmrm, — Ly,
anem, — Ly,
dn,rm, — LT,
aAn,FM, — LT,

dn.rm, — LT,
X

(28)

There are three cases of multi-terminal transmission line faults: faults occurring on
branch lines, T-node faults, and T-T inter-node faults. These are analyzed separately below.

4.2.1. Branch Line Failure

When a fault occurs in a branch line, as shown in Figure 5 (©), the fault occurs on
M1-T1, which is thought to start from M1. The following relationship holds:

dmrN; — Lyt < Odnpm; — Ly, >0

(29)

where, N;, I € (1,2,3..., k), represents the endpoints of each branch line, and T;, I € (1,2,3...,
k) denotes each T node.
Therefore, the fault branch judgment matrix is as follows:

M;
Ny
N>
N3

Ny
M,

Mi Ny N2 Nj
X <0 <0 <0
>0 x <0 <0
>0 0 X <0
>0 0 0 X
>0 0 0 0
>0 0 0 0

Ny M, ]|
<0 <0
<0 <0
<0 <0
<0 <0
X 0

0 X

(30)

Combining Equations (29) and (30) yields the principle for determining the fault
branch on a multi-branch grid-connected line. When the elements in a row of the fault
branch judgment matrix are <0 and the corresponding elements in the column are >0, then
the endpoint corresponding to the branch can be determined.

4.2.2. T-Node Failure

When a fault occurs at the T node, as shown in Figure 5 (), the fault occurs at the T2
node. Similarly, the fault branch judgment matrix can be calculated as follows:

M,
Ny
N>

M; N;i N
X 0 0
0 X 0
<0 <0 x
<0 <0 O
<0 <0 O
<0 <0 O

N3
<0
<0
<0
X

0
0

Ny M, ]
<0 <0
<0 <0
<0 <0
<0 <0
X 0
0 X

(31)

In Equation (31), the column elements corresponding to N2 are all equal to 0, and the
row elements are all less than 0. Therefore, the principle of determining a fault at the T
node is as follows: when the column elements corresponding to a specific endpoint in the
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fault branch judgment matrix are all equal to 0. The row elements are all less than O, the
fault is determined to occur in the branch node where the branch endpoint is located.

4.2.3. T-T Inter-Node Failure

When the fault occurs at nodes T1-T2, as shown by (2) in Figure 5, the same principle of
determination can be applied as follows: when the value of the line element corresponding
to only one end measurement point in the fault branch judgment matrix is less than 0, and
either only the value of the first element in its previous line is equal to 0 or only the last
element in the next line is equal to 0, the fault is determined to occur between the T node of
the branch where the endpoint is located and the T node corresponding to the endpoint in
the previous or next line.

4.3. Fault Distance Calculation

A fault branch is defined according to the above principle by putting the line’s begin-
ning at the fault point so that it forms the most double-ended branch endpoint, calculating
the initial distance from the fault point to the other nodes in the double-ended branch, and
finally calculating the average distance between these faults.

Using the average fault distance as the final result helps to cancel out positive and
negative errors when multiple fault distances are calculated with both positive and negative
errors, resulting in a more accurate positioning result. At the same time, taking the average
value can also produce a compromise positioning result without a large error when the
error of the calculated fault distance has the same sign.

4.4. Simulation Verification

The 220 kV multi-branch grid-connected circuit shown in Figure 6 was built in
ATP/EMTP. All line parameters are set to be the same, the sampling frequency is 10 MHz,
and the fault occurrence time is 2 ps. The line parameters are highlighted in Table 3.

5
M1 ok M2
TN -~
|soxm| ® |12 9okm T3 70km |
| & 4®) = I
Ewiy g g 4 Ep
i = %
&0y g8 T ™3
SERE BT
4
E};l @ N2 E}B
Ex>
Figure 6. Multi-terminal transmission line fault model.
Table 3. Parameters of multi-branch grid-connected lines.
Line Parameters r/(Q)/km) r/(Q2/km) g/(S/km)
Positive sequence parameters 0.035 0.43 1x1077
Zero sequence parameters 0.3 1.21 1x 1077

4.4.1. Branch Line Failure

As shown in Figure 6, a fault occurs at the N2 -T2 branch 40 km from the N2 end of the
line, and the line wave signal is obtained at each end of the line using a line wave sensor.
The signal is subjected to symmetric component transformation to obtain the line mode
component. The initial wave heads of the faulty traveling wave mode components are
calibrated using the modified CEEMDAN-TEO to obtain the time of arrival of the c-mode
and 3-mode components at each end of the fault, as shown in Table 4.
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Table 4. Time for the line modulus component to reach each endpoint.

Measurement Point Name M; N1 N, N3 M,
a-mode 1120 1437 1273 276 1405
3-mode 1023 1356 1103 291 1312

The fault branch judgment matrix was constructed according to Equation (11)

M; N;y N N3 M,
M; x 0 >0 >0 >0
N;y O x >0 >0 >0
N, <0 <0 x <0 <0
N; <0 <0 >0 «x 0
M, <0 <0 >0 O X

(32)

it can be seen that the elements in the row corresponding to N2 are all less than zero, and
the elements in the column corresponding to N2 are all greater than zero. This is consistent
with the principle for determining a fault on a branch line proposed above, so it can be
determined that the faulty branch is the branch where the N2 endpoint is located.

The fault distance using the N2 end as the initial end can be calculated as:

40.087 + 40.186 + 40.211.40.22
drop = (40.087 + 40 864+ 021140223) _ o0 33

This shows that the faulty branch is accurately judged, and the positioning error is
177 m.

4.4.2. T-Node Failure

When a fault occurs at node T2, the time for the line mode components to reach each
endpoint is shown in Table 5. A fault branch judgment matrix is then constructed.

Table 5. Sampling numbers that the initial wave arrives at each measurement when the fault occurs
on a T node.

Measurement Point Name M; N1 N, N3 M,
a-mode 720 1054 903 710 1056
3-mode 687 984 921 690 1145

Construct the fault branch judgment matrix according to Equation (11)

M; N;y N» N3 M
M; x 0 0 <0 <0

Ny O X 0 <0 <O
N, <0 <0 x <0 <0 (34)
N; <0 <0 0 X 0
M, <0 <0 O 0 X

From Equation (36), the row elements corresponding to N2 are all less than zero.
The column elements are all equal to zero, consistent with the T-node fault determination
proposed above. Thus, the fault point can be identified as the T2 node.

To calculate the fault distance using the N2 end as the initial end, the following is
obtained:

100.012 + 100.112 + 100.136 + 100.14
drop = (100.012 + 100 Z 00.136 +100.149) _ o 35)
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This demonstrates that the fault point has been accurately determined, with a posi-
tioning error is 102 m.

4.4.3. T-T Failure

In the case of a T-T failure, the time for the line mode components to reach each
endpoint is shown in Table 6, and a fault branch judgment matrix is constructed.

Table 6. Sampling numbers that the initial wave arrives at each measurement when the fault occurs

on a T node.
Measurement Point Name M; N, N, N3 M,
a-mode 864 956 1047 1123 1187
-mode 793 902 1103 1082 1097

The fault branch judgment matrix can be constructed according to Equation (11)

M; Ny No N3 M,
M; x 0 <0 >0 >0
N; 0 x <0 <0 <0
N, <0 <0 x <0 <0
Ny <0 <0 0 x 0
M, <0 <0 0 0 x

(36)

From Equation (36), the elements of the rows corresponding to N2 are all less than
zero. According to the T-node fault determination proposed above, only the first element
of the N1 row is zero, so the fault point can be determined between T1 and T2.

Calculate the fault distance using the N2 end as the initial end.

(110.012 4 110.074 + 110.087)
3

dn,F = = 110.058 km (37)

In order to further verify the accuracy of the distance measurement method proposed
in this paper, a comparison was made using the technique in this paper and the method in

Zeng et al. [20]. The results of the comparison are shown in Tables 7 and 8.

Table 7. The results of the method presented in this paper are obtained under different experimental

conditions.
Actual Calculation Positionin
Fault Point Fault Type Beginning Failure of Faults Error/m 8
Distance/km  Distance/km
Bg N2 40 40.134 134
ABg N2 40 40.087 87
N2-T2 BC N2 40 39.921 79
ABC N2 40 40.104 104
Bg N2 100 100.094 94
ABg N2 100 99.961 39
T2 node BC N2 100 100.145 145
ABC N2 100 100.109 109
T1-T2 Bg N2 110 110.036 36
ABg N2 110 110.127 127
1 BC N2 110 109.934 66

ABC N2 110 109.947 53
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Table 8. The results of reference [20] under different experimental conditions.

Actual Calculation Positionin
Fault Point Fault Type Beginning Failure of Faults Error/m 8
Distance/km  Distance/km °
Bg N2 40 40.376 376
ABg N2 40 40.341 341
N2-T2 BC N2 40 39.795 205
ABC N2 40 40.267 267
Bg N2 100 100.401 401
ABg N2 100 99.654 346
T2 node BC N2 100 100.317 317
ABC N2 100 100.397 397
T1-T2 Bg N2 110 110.295 295
ABg N2 110 110.364 364
1 BC N2 110 109.629 371
ABC N2 110 109.713 287

Due to space constraints, the results of all comparative experiments are not listed in
this paper. However, the comparison results show that the method proposed in this paper
is superior to the method by Zeng et al. [20] in terms of distance measurement error, fault
branch judgment, and calculation speed. It has a high positioning accuracy and is suitable
for use in actual working conditions.

5. Conclusions

To address the problem of fault location in multi-branch grid-connected lines, this
paper proposes a CEEMDAN-TEO-based fault ranging method for multi-terminal trans-
mission lines. This method combines CEEMDAN and TEO to accurately extract fault
mutations under strong noise interference and accurately capture fault-traveling wave-
heads, providing a foundation for subsequent accurate fault location. The traditional
double-ended weakness-ranging algorithm is also improved by proposing a double-ended
ranging method based on line mode components, which eliminates the influence of line
wave speed uncertainty on fault-ranging results. This method does not need to consider
line wave fold reflection or fault occurrence time.

For fault branch determination in multi-terminal transmission lines, this paper con-
structs a fault branch determination matrix based on the difference between the fault
transmission distance and the line branch length. It combines the traveling wave head
capture method and the improved double-end fault ranging form to achieve accurate fault
location. It compares it to the current multi-terminal transmission line location method to
achieve precise fault branch determination. The proposed method can achieve accurate
fault branch determination and high-ranging accuracy, meeting the requirements of actual
working conditions.
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