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ABSTRACT: To address the challenges of fault line identification and low detection accuracy of wave head in Fault
Location (FL) research of distribution networks with complex topologies, this paper proposes an FL method of Multi-
Branch distribution line based on Maximal Overlap Discrete Wavelet Transform (MODWT) combined with the
improved Teager Energy Operator (TEO). Firstly, the current and voltage Traveling Wave (TW) signals at the head
of each line are extracted, and the fault-induced components are obtained to determine the fault line by analyzing
the polarity of the mutation amount of fault voltage and current TWs. Subsequently, the fault discrimination mark is
calculated based on the fault-induced line-mode current and the zero-mode voltage, with the fault type determined by
comparing each marK’s value against the fault discrimination table, transforming the FL problem in complex topology
into a single-line FL problem. Finally, the fault voltage TW is extracted from the fault line, and the wave head detection
method based on MODWT combined with improved TEO is used to precisely identify the arrival instants of both the
first TW wave head and its first reflection at each line terminal, and then the FL result is calculated by applying the
double-ended TW ranging formula that removes the influence of wave velocity. Simulation results demonstrate that the
proposed method accurately identifies the fault line and types of faults occurring and maintains the ranging accuracy
within 0.5% under various fault scenarios.

KEYWORDS: Multi-branch line; fault location (FL); traveling wave (TW); maximum overlapping discrete wavelet
transform (MODWT); teager energy operator (TEO)

1 Introduction

As modern power grids evolve, distribution networks, serving as the critical link between the grid side
and load side, play a pivotal role in ensuring reliable power supply for social production and residential
life. Statistics indicate that distribution line faults account for about 80% of grid faults [1]. Distribution
networks typically feature numerous branches and complex structures, making the traditional manual
patrolling method difficult and inefficient, which cannot fulfill the demands of modern power systems for
swift electricity restoration. Given the unpredictable nature of fault occurrences, the rapid and accurate
identification of fault points can significantly reduce inspection time, accelerate the fault processing cycle,
and enhance the operational stability and security of the power system [2].

Due to the multi-branch topology characteristic of distribution networks, the fault branches must be
determined before the fault point is accurately located. Previous studies have proposed various approaches
to address this challenge: Literature [3] establishes fault branching criteria by analyzing the length of each
branch and the arrival time of the fault TW at each measurement end. However, this method is only
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applicable to T-connected lines. With the increasing complexity of modern distribution network topologies,
to accommodate increasingly complex distribution network topologies, literature [4] establishes the topology
describing the matrix of the distribution network based on the matrix method, and when a fault occurs,
fault branching is determined by using the data of the fault indicator. However, the fault indicator is easily
misjudged in practical engineering due to the failure of directional components [5]. Based on this problem,
literature [6] transfers the omission and false alarm variables to offline identification, thereby avoiding direct
reliance on potentially unreliable data in real-time calculations and improving the stability of localization
results. However, the method does not apply to all operational scenarios in distribution networks. Another
Literature [7] proposes a fault section location method by fusing remote fault indicators, smart meters,
and distributed phasor measurement unit data. However, it is difficult to achieve multisource data fusion
in existing distribution network equipment. Therefore, current research on fault line identification has
certain limitations.

FL methods are primarily divided into two categories: the impedance method and the TW method [8].
The impedance method is based on the principle that the distance between the measuring end and the fault
point is proportional to the impedance, and the fault distance is estimated by the impedance of the fault
circuit based on the collected voltage and current [9], and the data belongs to the steady state quantity of the
industrial frequency, which has the advantage of low cost of realization in the practical engineering. However,
the impedance method has certain defects in principle; the algorithm is usually based on assumptions, and
at the same time, it is easily affected by system operating conditions, fault resistance, and other variables that
affect distance measurement accuracy [10].

The TW method is a diagnostic technique that utilizes wave propagation dynamics for fault identifi-
cation through the analysis of TW propagation time in the line, refraction characteristics, and waveform
change characteristics to achieve FL [11]. The accuracy of this approach primarily depends on two parameters:
the arrival time of TW at monitoring terminals and the propagation velocity [12]. To address the problem
of wave head time detection, the TW method often employs a signal decomposition algorithm for signal
processing to obtain the signal in both the time and frequency domains, as well as other multi-scale features.
Literature [13] employed Discrete Wavelet Transform (DWT) for wave head detection. However, DWT
may cause information loss and spectral aliasing during down-sampling operation, and the transform
result is sensitive to wavelet basis selection and decomposition scale. Literature [14] extracted the faulty
signal features based on the Hilbert-Huang Transform (HHT) and accurately computed the TW arrival
moments to determine the FL through the sampling error correction method. However, the HHT has
the problem of modal aliasing, which can obscure wave head features and potentially cause misjudgment.
Based on this problem, literature [15] proposed an improved approach using adaptive noise empirical modal
decomposition, which enables adaptive signal denoising and optimal mode extraction to overcome the
challenges of modal aliasing and insufficient decomposition in the signal separation, but this method has
high computational complexity, making it less suitable for large-scale or real-time signal processing when
efficiency is critical. For cases with lower real-time requirements, Variable Mode Decomposition (VMD)
demonstrates superior performance in handling spectral aliasing at TW boundaries. However, the VMD
also faces challenges in parameter selection, particularly in determining the number of decomposition
components counts and constraint factors [16].

Whether the wave velocity can be accurately calibrated is another critical factor in determining whether
the FL results are close to the actual value. In common methods, the wave velocity is usually taken as a fixed
value. In practice, this parameter is affected by fault distance, grounding resistance ambient temperature,
and other factors, leading to increased FL errors. To improve wave velocity determination, literature [17]
utilizes the line parameters and wave propagation time to construct a mathematical function applicable
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to both simulated and actual fault data, thereby accurately calculating the wave velocity. This approach
enables a more precise determination of wave velocity across varying fault locations; however the method
of correcting the wave velocity value cannot eliminate the error inherent in the principle. A recent study
has focused on eliminating the wave velocity term in the FL equation through the relationship between the
wave head time. Literature [18] constructs the double-ended TW equation without wave velocity through the
mathematical relationship by using the time difference between the & and p line-mode components arriving
at the measurement end, but the difference in wave velocity between the two is very small, which can be
regarded as the same in the actual engineering, resulting in the lower engineering applicability of the method,
based on this deficiency. Literature [19] adopts a similar approach, utilizing the difference in wave velocity
between line and zero modes to eliminate the influence of wave velocity, but when symmetrical faults such
as phase-to-phase short-circuit faults occur in the distribution line, the system does not have a significant
zero-sequence component, so the method cannot be adapted to all types of faults.

While significant progress has been made, current TW-based fault localization methods for multi-
branch distribution networks still face three major challenges: (1) The current fault branch identification
method relies on specific topological templates, which restricts the adaptability of the method to any topology
or does not apply to all distribution network operation scenarios; (2) The accuracy of the extraction of the
fault TW head time of the current commonly used signal decomposition methods needs to be improved;
(3) Uncertainty in the value of wave velocity can cause principle errors in the ranging results that are difficult
to eliminate, and the current improved double-ended TW formulation by eliminating the effect of wave
velocity is not highly practicable in engineering.

While existing methods for distribution line FL have shown limitations. To address the aforementioned
issues, this paper proposes an FL method for the multi-branch distribution line. Firstly, for the problem
that the current fault branch selection method does not apply to all distribution network topologies and
operation modes, this study proposes a fault line determination method based on the polarity of the fault-
induced current and voltage TW mutation amount at the head of each line, and the fault type is judged based
on the line-mode component of the fault-induced current at the head of the fault line and the zero-mode
voltage. Subsequently, for the problem that the fault TW wave head time extraction accuracy needs to be
improved, a fault wave head time extraction method based on MODWT joint improved TEO is proposed,
where the line-mode voltage at the two ends of the fault line is extracted, and the first layer of the detail
coefficients of the line-mode voltage are extracted through MODWT decomposition, and the wave head time
is calibrated with the improved TEO. Finally, the improved double-ended TW ranging formula based on the
TW reflection principle is proposed to remove the influence of uncertainty in the value of wave velocity on the
ranging results, and the wave head time is brought into the formula to realize the accurate FL in distribution
lines. Simulation verification is conducted using the Matlab/Simulink platform, and the experimental results
demonstrate the efficacy of the proposed method.

2 Fault Line Determination and Fault Type Determination
2.1 Fault Line Determination Method

Distribution network overhead lines typically feature multi-segment, moderate contact structures with
numerous branches and complex configurations. When failure occurs, determining the fault line branch
is a prerequisite for accurate FL. The impedance instability characteristic of new energy power station
systems renders traditional power-frequency-based directional protection schemes ineffective for fault line
discrimination. Therefore, this article identifies fault lines by analyzing the characteristics of fault signals
collected by TW measurement devices.
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Assuming that a fault occurs on the line and the voltage at the short-circuit point drops to 0, as shown
in Fig. 1a, the system can be represented by superimposing two voltage sources at the fault point: the pre-fault
voltage Uy and the fault-induced voltage (i.e., the voltage of mutation amount caused by a fault) U with
equal magnitude but opposite polarity. Fig. 1b shows the propagation mode of the fault-induced component
TW on the line:

M | IN M| | ~
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Un Ur=-Un
Uy =Un
T (a) (b) o

Figure 1: Fault network schematic. (a) Fault Equivalence Model; (b) fault-induced component

TWs have directionality. Based on the direction in which the bus is pointing toward the load, TW can
be categorized into forward TW and reverse TW, according to the principle of TW propagation can be seen
in Fig. 1 of the forward voltage TW Uy and forward current TW I polarity is the same, reverse voltage TW
Ug and reverse current TW Iy polarity is reversed, As shown in Eq. (1):

_U,__U _U_ U
IF_ TZ__TNZ’UF_T_—TN (1)

Fig. 2 shows a typical secondary radiation multi-segmented overhead line wiring pattern. Assuming the
direction of bus-to-load is positive, the line impedance is Z, and the bus is considered an ideal node, ignoring
changes in node impedance, with a transmission coefficient of 1. Upon the occurrence of a fault on Line 3,
the reverse TW flow through the secondary bus transmits to Line 1 and propagates along the direction of the
power supply. For Lines 1 and 3, the fault-induced voltage and current at the head of their respective line are
shown as Eq. (2):

k=13 2)

The reverse TW flow of Line 3 is transmitted through the secondary bus to Line 2, and the forward TW
flow is transmitted through the tertiary bus to Lines 4 and 5, propagating toward loads along the normal
power flow direction. For Lines 4 and 5, the fault-induced voltage and current at the head of their respective
line are shown as Eq. (3):

k=45 (3)

(4)
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The preceding analysis demonstrates that at the moment of line fault, the voltage and current measured
at the head of the fault line and its upstream line have the opposite polarity of the TW. In contrast, the voltage
and current TWs measured at the head of the fault line and its downstream line or parallel line have the
same polarity.

The above theory is based on a single conductor for elaboration, while the actual distribution line is
three-phase circuits. When the fault occurs, the measured TW signals I 4, I, I¢ with U4, Ug, U¢ subtracted
from the pre-fault TW signals I4 n, Iz N, Ic n with Us n, Up N, Uc n, to get the fault-induced current,
voltage TW Iy g, I g, Ic y with Ua 1> Us 5, Uc_f,as shown in Eq. (5):

{ Ly p=Ix = Ixn X=A,B,C (5)

Ux r=Ux-Uxnx

Due to conductor inductance, electromagnetic coupling exists between the three phases. Therefore,
before analyzing the voltage and current TW signals, the electromagnetic coupling inherent in three-phase
systems typically necessitates the application of phase-mode transformation theory for effective decou-
pling [20]. The Karrenbauer transformation matrix is the most widely used phase-mode transformation
matrix, which is expressed in the form of the transformation matrices as Eq. (6):

I, 1 -1 0 Ia

1
Iy =3 1 0 -11| I (6)
I 1 1 1 Ic

As can be seen from Eq. (6), the a line-mode component obtained after the Karrenbauer transform does
not contain C-phase information. It cannot detect the single-phase-to-ground fault in phase C, and the f
line-mode component does not contain B-phase information and cannot detect the single-phase-to-ground
fault in phase B. Therefore, the fault-induced current and voltage TW signals undergo Karrenbauer phase-
mode transformation to extract the mode maxima of the « and P line-mode components and calculate their
products as shown in Eq. (7):

{ Pk = Uo’:’_"}x,k X Ig‘j‘}‘)k
Pg i = Ugjf,k X I?_*}X,k

7)

In Eq. (7): U‘f‘j‘)k and I;n_a}‘)k, Ugji‘ . and I/J’P_ajf . correspond to the modal extrema of the & and  line-

mode components of fault-induced voltage and current TWs, respectively, and k represents the line number.

The fault line discrimination vector is established based on the positive and negative values of each
mode’s maximum value obtained, as shown in Eq. (8):

(8)

Signa = [Sot,bsoc,b o ')Sa,k]
Signg = [5/3,1,5,3,2, "‘,Sﬁ,k]

In Eq. (8): When P, x <0, S, x = —1, indicating that the polarity of the mutation amount of voltage and
current TWs at the head of the line is opposite according to the « line-mode component; when P, j > 0,
S._k =1, indicating that the polarity of the mutation amount of voltage and current TWs at the head of the
line is the same; if no obvious mutation is detected, i.e., when P, x ~ 0, S, x = 0. Similarly, it can get the fault
line discrimination vector obtained from the calculation of the 8 line-mode component.
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Figure 2: Secondary radial multi-segmented overhead lines

When the line occurs the single-phase-to-ground fault on phase C, the elements in Sign, become 0,
then Si gng is utilized as the basis for fault line discrimination; when the line occurs the single-phase-to-
ground fault on phase B, the elements in Signg become 0, then Sign, is utilized as the basis for fault line
discrimination; when other types of faults occur, both Sign, and Signg can provide support for the fault
line discrimination.

From the above analysis, the fault line discrimination process can be obtained:

I.  Obtain the TW signals of current and voltage from the TW measuring instrument at the head of each
line and calculate the fault-induced component;

II.  Decouple the a and f line-mode components of the fault-induced current and voltage TWs using the
Karrenbauer transform;

III.  Extract the mode maxima of the « and { line-mode components of the fault-induced current and
voltage TWs and calculate their products to construct the fault line discrimination vector Sign, and
Signg;

IV.  Select the fault line discrimination vector whose elements are all non-zero. The fault line number
corresponds to the index of the last element where the value equals 1.

2.2 Fault Type Determination

Identifying the fault type and fault phase can assist maintenance teams in implementing targeted repair
strategies. When the system experiences a ground fault, system symmetry is disrupted, resulting in significant
changes in the three-phase voltage and current distributions, which in turn generates the zero sequence
component that is crucial for ground fault detection. However, in the ungrounded neutral system, there is
no zero-sequence current physical path, and when a ground fault occurs in the system, although the line
capacitance to ground can provide a small capacitive current, the overhead line capacitance to ground is
small, the capacitive current amplitude is low, it is not enough to form an effective zero-sequence current.
Therefore, this article uses the zero-sequence voltage V_r for ground fault detection.

Under different fault types, I5_, Iz s and I¢_s will present different values according to the boundary
conditions, as shown in Table 1:
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Table 1: Line-mode component values for different fault types

Fault type Boundary condition Iy s Ig s Vo_r
AG Ig p=Ic ;=0 I I
BG Iy g=1Ic_ =0 -Ip ¢ 0
CG Iy p=1Ig s=0 0 ~Ic g 0
ABG Ic ;=0 Iy p=-Ip g Iy ¢
ACG Ip s=0 Iy g Iy p=~Ic g
BCG Iy 7=0 —Ip ¢ —Ic g
AB Iy p=-Ip s, Ic =0 215 ¢ Iy ¢
AC Iy p=~Ic_s,Ig =0 Iy ¢ 214 ¢ 0
BC Iy f=~Ic 5, Ia r=0 ~Ip ¢ ~Ic g

ABC IA_f+IB_f+IC_f:0 IA_f_IB_f IA_f_IC_f

For the relationship between the values of I,_y and I3_r in different fault types and whether the value
of Vj_r is zero or not, the following fault discrimination mark can be established:

Flagl: Vy_; = 0; Flag2: I,,_s = 0; Flag3: I s = 0; Flag4: I, ¢ = Ig_f;

Flag5: I, ;= —Ip 3 Flag6: I, s+ 1Ip y=1p s Flagl: I, s =1g ¢+ Ic ;.

When each Flag condition is established, the Flag value is set to 1. According to the value of Flagl-Flag7,
the Fault discrimination table can be obtained as Table 2:

Table 2: Fault discrimination table

Fault type Flagl Flag2 Flag3 Flag4 Flag5 Flag6 Flag7

AG 0 0 0 1 0 1 1
BG 0 0 1 0 0 1 0
CG 0 1 0 0 0 0 1
ABG 0 0 0 0 0 1 0
ACG 0 0 0 0 0 0 1
BCG 0 0 0 0 1 0 0
AB 1 0 0 0 0 1 0
AC 1 0 0 0 0 0 1
BC 1 0 0 0 1 0 0
ABC 1 0 0 0 0 0 0

Upon fault occurrence, computation of all fault discrimination marks is performed, and fault type is
determined through Table 2.

3 Double-Ended TW Ranging Formula with the Effect of Wave Velocity Removed
3.1 Conventional Double-Ended TW Ranging Formula

When a fault occurs on a transmission line, the additional potential at the fault point will excite a
transient TW and propagate along the fault line, exhibiting both refractive and reflective phenomena at
wave impedance discontinuity interfaces. The double-ended TW method exploits the temporal relationship
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between wave propagation delays and transmission path lengths to determine the fault position. The
fault-induced TW propagation characteristics through the line conductors are depicted in Fig. 3:

=3
Z
Yy

D= AN e

N _reft

Figure 3: Faulty TW propagation path

In Fig. 3, dr and dyr represent the respective distances between the fault point and each measurement
end, and L denotes the total length of the line. ), and ty denote the time when the fault TW first arrives at the
measurement end; £y . and ty_,. ) denote the time when fault TW reaches the measurement end after one
reflected from the fault point; £y . ¢, and ty_ f, denote the time when fault TW reaches the measurement
end after one refracted from the fault point; the conventional D-type double-ended TW ranging method
determines fault distance by capturing the initial arrival time of fault TW at monitoring terminals [21], as

shown in Eq. (9):

dMF =1 [V (tM - tN) +L]
o 0
2

dNF = [V (tN - tM) + L]

In Eq. (9): v represents the wave velocity, the value of which is mainly determined by the inductance
L;,4 and capacitance C of the line per unit length, as shown in Eq. (10):
1

. (10)
Lindc

As can be seen from Eq. (9), the accuracy of FL results depends on the arrival time of the TWs at mea-
surement terminals and wave velocity. In engineering practice, v generally takes a fixed value; for overhead
lines, it is typically set to v = 294km/ms, in practice, factors such as fault distance, grounding resistance,
ambient temperature, and others can affect the value of the wave velocity, resulting in compromised accuracy
of the FL result accuracy.

3.2 Improved Double-Ended TW Ranging Formula
To eliminate the effects of wave velocity uncertainty on the FL results, this study develops a reflection-
based double-ended TW ranging method that overcomes the sensitivity of ranging results to wave velocity.

Assuming that ¢, is the time of fault occurrence, as can be seen from Fig. 3: When TW first arrives
at terminal M, it reflects through the fault point to the same terminal, with the total path length of 3dr;
simultaneously, it refracts through the fault point to the terminal N, with the total path length of djr + L, as
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shown in Eq. (11):

de = (tM - to)V

dNF = (tN - to)V

3dyr = (tM_refl - fo) v
3dnr = (tNJefl - to) v
L+dyr= (tN_refr —ty)Vv
L+dNF = (threfr - tO)V

(11)

When dyr < dnr, i.e., ty < ty, 3dyr < L+ dyr, it can be seen that ¢y ,.¢) < tpr_refys i.€., the second
wave head measured at the M end is the wave head obtained by the fault TW by one reflection, which can
be obtained by combining Eqs. (9) and (11) as Eq. (12):

L(tM_refl - tM)

dyr = (12)
2(tn + tu_reft — 2tur)
Similarly, when t) > ty, Eq. (13) can be obtained:
L(t —t
dNF _ ( N_refl N) (13)

2 (tM + tN_refl - 2tN)

From the above equation, it can be seen that the FL results are only related to the time of the first TW
wave head and the first reflected wave head at the measurement end, successfully eliminating the inherent
effect of wave velocity uncertainty on the ranging results.

4 FL Method Based on MODWT Combined with Improved TEO

In addition to the wave velocity, the time calibration accuracy of the fault TW arriving at the mea-
surement end also directly affects the FL results; the improved double-ended TW ranging formula based on
the TW reflection principle needs to measure the reflected wave head moment, the TW will be attenuated
during propagation due to the loss of the line, the energy dispersion in the refraction and reflection will
lead to difficulties in the calibration of the reflected wave head. Therefore, to enhance the precision of wave
head identification, this study proposes a novel detection algorithm that integrates the MODWT with an
improved TEO approach.

4.1 MODWT Basic Principles

MODWT is a redundant wavelet transform method that eliminates the down-sampling operation
in the DWT and utilizes the maximum overlap decomposition strategy; the coeflicient length of each
layer of decomposition is consistent with the length of the original signal, it can preserve complete time-
frequency characteristics while preventing high-frequency component loss caused by down-sampling, and
the MODWT can deal with signals of arbitrary length, and in practical engineering, we often encounter
signals that are not a power of two, and MODWT does not need to make up the zero or truncate the signal,
which reduces human interference [22]. MODWT has better time-frequency localization characteristics
compared to the discrete wavelet transform, allowing it to capture local signal features more effectively and
align with the requirements of high-precision, noise-resistant, and robust feature extraction for the study of
FL of power distribution lines.
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For any sampling length N of a time series signal X = [Xo, Xj, -+, Xn-1], the wavelet filter is
h = [ho, hi, -, hme_l], and the scale filter is g = [go, g ,gLfm”_l]. MODWT decomposes the signal
into log, N layers, and when performing the j — th layer decomposition, the filters are up-sampled by 2/~
times, and 2/7! — 1 zeros are inserted between each of the two neighboring filter coefficients to obtain the
extended wavelet filter and the scale filter at the j — th layer, as shown in Eq. (14):

{ h] = [h0>0’ -+, 0, hl, 0,---,0, thiIter_l]

(14)
g] = [go,o, .. ',O)gI’ 0) e ’O’gLfiltcr_l]

As shown in Eq. (15), energy normalization of the up-sampled extended filter ensures that the total
energy of each layer of the filter is the same as that of the original filter, thus satisfying the energy conservation

condition:
iy = i
hm = iz
{ . g212 (mzoalx"')Lfilter_j_l) (15)
_ &8jm
8jim = S

In Eq. (15): m is the extended filter length.

A filtering operation without down-sampling is performed on the signal to obtain the detail coefficients
D; and approximation coefficients A ; for the j — th layer can be expressed as Lq. (16):

Lfitter_j=1
Dj = kZ hj,mx(tfm)modN

Lfilte_rf)j_l (16)
Aj= kZO 8i,mX(t-m)modN

In Eq. (16): Lyirser j = (Zj - l) (Lfme, - 1) +1 is the effective length of the j —th layer filter, L ;..
denotes the filter width, and (¢ — m) modN denotes the period-delay processing boundary.

4.2 Improved TEO

The TEO is a nonlinear signal processing technique that can instantaneously detect both energy
and frequency variations using merely three consecutive signal samples, with a simple computational
implementation and low computational complexity [23]. For a discrete signal s (1), the defined form of TEO
can be expressed as Eq. (17):

Wls(m]=[s(MPP=s(n-1) xs(n+1) (17)

By introducing the sum of squares of the product terms, the estimation of signal energy can be enhanced
with stronger noise immunity, better time domain resolution, and more accurate energy estimation in
detecting signal mutation points. For a discrete signal s (n), the improved TEO defining equation is shown
in Eq. (18):

1//*[5(71)]:[s(n)]z—s(n—l)xs(n+1)+w><[sz(n—1)+52(n+1)] (18)

In Eq. (18): w is the weight coefficient of the sum of squares of the product terms. In this paper, w is set
to 0.3.

When a line fault occurs, a high-frequency transient TW is generated at the fault point; the first layer
of detail coeflicients D; component obtained by decomposing the fault TW through MODWT directly
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reflects the initial fault information of the high-frequency fault TW. Therefore, by calculating the D,
component of the line-mode voltage after the MODWT decomposition, the instantaneous energy change
of the signal corresponding to the energy mutation point in the obtained spectrum, and by calibrating the
time corresponding to the extreme point of its energy amplitude, the arrival moment of the wave head
at the measurement terminal can be precisely identified. This combined algorithm has low computational
complexity, high accuracy, and good engineering practicality.

4.3 Multi-Branch Line FL Process

The proposed multi-branch distribution line FL method based on MODWT combined with improved

TEO is shown in Fig. 4. The implementation procedure consists of five key steps:

II.

III.

IV.

C-phase single-
phase grounding

xtract the fault current and voltage
TW at both ends of each line

Calculating the fault-induced Current Calculate the p line- Calculate the « line-
and voltage at both ends of each line mode voltage at both mode voltage at both
ends of the faulty line ends of the faulty line
Karenbauer transformation l L T ]

Calculate the Fault-induced line-mode
current and voltage at both ends of each line

!

construct the faulty line discrimination
vector determine the faulty line

!

Calculate the fault line fault discrimination mark
Determine the type of fault against the fault
discrimination table

MODWT decomposition of the line mode components
to extract the first layer of detail coefficients D1

+ Improved TEO

Calculate the energy spectrum
of the D1 component

)

Calibration of the wave head time corresponding to
the extreme points of the energy spectrum

Substitute the wave head time into Egs.
(12),(13) to calculate the FL result

Figure 4: Multi-branch FL process

When a fault occurs on the line, extract the fault current and voltage TW by the TW measurement
instrument at both ends of each line.

Following the method in Section 2.1, calculate the fault-induced current and voltage signals of each
line, decouple them using the Karrenbauer transformation, calculate the modal maximum value of
the line-mode component of the fault-induced signal at the head of each line, construct a fault line
discrimination vector, and determine the fault line.

Following the method in Section 2.2, calculate the fault-induced line-mode current I,,_y, Ig_r and the
zero-mode voltage V|_r at the head of the fault line, calculate the fault discrimination mark Flagl-Flag?7,
and determine the fault type of the line using Table 2.

When a single-phase-to-ground fault on phase C occurs in a line, perform MODWT decomposition
of the P line-mode voltage at both ends of the fault line; when other faults occur, perform MODW'T
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decomposition of the « line-mode voltage at both ends of the fault line, calculate the energy spectrum
of the first layer of detail coefficients D, by using improved TEO, and determine the time of the wave
head arriving at the measurement end based on the extreme value point of the energy spectrum.

V. Using the improved double-ended TW ranging formula based on the TW reflection principle, the
wave head time calibrated by step IV is brought into Eqs. (12) and (13) to calculate the fault distance.

5 Simulation Analysis
5.1 Simulation Verification

In the Matlab/Simulink platform, a 10 kV ungrounded neutral system distribution line fault model was
built, as shown in Fig. 5.

10/04KV

Line2=3500m (.)

Source  35/10KV .
|  Line1=2000m 10/0.4KV

I ()]
Lined4=1500m .

10/0.4KV

Line3=2000m
3
Line6=2500m

Line5=3000m

10/0.4KV

Line7=4000m (.) -

Figure 5: Topology of a single-ended radial distribution network for the ungrounded neutral system

The source-side transformer is a Yd11-connection, and the load-side transformer is a Dynll-connection.
The load is a delta-connected constant-impedance load, whose active power is 0.08 MVA, reactive power
is 0.06 MVA, overhead line parameters are set as shown in Table 3, and the related parameters meet the
requirements of actual engineering parameters of a 10 kV distribution network. The simulation duration is
0.06 s, and the sampling frequency is 10 MHz.

Table 3: Overhead line parameters

Phase sequence  Resistance ((/km) Inductance (mH/km) Capacitance (nF/km)

Positive sequence 0.17 1.209 9.693
Zero sequence 0.23 5.475 5.997
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Using the three-phase line fault module to set up a single-phase-to-ground fault on phase A with a
grounding resistance of 5 Q2 and a fault initial phase angle of 30° in Line 5, the length of Line 5 is 3 km,
and the fault point is 1.4 km from the head of Line 5. The changes in fault current and voltage line-mode
components at the head of each line during the fault transient are shown in Figs. 6 and 7:
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Figure 6: Fault-induced line mode at the head of the fault line and its upstream line. (a) Fault-induced line-mode
voltage at the head of Line 1; (b) fault-induced line-mode current at the head of Line I; (c) fault-induced line-mode
voltage at the head of Line 3; (d) fault-induced line-mode current at the head of Line 3; (e) fault-induced line-mode
voltage at the head of Line 5; (f) fault-induced line-mode current at the head of Line 5
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Figure 7: Fault-induced line-mode at the head of Lines downstream and parallel lines of the fault line.
(a) Fault-induced line-mode voltage at the head of Line 2; (b) fault-induced line-mode current at the head of Line 2;
(c) fault-induced line-mode voltage at the head of Line 4; (d) fault-induced line-mode current at the head of Line 4;
(e) fault-induced line-mode voltage at the head of Line 6; (f) fault-induced line-mode current at the head of Line 6; (g)
fault-induced line-mode voltage at the head of Line 7; (h) fault-induced line-mode current at the head of Line 7
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From Figs. 6 and 7, it can be seen that the polarity of the line-mode voltage and current TW mutation
amount of Lines 1, 3, and 5 is opposite, and the polarity of the line-mode voltage and current TW mutation
amount of Lines 2, 4, 6, and 7 is the same. Through the analysis in Section 2, it can be concluded that the
fault line discrimination vector Sign, = Signg = [~1,-1,-1,1,~1,1,1] indicates that the fault line is Line 5.
Subsequently, calculate the I,,_p, Is_r and V;_p values of Line 5 and obtain the fault discrimination marks
Flagl = Flag2 = Flag3 = Flag5 = 0 and Flag4 = Flag6 = Flag7 =1 for Line 5. According to Table 2, Line 5
experienced a single-phase-to-ground fault in phase A.

The a line-mode voltage at both ends of Line 5 is extracted for MODW'T decomposition, and the selected
wavelet base is the db4 wavelet, which is decomposed into four layers to extract the D; component. Fig. 8
illustrates the decomposition results:
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Figure 8: D; component of line mode voltage at both ends of the fault line. (a) D; component of line-mode voltage at
the head of Line 5; (b) D; component of line-mode voltage at the end of Line 5

The energy spectrum of the D; component of the line-mode voltage at both ends of the faulted line
was computed using the improved TEO, and the time of arrival of the wave head at the measurement end
was calibrated.

From Fig. 9a,b, it can be seen that the initial wave head arrives at the two ends of the fault line at 30.0048
ms and 30.0055 ms, respectively. From Fig. 9¢,d, it can be seen that the time of the second wave head detected
by the measuring instrument at the two ends is 30.0144 and 30.0151 ms, respectively. By using Fq. (12), the
calculated FL result is determined to be 1398.058 m from the line terminal, with a mere 1.942 m positioning
deviation. This article introduces the relative error € to measure the error between the measured fault distance
and the actual fault distance, as shown in Eq. (19):

]

&= T x 100% (19)

In Eq. (19): rand r’, respectively, represent the actual fault distance and the measured fault distance, and
L represents the length of the fault line.

According to Eq. (19), the relative error is only 0.06%, which proves the accuracy of the method
proposed in this paper.
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Figure 9: D; component energy spectrum of line mode voltage at both ends of the fault line. (a) D; component energy
distribution of line-mode voltage at the head of Line 5; (b) D; component energy distribution of line-mode voltage at
the end of Line 5; (¢) Localized enlargement of the secondary wave head at the head of Line 5; (d) Localized enlargement
of the secondary wave head at the end of Line 5

5.2 Effect of Fault Conditions on Fault Discrimination and Location Results

Different fault conditions will affect the amplitude and slope of TWs to varying degrees, leading to
a reduction in wave head extraction accuracy and thus increase the FL result error. In order to prove
the robustness of the proposed method in different fault scenarios, the following comparison experiments
are conducted:

Setting the fault line as Line 3 with a fault resistance of 5 () and a fault initial phase angle of 30°. Different
types of faults occur at 800 m from the head of the line. The FL results shown in Table 4 indicate that the
fault types do not affect the FL results of the method proposed in this paper.

Table 4: Fault discrimination and location results for different fault types

Faultline Fault type Fault Fault Fault initial Fault line Fault type FL results/m Relative
resistance/()  distance/m phase determination determination error
angle/(°) result result

3 AG 5 800 30° 3 AG 794.118 0.29%
3 CG 5 800 30° 3 CG 794.118 0.29%
3 ABG 5 800 30° 3 ABG 794.118 0.29%
3 BC 5 800 30° 3 BC 794.118 0.29%
3 ABC 5 800 30° 3 ABC 794.118 0.29%
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Set the fault line as Line 6 with a fault initial phase angle of 30° and the single-phase-to-ground fault
on phase A at 1200 m from the head of the line. Different fault resistances are set to simulate metallic short-
circuit faults, low-resistance short-circuit faults, and high-resistance short-circuit faults. The results of FL
shown in Table 5 indicate that the fault resistances do not affect the FL results of the method proposed in
this paper.

Table 5: Fault discrimination and location results under different fault resistances

Fault line Fault type Fault Fault Fault initial Fault line Fault type FL results/m Relative
resistance/Q2  distance/m phase determination determination error
angle/(°) result result
6 AG 0.01 1200 30° 6 AG 1205.882 0.24%
6 AG 5 1200 30° 6 AG 1205.882 0.24%
6 AG 100 1200 30° 6 AG 1205.882 0.24%
6 AG 500 1200 30° 6 AG 1205.882 0.24%

Set the fault line as Line 7 with a fault resistance of 5 ) and a fault initial phase angle of 30°, and set
the single-phase-to-ground fault on phase A with different fault distances. The FL results shown in Table 6
indicate that the fault distance has little impact on the FL results of the method proposed in this paper.

Table 6: Fault discrimination and location results for different fault distances

Fault line Fault type Fault Fault Fault initial Fault line Fault type FL results/m Relative
resistance/Q2  distance/m phase determination determination error
angle/(°) result result

7 AG 5 800 30° 7 AG 794.118 0.15%
7 AG 5 1300 30° 7 AG 1288.889 0.28%
7 AG 5 1800 30° 7 AG 1797101 0.07%
7 AG 5 2600 30° 7 AG 2608.696 0.21%
7 AG 5 3300 30° 7 AG 3301.459 0.04%

Set the fault line as Line 2 with a fault resistance of 5 (), and a single-phase-to-ground fault on phase
A occurs at 1700 m from the head of the line. Set the initial phase angle of the fault to 30°, 60°, and 90°,
respectively. The FL results shown in Table 7 indicate that the fault initial phase angles do not affect the FL
results of the method proposed in this paper.

Table 7: Fault discrimination and location results for different fault initial phase angle

Fault line Fault type Fault Fault Fault initial Fault line Fault type FL results/m Relative
resistance/Q2  distance/m phase determination determination error
angle/(°) result result
2 AG 5 1700 30° 2 AG 1705.882 0.17%
2 AG 5 1700 60° 2 AG 1705.882 0.17%
2 AG 5 1700 90° 2 AG 1705.882 0.17%

5.3 Comparison of FL Results of Different Methods

To further demonstrate that the method proposed in this paper is more effective than the commonly
used methods, this subsection compares the method of this paper with other conventional methods in a
comparative experiment. Set a single-phase-to-ground fault on phase A with a fault resistance of 5 ) and
a fault initial phase angle of 30° in Line 1, and detect the fault distance through four different methods.
Based on the parameters of the line model in this article, use Eq. (10) to calculate the wave velocity value
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v = 292.29254 km/ms used in the D-type double-ended TW ranging formula and assume that the terminal
near the grid side is the M-terminal and the terminal near the load side is the N-terminal. The extracted
wave head times and measured FL results by each method are shown in Table 8:

Table 8: Comparison of FL results of different programs

FL method Fault ty/ms In/ms  fp sori/msty ropi/ms  FL Relative
dis- results/m  error
tance/m

Method 1: DWT + 400 30.0017 30.0057 - 415.415 0.77%
D-type double-ended 900 30.0033 30.0041 883.083 0.85%
TW ranging formula 1400 30.0049  30.0021 1409.210 0.46%
Method 2: HHT + 400 30.0016  30.0058 - 386.186 0.69%
D-type double-ended 900 30.0033  30.0040 897.698 0.11%
TW ranging formula 1400 30.0050  30.0024 1379.980 1.03%
Method 3: VMD + 400 30.0016  30.0057 - 400.800 0.04%
D-type double-ended 900 30.0033  30.0040 897.698 0.11%
TW ranging formula 1400 30.0050 30.0023 1394.595 0.27%
Method 4: The 400 30.0014 30.0050 30.0042 30.0083 405.797 0.28%
method proposed in 900 30.0031  30.0093  30.0038  30.0100 898.551 0.07%
this paper 1400 30.0048  30.0021  30.0090 30.0062  1397.059 0.14%

According to Table 8, the proposed methodology achieves significantly higher ranging accuracy com-
pared to the combination of DWT and EMD with the D-type double-ended TW ranging formula. The
ranging accuracy of VMD combined with the D-type double-ended TW ranging formula shows comparable
accuracy to the method proposed in this paper; however, VMD has higher computational complexity
and longer solving times. Consequently, the proposed methodology demonstrates superior accuracy and
computational efficiency, rendering it particularly suitable for practical engineering applications.

5.4 Validation of the Effectiveness of Module Improvements

To demonstrate the effectiveness of the improvements of the components proposed in this paper, the
following four schemes are proposed: Method 1: MODWT with the D-type double-ended TW ranging
formula; Method 2: MODWT combined with TEO and the improved double-ended TW ranging formula;
Method 3: the method proposed in this paper. The single-phase-to-ground fault on phase A with a grounding
resistance of 5 (2 and a fault initial phase angle of 30° is set in Line 4, and the FL results are shown in Table 9.

According to Table 9, the proposed methodology demonstrates enhanced measurement precision
compared to both Method 1 and Method 2 approaches, proving that the improvement of the TEO energy
operator in this paper can better extract the high-frequency characteristics of fault TW and the improved
double-ended TW formula can effectively eliminate the inherent error caused by wave velocity uncertainty
on the FL results.
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Table 9: Comparison of FL results of different programs

FL method Fault FL Relative
distance/m  results/m error
V)
Method I: MODWT combined with TEO + D-type 200 201551 0.10%
. 700 720.771 1.38%
double-ended TW ranging formula
900 896.146 0.26%
0
Method 2: MODW'T combined with TEO + Improved 200 200.000 0%
. 700 720.000 1.33%
double-ended TW ranging formula
900 897.059 0.20%
500 500.000 0%
Method 3: The method proposed in this paper 700 692.308 0.51%
900 897.059 0.20%

6 Conclusion

This article proposes a distribution line FL method that considers the topology of the distribution

network to address the difficulties in distinguishing fault branches, the need to improve the accuracy of
commonly used signal decomposition algorithms in extracting TW wave heads, and the interference of
uncertain wave velocity values on distance measurement results. Based on rigorous theoretical analysis and
comprehensive simulation experiments, the key conclusions are summarized as follows:

@

()

(3)

A fault line determination method based on the polarity of fault-induced current and voltage TW
mutation amount and a fault type discrimination mechanism combining the line-mode component
of fault-induced current and zero-sequence voltage are proposed, which can quickly and accurately
determine the fault line and the fault type, without being affected by the topology and operation mode
of the distribution network, provide a basis for the modulus selection during FL and fault repair work.
The proposed wave head detection algorithm is based on the combination of MODWT with improved
TEO, which utilizes MODWT without the down-sampling operation to better capture the time-
frequency local features of the signal and introduces the sum-of-squares term to enhance the feature
extraction capability and anti-interference ability of TEO. This combined approach offers the advan-
tages of small computation and high accuracy, enabling the precise identification of both the first and
reflected TW arrival times.

An improved double-ended TW ranging formula based on the TW reflection principle is proposed,
which utilizes the time difference between the first wave head and the first reflecting wave head to
successfully eliminate the effect of wave velocity uncertainty on the FL results. Combined with the
wave head detection algorithm proposed in this paper, the FL accuracy is controlled within 0.5%, and
the FL results are not affected by the fault type, fault resistance, fault distance, and fault initial phase
angle, which can be well applied in engineering practice.

It should be emphasized that time synchronization has no effect on the fault line determination result

and fault type determination result, but it affects the accuracy of the fault location results. Future work will
focus on eliminating the effect of time synchronization on the FL results.
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Abbreviations

FL Fault Location

MODWT Maximal Overlap Discrete Wavelet Transform

TEO Teager Energy Operator

™ Traveling Wave

DWT Discrete Wavelet Transform

HHT Hilbert-Huang Transform

VMD Variable Mode Decomposition

Nomenclature

Ug, I Forward voltage/current

Ug, I Reverse voltage/current

Ux & Ix & Measured voltage/current in phase X of line k (X = A, B, C)
Ux k. v Ix kN Pre-fault voltage/current in phase X of line k

Ux_k_p Ix k_f Fault-induced voltage/current in phase X of line k

Iy, Ig, 1o a-, B-, and zero-mode currents

Vo Zero-mode voltage

Py k> Pg Products of « and P line-mode voltage and current modal extrema for line k
Sa_k> Sp_k Sign indicators for P,_x and Pg_

L Total length of line

dyrs ANF Fault distance to M/N end

tus EN First arrival time of traveling wave at M/N end

tMJefl’ tNJefl
tMJefrs tNJefr

Time of traveling wave arrival at M/N end after first reflection
Time of traveling wave arrival at M/N end after first refraction
The weight coeflicient of the sum of squares of the product terms

to Time of failure

v Wave velocity

VA Impedance of line

Lina Inductance of line

C Capacitance of line

h; The j — th layer wavelet filter

gj The j — th layer scale filter

h im The j — th layer up-sampled wavelet filter of length m

The j — th layer up-sampled scale filter of length m
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D; The j — th layer detail coefficients

Aj The j — th layer approximation coeflicients
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