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Abstract

To address the low accuracy of faulty feeder detection methods based on single-fault charac-
teristics, we propose a faulty feeder detection method for resonant grounding systems that
fuses multiple transient characteristics. First, we analyze the transient zero-sequence cur-
rent fault characteristics of both faulty and healthy feeders during single-phase-to-ground
(SPG) faults. Then, the transient zero-sequence current of each feeder is decomposed into
intrinsic mode functions (IMFs) using variational mode decomposition (VMD), and a new
signal was constructed by combining IMF1 and IMF2. Subsequently, transient energy
and waveform similarity fault characteristics are extracted from the constructed signal,
and a faulty feeder detection criterion based on multiple transient characteristics fusion
is developed. Finally, extensive simulations and field data verify the proposed faulty
feeder detection method. The results demonstrate that the method is robust against fault
resistance, fault inception angle, fault location, and noise, achieving high accuracy in faulty
feeder detection. This method can be widely applied to detect faulty feeders in resonant
grounding systems.

Keywords: resonant grounding system; single-phase-to-ground; faulty feeder detection;
variational mode decomposition; transient energy; waveform similarity
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1. Introduction

With the continuous advancement of distribution automation, the demand for high
power supply reliability in distribution networks is increasing. Distribution networks in
China, Japan, and many European countries commonly employ the neutral non-effective
grounding method [1]. Due to the weak grounding fault current during single-phase-to-
ground (SPG) faults, detecting the faulty feeder in such systems is challenging, especially
in resonant grounding systems [2,3]. SPG faults account for approximately 80% of faults
in distribution networks [4,5], and if the faulty feeder is not accurately identified and
promptly isolated, these faults can lead to severe consequences such as phase-to-phase
short circuits and fire hazards [6]. Therefore, developing a highly accurate and reliable
method for detecting SPG faulty feeders is crucial to ensuring power supply reliability in
distribution networks.

In recent years, numerous faulty feeder detection techniques have emerged, primarily
categorized into feature-analysis-based methods [1,3,7-21] and artificial-intelligence-based
methods [4-6,22-28]. Feature-analysis-based methods are further divided into steady-state
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methods [1,7-10] and transient methods [3,11-21]. Steady-state methods based on funda-
mental waves are not applicable to resonant grounding systems, and the fault detection
accuracy of steady-state methods based on harmonics is easily affected by the type of
fault. Consequently, steady-state methods are rarely used in practical resonant grounding
systems. Artificial-intelligence-based methods utilize advanced technologies such as deep
learning [22,25], image processing [4,6], and particle swarm optimization algorithms [23] to
detect faulty feeders by integrating multiple fault characteristics. Although very powerful,
these techniques require faulty data samples that are representative of any fault scenarios,
and their generalization capabilities are limited. To overcome these challenges, several
advanced artificial intelligence methods for fault diagnosis have been proposed, includ-
ing spatial-channel collaborative multi-scale graph interaction deep transfer learning [26],
graph-guided multi-source interaction domain adaptation network [27], deep recurrent
graph convolutional architecture [28], and non-linear directional residual versus machine-
learning-based methods [29]. While these algorithms perform well on high-performance
computers, the CPUs in faulty feeder detection devices are typically digital signal proces-
sors (DSPs) or microcontrollers, which have limited capacity for complex computations.
Consequently, these methods are difficult to implement in practical field applications.

Transient methods utilize advanced modern signal processing techniques, such as
the fast Fourier transform (FFT) [9,11], wavelet transform [12,13], Hilbert-Huang trans-
form [5,14], empirical mode decomposition (EMD) [15], and variational mode decompo-
sition (VMD) [17,18], to decompose transient zero-sequence current signals, extract fault
characteristics (e.g., transient amplitude, energy, or polarity), and achieve faulty feeder
detection. Due to the large amplitude and distinct characteristics of transient zero-sequence
currents compared to steady-state zero-sequence currents, transient methods have become
a prominent research focus. In [3], transient currents excluding fundamental frequency
components were used to generate two fault indicators: transient energy within the first
half power cycle and cosine similarity after the first half power cycle. The faulty feeder
was identified based on the cumulative density function calculated from these two fault
indicators. In [11], FFT was applied to calculate the fundamental components (FC), and
faulty feeder detection was performed by obtaining transient zero-sequence current sig-
nals through subtracting the FC. However, these methods struggle to achieve accurate
faulty feeder detection when transient zero-sequence currents are severely affected by noise
interference. In [12], Flavio et al. presented a wavelet coefficient energy-based analysis
for real-time fault-induced transient detection. In [13], Gao et al. utilized the empirical
wavelet transform (EWT) to decompose differential faulty energy and adaptively selected
the feature component with the largest permutation entropy. They employed a permutation
variance index, constructed based on the sample point number and feature component
energy, to detect high-impedance faults. Nevertheless, the accuracy of faulty feeder de-
tection methods based on wavelet transform depends heavily on the choice of the mother
wavelet function. In [14], Guo et al. used the Hilbert-Huang transform to decompose
currents of all feeders connected to the bus into intrinsic mode functions (IMFs), detecting
the faulty feeder by comparing the instantaneous amplitude of the first IME. In [15], Wang
et al. proposed a faulty feeder detection algorithm combining complete ensemble empirical
mode decomposition with adaptive noise and Hilbert transform to construct a multi-criteria
comprehensive voting method. However, the accuracy of these faulty feeder detection
methods is susceptible to mode mixing and end effects.

To overcome the limitations of the aforementioned transient methods, the variational
mode decomposition (VMD) algorithm has been applied to faulty feeder detection. In [17],
Wang et al. proposed a high-impedance faulty feeder detection method that combined
VMD with the Teager-Kaiser energy operator algorithm, utilizing VMD to extract the high-
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frequency components of transient zero-sequence currents. In [18], Wang et al. employed
VMD to eliminate interference from high-frequency components and extracted the low-
frequency characteristic modes of the transient zero-sequence current of each feeder to
detect faults. However, neither of these methods fully exploits the characteristics of both
the high-frequency and low-frequency components of transient zero-sequence currents.
To address this limitation, this paper proposes a faulty feeder detection method based on
multiple transient characteristics fusion.

We propose a faulty feeder detection method based on the transient energy and
waveform similarity of transient zero-sequence currents. The main contributions are
as follows:

e  We utilize VMD to decompose the transient zero-sequence current signals, remove the
highest-frequency IMF, and then reconstruct a new transient zero-sequence current
signal using the remaining IMFs. Subsequently, we calculate the transient energy of
the reconstructed zero-sequence current signal.

e  We select the three feeders with the largest transient energy, calculate their waveform
similarities individually, and develop a faulty feeder detection criterion based on
transient waveform similarity.

o  We verify the proposed faulty feeder detection method using both simulation data
and field fault current data. The results demonstrate that the method can reliably and
accurately identify the faulty feeder.

2. Fault Characteristics Analysis of Transient Zero-Sequence Currents

Based on the third-order equivalent circuit of SPG faults in resonant grounding systems
established in [20], the equivalent circuit of the resonant grounding system when feeder n
experiences an SPG fault is shown in Figure 1 [3,21]. ug (t) represents the equivalent virtual
voltage source, it has the same magnitude but opposite phase relative to the pre-fault
phase-to-ground voltage at the fault point. R denotes the equivalent resistance, which is
the sum of the line-mode resistance, zero-mode resistance upstream of the fault point on
the faulty feeder, and three times the fault resistance. L denotes the equivalent inductance,
which is the sum of the line-mode inductance and zero-mode inductance upstream of the
fault point on the faulty feeder. L, represents the zero-sequence equivalent inductance of
the Petersen coil, equal to three times the Petersen coil inductance. Cy; denotes the zero-
sequence distributed capacitance to ground of feederj (j=1, 2, ..., n). Iy is zero-sequence
current at the fault point. Io; represents the zero-sequence current of feederj (j=1,2, ..., n).
Iocn is the zero-sequence distributed capacitance current to ground of the faulty feeder n.
iLp is the current through the Petersen coil.

- o .
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Figure 1. Zero-sequence equivalent circuit under SPG faults.
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When a low-impedance grounding fault occurs, the inductive reactance of the Petersen
coil is much greater than the capacitive reactance of the capacitors; therefore, the impact
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of the Petersen coil on the transient zero-sequence current can be neglected [3,21]. The
zero-sequence current iy, in the faulty feeder n can be calculated as follows [3]:

ion = lon_FFC + ion_TC
ion_FrCc = —Umwo(Cox — Con) cos(wot + @) , )
ion Tc = —Umwo(Cox. — Con)[(A1 sin @ sin wet — cos @ sin wyt)e %

where iy, prc and iy, Tc are the fundamental frequency components (FFCs) and tran-
sient components (TCs) of iy,, respectively; Uy, is the peak value of u¢; Cpy, is the sum
of zero-sequence distributed capacitances to ground of all feeders; wy is the fundamen-
tal angular frequency; ¢ is the fault inception angle; J is the damping ratio, defined as
6 = R¢/(2L); and wy is the resonant angular frequency of the transient process, defined as
wi = /1/(LCox) — (R¢/(2L))%, A1 = 1/ (wowiLCop)sing + 6/ wicosg.

The zero-sequence current ig; in the healthy feeder j can be calculated as follows [3,21]:

ioj = ioj_FrC + loj_TC
ioj Frc = UmwoCoj cos(wp + ) . 2)
inj Tc = UmwoCo;[(A1 sin ¢ sin wt — cos ¢ sin wit)e %t

From Equations (1) and (2), ip, and igx consist of two components: one is the FFCs,
the other is the TCs. The direction of the TCs of the transient zero-sequence current in the
faulty feeder is opposite to that in the healthy feeder. Moreover, the amplitude of the TCs in
the faulty feeder is relatively large and significantly greater than that in the healthy feeder.
In contrast, the FFCs of the transient zero-sequence current in the faulty feeder are similar
to those in the healthy feeder. Therefore, faulty feeder detection can be effectively achieved
by extracting the TCs.

When the grounding fault resistance R¢ is high, L, cannot be neglected, whereas L
can be disregarded. If Ry > 0.5,/L,/Coy, the system is in an underdamping state. The
zero-sequence current iy, in the faulty feeder n can be calculated as follows [3,21]:

ion = lon_FFC + fon_TC

ion_rrc = [w5Lp(Cox — Con) — 1] A sin(wot + 6)

ion Tc = —[B1 + Lp(Coz — Con) (B16* — Biw? — 2Bowyd)] cos wyte %
— (B2 + Lp(Cox. — Con) (B20% — Byw? + 2Bywié)] sin wyte

, ©)

where A = U,/ \/R% + w%Ll%/(l — w%LpCOZ)Z; By = —Asinf; B, = —(3Asinf + wgAcosb)/ wy;

o = 1/(2RfC02),’ Wi = \/1/(LC02) — [1/(2RfCOZ)]2,' and 6 = ¢ — arctan
{woLp/[R(1 — w§LpCoz)]}-
The zero-sequence current ig; in the healthy feeder j can be calculated as follows [3,21]:

ipj = 1oj_FrC + loj_TC

infFFC = —(/J%LPCO]'A Sin(wot + 9)

i Tc = LpCoj(B16% — Bjw? — 2Bywyd)] cos wite ™!
+LpCoj(B26* — Byw? + 2By wid)] sin wite !

(4)

If Rf < 0.5\/Lp/Cox, the system is in an overdamping state. The zero-sequence
current iy, in the faulty feeder n can be calculated as follows [21]:

ion = 1on_FFC + lon_TC
ion_rrC = [wW3Lp(Cox, — Con) — 1]Bsin(wot + 0) , (5)

. Lopi D LopsD
ion T = (= + LpConD1p3)ePtt + (222 + LyCouDop3)er?!
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where B = Uy, /[|Z|(1 — wiLyCoz)]; Z = R+ jwoLp/(1 — wiLyCos); D1 = (woBcosf —
p2Bsin®)/(p2 — p1); Do = —(wpBcos® — p1Bsinb)/(p2 — p1); p1 = —1/(2RCpx) —
V/1/(2RCoz)? — 1/(LpCoz); and pz = —1/(2RCox) + /1/(2RCoz)* — 1/ (LyCox)-

The zero-sequence current ig; in the healthy feeder j can be calculated as follows [21]:

ioj = ioj_FFC + f0j_TC
loj_FFC = *wéLpCOjB sin(wot +6) . (6)
ioj ¢ = LpCoj(D1pgel! + Dapzel?)

From Equations (3)-(6), the amplitudes and directions of the FFCs in both the faulty
and healthy feeders are nearly identical. The amplitude of the TCs in the faulty feeder is
slightly greater than that in the healthy feeder. Therefore, detecting the faulty feeder during
high-impedance faults (HIFs) is very challenging.

As the Petersen coil is a dynamic component, its inductive current undergoes a
transient process before reaching a steady-state value following an SPG fault. At the initial
stage of SPG faults, the inductive current of the Petersen coil is very small, causing the coil
to behave like a large inductance. According to Equations (5) and (6), the amplitude of the
FFCs in the faulty feeder is greater than that in the healthy feeders, and the direction of the
FFCs in the faulty feeder is opposite to that in the healthy feeders during the initial stage of
SPG faults. Therefore, faulty feeder detection can be achieved by extracting FFCs or TCs
for any SPG faults.

3. Faulty Feeder Detection Criterion
3.1. Signal Decomposition Based on VMD

To achieve faulty feeder detection, it is first necessary to obtain the FFCs and TCs
of transient zero-sequence current signals. Since the resonant frequency of TCs varies
with different fault types and transient zero-sequence currents are susceptible to external
interference, such as measurement errors, noise, and harmonic pollution, adaptive and non-
recursive signal decomposition techniques must be employed. VMD is a recently developed
multi-resolution technique for adaptive and non-recursive signal decomposition [30]. It
iteratively decomposes the input signal to obtain K IMFs, making it highly suitable for
faulty feeder detection based on transient zero-sequence currents.

The larger the parameter K in VMD, the greater the computational complexity and the
longer the runtime. To effectively extract low-frequency and transient components from
transient zero-sequence currents, it is preferable to keep the parameter K as small as possible.
Therefore, we set K to 3. Using VMD, the transient zero-sequence current of each feeder is
decomposed into IMF;, IMF,, and IMF;. Among these, IMF; represents the low-frequency
components, including the FFCs; IMF2 captures the high-frequency components, primarily
the TCs; and IMF3 corresponds to interference and residual components. Therefore, IMF1
and IMF?2 are selected as the characteristic IMFs, and the following signal is reconstructed:

Iej = Uqj + Upj, (7)

where i is the reconstructed signal of the j-th feeder; u;; and uj; is the expressions for
IMF; and IMF, of the j-th feeder, respectively. The reconstructed signal contains both
the FFCs and the TCs, while eliminating interference signals, and can be used for faulty
feeder detection.

Due to the distinct fault characteristics of the transient zero-sequence current signal
in the faulty feeder during the initial stage of SPG faults, the data window for transient
zero-sequence currents used in faulty feeder detection is selected as the first quarter of the
power cycle.

https://doi.org/10.3390 /math14081389


https://doi.org/10.3390/math14081389

Mathematics 2026, 14, 1389

6 of 20

3.2. Transient Energy-Based Faulty Feeder Detection Criterion

The waveforms of the IMFy generated by different types of grounding faults vary
significantly, making it challenging to calculate the amplitude of the reconstructed signal
ij directly. Therefore, the transient energy of the reconstructed signal i.; during the first
quarter of the power cycle after SPG faults is used to represent its amplitude.

M
Ej= ) ix(m), (8)

where E; represents the transient energy of the j-th feeder; m denotes the index of the
sampling point; M signifies the total number of sampling points within a quarter power
cycle; i¢j(m) indicates the m-th sampled value of the reconstructed signal i;.

The proportion of transient energy contributed by each feeder to the total transient
energy of all feeders connected to the bus varies. The transient energy proportion is
calculated as follows:

Es =

™ s N

» ©)
1 E]

]

where A represents the transient energy proportion of the j-th feeder; Ey, denotes the total
energy of all feeders connected to the bus; and 7 signifies the total number of feeders.

The amplitude of the transient zero-sequence current in the faulty feeder equals the
sum of the amplitudes of the transient zero-sequence currents in the healthy feeders;
however its direction is opposite. That is,

n
==Y i (10)
k=1k#]

where i; represents the transient zero-sequence current in the faulty feeder, and iy denotes
the transient zero-sequence current in the j-th healthy feeder. Therefore, the transient
energy proportion of the faulty feeder satisfies A; > 0.5 and increases as the number of
feeders grows.

The faulty feeder detection criterion based on transient energy is as follows: if the
transient energy proportion of the j-th feeder satisfies the following inequality, then feeder
j is identified as the faulty; otherwise, it is considered healthy.

A] > Aﬂ’l/ (11)

where Ay, represents the threshold for faulty feeder detection criteria. If the reliability
coefficient is set between 1 and 1.6, then the range of Ay, is 0.5 to 0.8. The value of Aty
increases as the number of feeders increases.

3.3. Waveform-Similarity-Based Faulty Feeder Detection Criterion

At the initial stage of SPG faults, there is a significant difference in the transient zero-
sequence current waveforms between the faulty feeder and the healthy feeders, while the
transient zero-sequence current waveforms of the healthy feeders remain similar. Therefore,
faulty feeder detection can be achieved by comparing the waveform similarity of the
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reconstructed transient zero-sequence current signals during the first quarter of a power
cycle following an SPG fault. The waveform similarity is calculated as follows:

p icj(m)icx(m)

Pjk = , (12)

Tz | L=

. ié-(m)ifk (m)
where pjk represents the waveform similarity between the transient zero-sequence currents
of the j-th and k-th feeders; i.;(m) and i¢x(m) are the m-th sampled values of the reconstructed
signal i;; and ic, respectively.

To detect the faulty feeder, the waveform similarity coefficient p; of the transient
zero-sequence current of the j-th feeder is calculated as follows:

n
max O, doix >0
k:l,kyéjp]k Ojk
n

: (13)
L irlukr;é jp]'k, others
The proportion 7; of the waveform similarity coefficient for the j-th feeder relative to
the total similarity coefficient of all feeders is calculated as follows:

»

" péﬂ 14

pzziym ’ 14)
]:

where 77 represents the proportion of the waveform similarity coefficient for the j-th feeder,
and py, denotes the sum of the waveform similarity coefficients for all feeders connected to
the bus.

The number of feeders in a typical distribution network generally ranges from three
to ten. The range of p; for faulty feeders is between —1 and —0.3, while for healthy feeders,
it ranges from 0.3 to 1. Therefore, in a distribution network with three feeders, the range of
17; for faulty feeders is from —0.63 to —0.13, whereas for healthy feeders, it is from 0.19 to
0.44. In a network with ten feeders, the range of 7; for faulty feeders is from —0.27 to —0.03,
and for healthy feeders, it is from 0.03 to 0.23. Overall, in a typical distribution network,
the range of 1 for faulty feeders spans from —0.63 to —0.03, while for healthy feeders, it
ranges from 0.03 to 0.44.

The faulty feeder detection criterion based on waveform similarity is as follows: if
the waveform similarity coefficient proportion 7; of the transient zero-sequence current
in the j-th feeder satisfies the following inequality, then feeder j is identified as the faulty;
otherwise, it is considered healthy.

7 < s (15)

where 1y, represents the threshold value for the faulty feeder detection criterion, the range
of 7y, is set from —0.2 to —0.05 considering the reliability of faulty feeder detection. 7y,
takes a larger value when the number of feeders is large and a smaller value when the
number of feeders is small. If all feeders fail to meet the faulty feeder detection criteria, the
fault is determined to be a bus fault.

3.4. Fusion-Based Faulty Feeder Detection Criterion

In various SPG fault scenarios in distribution networks, the amplitude or waveform
characteristics of transient zero-sequence currents in the faulty feeder may not be distinctly
evident. Consequently, the accuracy of faulty feeder detection based on a single fault char-
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acteristic tends to be relatively low. To improve detection accuracy, this paper proposes a
faulty feeder detection method for resonant grounding systems based on multiple transient
characteristics fusion, which integrates the amplitude and waveform characteristics of
transient zero-sequence currents.

The faulty feeder detection method based on transient energy is less affected by
interference and provides higher accuracy. However, in cases involving long feeders or
HIFs, multiple feeders may exhibit large transient energy proportion, making it difficult
to accurately identify the faulty feeder. Additionally, when the transient zero-sequence
current of a feeder is small, interference can cause a large waveform similarity error, leading
to incorrect detection results using the waveform similarity-based method. To address
these challenges, a fusion-based faulty feeder detection criterion has been developed: first,
calculate the transient energy of the reconstructed signals for the transient zero-sequence
currents of all feeders; then, select the three feeders with the highest transient energy. The
waveform similarity comparison method is applied to these three feeders to identify the
faulty feeder. If none of the feeders meet the detection criteria, the fault is determined to be
a bus fault.

3.5. Procedure of Fusion-Based Faulty Feeder Detection

The proposed faulty feeder detection method is implemented only when an SPG fault
occurs. An SPG fault event is identified when the measured zero-sequence voltage Uy
meets the following conditions:

Uy > kU, (16)

where Uy represents the rated phase voltage, and k denotes the reliability factor, which is
typically set at 15%.

The flowchart of the proposed fusion-based faulty feeder detection algorithm is shown
in Figure 2. The steps of the algorithm are as follows:

?

Acquire the zero-sequence voltage
at the bus in real time

<G>

Y

Record the transient zero-sequence current iy,
during the first quarter of the power cycle

v

| Perform VMD decomposition on iy |

to obtain #: and #

i o obtain ; and u; i

v

| Calculate iy using Eq. (7) ‘

| Calculate E; using Eq. (8) ‘

Select the 3 feeders with the largest £; and
calculate p3, pi2, and py3 using Eq. (12)

| Calculate p; using Eq.(13) and 7; using Eq.(14) |

| Failure in the bus | ‘ Fallure in feeder] ‘

Figure 2. Flow chart of fusion-based faulty feeder detection algorithm.
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Step 1: Acquire the zero-sequence voltage at the bus in real time and calculate Uj.

Step 2: If Uy > kU is satisfied, start the faulty feeder detection algorithm.

Step 3: Record the transient zero-sequence current signal ip; in each feeder during the
first quarter of the power cycle.

Step 4: Perform VMD on iy; to obtain uj; and uj;.

Step 5: Calculate the reconstructed signal i; using Equation (7).

Step 6: Calculate E; using Equation (8).

Step 7: Select the three feeders with the largest transient energy and calculate p1y, p13,
and p,3 using Equation (12), respectively.

Step 8: Calculate p; using Equation (13) and 7; using Equation (14).

Step 9: If 7; satisties Inequality (15), feeder j is identified as the faulty feeder; otherwise,
it is considered healthy. If none of the three feeders meet the faulty feeder detection criteria,
the fault is determined to be a bus fault.

4. Simulation Analysis
4.1. Simulation Model

A typical radial distribution network model with four feeders has been developed in
MATLAB R2021b, as shown in Figure 3. The lengths of the feeders are marked in the figure,
and the parameters are listed in Table 1 [23]. In Figure 3, Ry, and Ly represent the resistance
and inductance of the Petersen coil connected to the Z-type grounding transformer. The
overcompensation degree is 8%, Ry = 3 (), and Ly = 294.3 mH. The system sampling
frequency is set to 10 kHz.

10kV/0.4kV
Overhead _ | /;=7km
feeder '
— Cable 10kV/0.4kV
feeder - l;=4km 1,=15km
110kV—L__jokv
10kV/0.4kV
l3=3km  /;=3km  ;=3km @
= F;
Z
10kV/0.4kV
F /4|=5km [’k /43|=4km /4gz:6km
L 4
T 2k L -+
10kV/0.4kV
Ry Lisi=4km 1432=7km@:£

Figure 3. Simulation mode with four feeders.

Table 1. Feeder parameters.

. R L C
Line Type Phase Sequence (Q/km) (mH/km) (uF/km)
Overhead i Zero sequence 0.125 1.3 0.0096
verheadine  positive sequence 0.275 4.6 0.0054
Cable [i Zero sequence 0.27 0.255 0.339
able line Positive sequence 2.7 1.019 0.28

4.2. Verification of Extracted Fault Characteristics

To verify the fault characteristics extracted in Section 2, the simulation model shown

in Figure 3 is used to analyze the following two types of SPG faults. A larger penalty factor
in VMD may result in over-decomposition, while a smaller penalty factor can lead to mode
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mixing [31]. To effectively extract the FFCs and TCs while suppressing noise, the penalty
factor ais set to 20,000. The personal computer used in this study is equipped with an Intel®
Core™ i7-10700 CPU running at 2.90 GHz, 16.0 GB of RAM, and a 64-bit Windows operating
system. The MATLAB program implementing the faulty feeder detection algorithm has
a runtime of approximately 0.061 s. These results satisfy the requirements for practical
engineering applications. Certainly, porting this algorithm to DSP or FPGA platforms
for faulty feeder detection devices will require optimizing the VMD computation and
converting it to fixed-point arithmetic.

42.1. Casel

An SPG fault occurs at point k on the fourth feeder (F;), located 2 km from the bus,
with a ground fault resistance Rg = 5 (), and a fault inception angles ¢ = 90°. The transient
zero-sequence currents of F4 are shown in Figure 4. The transient zero-sequence currents
are decomposed using VMD, and the decomposed modal functions IMF;, IMF;, and IMF;
are presented in Figure 4. It can be observed that there are significant differences in the
amplitude and waveform of IMF; and IMF; between the faulty feeder and the healthy
feeders. The FFCs included in IMF; are shown in Figure 5. As illustrated, there are notable
differences between the FFCs of the faulty feeder and those of the healthy feeders during
the initial stage of the SPG fault. Therefore, FFCs cannot be eliminated when using transient
zero-sequence current for faulty feeder detection. The reconstructed signals using IMF;
and IMF, for each feeder are shown in Figure 6. The figure demonstrates that there is a
significant difference between the reconstructed signals of the faulty feeder and those of
the healthy feeders under low impedance faults (LIFs), which can be used to reliably detect
the faulty feeder.

100 =1 =2 =3 j=4
< 50" Transient zero-sequence current
Z 0p = — =
~50 ‘ ‘ ‘ ‘
0.045 0.05 0.055 0.06 0.065
s
20 . IMF,
S —
5 — - —
o . . . Ly
0.045 0.05 0.055 0.06 0.065
S
20% IMF,
<10 [,
£ 0 i
—10LC ! 1 ! Ly
0.045 0.05 0.055 0.06 0.065
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Figure 4. VMD results of transient zero-sequence currents in case 1.

4.2.2. Case 2

An SPG fault occurs at point k on Fy, located 2 km from the bus, with a ground fault
resistance Rg = 2000 () and a fault inception angles ¢ = 90°. The transient zero-sequence
currents of F4 are shown in Figure 7. The decomposed modal functions IMF;, IMF,, and
IMF; obtained using VMD are also presented in Figure 7. It can be observed that there are
significant differences in the amplitude and waveform of IMF; between the faulty feeder
and the healthy feeders. The FFCs included in IMF; are shown in Figure 8. As illustrated,
there are notable differences between the FFCs of the faulty feeder and those of the healthy
feeders during the initial stage of the fault. Therefore, FFCs cannot be disregarded when
using transient zero-sequence current for faulty feeder detection. The reconstructed signals
using IMF; and IMF, for each feeder are shown in Figure 9. The figure reveals a significant
difference between the reconstructed signals of the faulty feeder and those of the healthy
feeders under HIFs, which can be used to reliably detect the faulty feeder. Consequently,
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whether the fault is an HIF or an LIF, the fault characteristics can be reliably extracted using
the reconstructed signals.

J=1

=2

J=3

J=4

FFCs

0.045 0.05 0.955 0.06 0.065
1/s

Figure 5. FFCs of transient zero-sequence currents in case 1.

=1 2

J=3

J=4

Reconstruction signal

20 L L L Ly
0.045 0.05 0.955 0.06 0.065
t/s

Figure 6. Reconstruction signals in case 1.

J=1 J=2 J=3 J=4
— Transient zero-sequence current

-0. . L . .
0.045 0.05 ().255 0.06 0.065
S

Figure 7. VMD results of transient zero-sequence currents in case 2.
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Figure 8. FFCs of transient zero-sequence currents in case 2.

A
L5k

-0.5F

-15 L . .
0.045 0.05 0.955 0.06 0.065
/s

Figure 9. Reconstruction signals in case 2.

4.3. Verification of the Proposed Faulty Feeder Detection Method

Many SLG fault scenarios under various fault conditions are simulated. These scenar-
ios include different fault phases (phase A, B, or C), fault locations (at the bus or at 10%,
40%, 70%, or 90% along feeders 1-4), fault inception angles (0°, 45°, 90°, or 135°), and fault
resistances (1 0, 10 (3, 100 2, 1000 (2, 2000 (2, 3000 ), 4000 ), or 5000 Q). In the 1632 fault
scenarios, the proposed faulty feeder detection method can reliably identify all faulted
feeders or the faulty bus.

Several partial simulation data and faulty feeder detection results are presented in
Table 2. Here, F; represents the serial number of the faulty feeder, ¢ denotes the fault
inception angle, Rg stands for the fault resistance, E; signifies the transient energy, p;
indicates the waveform similarity coefficient, and 7; represents the waveform similarity
coefficient proportion. By setting the threshold 7y, to —0.1, all faulty feeder detection
results are correct. Therefore, the proposed method can accurately detect the faulty feeder,
and its reliability is not affected by fault conditions.

Table 2. Simulation data of distribution network with four feeders.

Cases F; Position ¢ (°) Rg (()) E; pPj 1j Results
1 5 90% 0 1 894, 2;675113, 673, 0.9403,9 ;é)é9743, 0.329(4)1.,3 ;904.3412, Feeder 2
22 s R Coany o Feeder?
3 ’ 90% 90 10 119297,2/292é91£;4, 0.9923.,9 ;209.9034, 0.343(;,3 257.3127, Feeder 2
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Table 2. Cont.
Cases F; Position ¢ (°) Rg () E; Pj 1j Results
5.1162,
A T I Y N S
5 4 10% 0 2000 01 93533152,/106298696?1’ 1,1, —0.9688 0'33_65.’3255’68’ Feeder 4
e e s we TEL 0TI 0TI
R s I R S
S N T I T
o me - s w lmaes ovsome wmmeme
0 me - W w em oo omsene

4.4. Noise Interference Test

White noise signals with signal-to-noise ratios (SNR) of 5 dB, 10 dB, and 20 dB are
added to the transient zero-sequence currents in the fault scenarios described in Section 4.3
to verify the anti-interference capability of the proposed faulty feeder detection method.
Figure 10 shows the zero-sequence currents and IMFs when an SPG occurs at 10% of Fy
with a fault inception angle of 0°, a fault resistance of 1000 (2, and an SNR of 5 dB. From
the figure, it is evident that the transient zero-sequence current signals are severely affected
by strong noise, making it difficult to distinguish the faulty feeder from the healthy feeder
based solely on the noisy zero-sequence current signals. However, after applying VMD to
the transient zero-sequence currents, the fault characteristics in IMF1 and IMF, become
apparent, enabling accurate detection of the faulty feeder. Partial simulation data with noise
and the corresponding faulty feeder detection results are presented in Table 3. As shown,
the proposed faulty feeder detection method is robust against noise and can accurately
identify faulty feeders.

J=1 Jj=2 J=3 J=4
> Transient zero-sequence current
< o bk A M
,972 o
0.065
0.065
Vv
-1 . . Ly
0.045 0.05 0.055 0.06 0.065
A t/s
r IMF,
AAAA A A N
hAdd T VA Ny
0.045 0.05 0.055 0.06 0.065

t/s

Figure 10. Transient zero-sequence currents with the noise (SNR = 5 dB) and IMFs.
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Table 3. Simulation results under noise interference.

Cases E; Position @ (©) R; (QY) SNR E; 1j Results
1 2 90% 45 100 5 214 99743’)/681 6733 ’74’ 0'3555.’3550?;2894’ Feeder 2
2 2 90% 45 100 10 2485, §§§323’ 192, 0'3563.’3%0?;2874’ Feeder 2
3 2 90% 45 100 20 21398092’,6;;; '73’ 0'35461.’:,);&2911’ Feeder 2
; s s w5 ML 02000,
; s s om0 MELOER 0970w,
o 4w e a0 o B0 a2ae
;- 0w s gmme omaw
Cee - 0w w0 gmme omem
- 0w o gmmeoomam

4.5. Detection Results Based on Different Fault Characteristics

To compare the discriminative power of the reconstructed signal with that of individual
IMFs (IMF1 or IMF2), white noise signals with SNR of 10 dB are added to the transient
zero-sequence currents in the fault scenarios described in Section 4.3 for simulation analysis.
Table 4 summarizes the accuracy rates (AR), false positive rates (FPR), and false negative
rates (FNR) of the faulty feeder detection methods based on reconstructed signals, IMF1,
and IMF2, respectively. The table shows that the proposed method achieves a higher
detection accuracy.

Table 4. Comparison of the faulty feeder detection methods based on different fault characteristics.

Fault Characteristics FPR FNR AR
IMF1 3.7% 3.7% 96.3%
IME2 25.0% 2.9% 75.0%

Reconstructed Signals 2.2% 2.2% 97.8%

4.6. Scalability Test

To evaluate the scalability of the proposed faulty feeder detection method, we develop
a distribution network model with ten feeders in MATLAB, as shown in Figure 11. The
lengths of the feeders are indicated in the figure, and the parameters are listed in Table 1. In
Figure 11, QF represents a bus section breaker that remains closed during normal system
operation. The overcompensation degree is 8%, Ry1 = Ryp =3 (), Ly = 406.1 mH, and
Lnp = 488.6 mH. The SPG faults are located 2 km from the busbar on feeders 1 to 10, the
fault inception angles are 0°, 45°, or 90°, and the fault resistances are 1 (3, 10 (3, 100 Q,
1000 €3, 3000 €, or 5000 Q). Across the 180 fault scenarios, the proposed faulty feeder
detection method reliably identify all faulted feeders. Several partial simulation data and
detection results are presented in Table 5, which confirms that all faulty feeder detections
are accurate. Therefore, the proposed method is applicable to large-scale distribution
networks and demonstrates strong scalability.
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Figure 11. Simulation mode with ten feeders.
Table 5. Simulation data of distribution network with ten feeders.
Cases F; @ (°) Rg () E; 0j 1j Results
36,798, 181, 611, —0.9025, 0.9275, —0.3273, 0.33364,
1 1 0 10 1411, 0.4, 1,417, 0om7E 03364 Feeder 1
1364, 39, 0.1 : :
57,212, 334, 1357, B B
2 1 45 10 2946, 0.8, 1, 800, 0'839942’9069290’ 0'3(1)1324 4043444' Feeder 1
3069, 82, 0.03 : :
67,250, 506, 2067,
3 1 90 10 4546, 1,2, 1239, _0'83996{2049124’ _0'3(1)2364307'3437' Feeder 1
4701, 121, 0.26 : :
128.9, 0.768, 3.057,
5.893, 0.002, 0.004, —0.9881, 1.000, —0.3307, 0.3347,
4 1 0 1000 0.004, 1.76, 6.873, 1.000 0.3347 Feeder 1
0.193, 0.0005
258.97,1.243, 4.635,
8.942,0.003,0.006,  —0.8613,0.9856, —0.3041, 0.348,
5 1 45 1000 5 715, 1049, 0.272, 0.9856 0.348 Feeder 1
0.0005
182.8,1.033, 3.563,
6.905,0.002,0.005,  —0.7094, 0.9584, —0.2701, 0.3649,
6 1 %0 1000 2.136, 8.056, 0.2, 0.9584 0.3649 Feeder 1
0.002
17.655, 0.092, 0.365,
0.703, 0.0002, —0.9864, 1.000, —0.3303, 0.3349,
7 1 0 3000 0.0005, 0.21, 0.82, 1.000 0.3349 Feeder 1
0.023, 0.0001
31.273, 0.159, 0.56,
1.073, 0.0003, —0.8644, 0.9868, —0.3046, 0.3477,
8 1 45 3000 0.0008, 0.323, 1.246, 0.9868 0.3477 Feeder 1
0.032, 0.0002
22.333,0.143, 0.416,
0.754, 0.0002, —0.7106, 0.9888, —0.2644, 0.3678,
? 1 %0 3000 0.0007, 0.244, 0.919, 0.9888 0.3678 Feeder 1
0.022, 0.0006
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4.7. Compared with Existing Methods

To demonstrate the reliability advantage of the proposed faulty feeder detection
method, we compare it with three methods introduced in [3,18,19]. Figure 12 shows
the high-frequency components of transient zero-sequence currents during an SPG fault
occurring at 10% of F4 with a fault inception angle of 90°, a fault resistance of 2000 (2, and
an SNR of 20 dB. In Figure 12, the difference in the first half-wave waveform between the
faulty feeder and the healthy feeders is minimal. Consequently, detecting the faulty feeder
based on the transient energy and waveform similarity of the high-frequency components
of transient zero-sequence currents is challenging. Therefore, the faulty feeder detection
method presented in [3] is ineffective under these conditions. Figure 13 illustrates the
low-frequency components of zero-sequence currents during an SPG fault at 10% of Fy
with a fault inception angle of 90°, a fault resistance of 3000 (), and an SNR of 5 dB. In
Figure 13, the faulty feeder F4 exhibits the same polarity at the extreme values as the healthy
feeders Fy, F,, and F3. Thus, the faulty feeder detection method proposed in [18] fails in this
scenario. Table 6 summarizes the AR, FPR, and FNR of the faulty feeder detection methods
proposed in this paper, as well as those in [3,18,19], based on the fault scenarios described in
Section 4.4. As shown in Table 6, the proposed method achieves higher detection accuracy
due to its ability to extract more effective fault characteristics.

A

=1 =2 =3 =4
08l J J J J
High-frequency component of zero-
0.6 sequence current M/\/ﬁ\\/\/
/

_l 1 Il »
0.045 0.05 0.055
t/s

Figure 12. High-frequency components of transient zero-sequence currents.

»
>

73 L L 1 1
0.025 0.035 0,04/5 0.055 0.065
/s

Figure 13. Low-frequency IMF1 of transient zero-sequence currents.
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Table 6. Comparison of the faulty feeder detection accuracy of the proposed method with

existing methods.

Fault Criterion SNR FPR FNR AR
Paper [3] 20 23.5% 8.8% 76.5%
Paper [3] 10 35.3% 17.6% 64.7%
Paper [3] 5 47.0% 23.5% 53.0%
Paper [18] 20 11.8% 2.9% 88.2%
Paper [18] 10 23.5% 5.9% 76.5%
Paper [18] 5 35.3% 14.7% 64.7%
Paper [19] 20 23.5% 23.5% 76.5%
Paper [19] 10 29.4% 26.5% 70.6%
Paper [19] 5 35.3% 32.4% 64.7%
This paper 20 0% 0% 100%
This paper 10 2.2% 2.2% 97.8%
This paper 5 5.9% 5.9% 94.1%

4.8. Field Test

To verify the feasibility of the proposed faulty feeder detection method for field
applications, 20 sets of field data for SPG in a distribution network with 5 feeders are
used for validation, and all results are accurate. At a substation in China with five feeders

connected to a bus, the transient zero-sequence currents of each feeder during an SPG
fault on feeder 4 are shown in Figure 14. The modal components IMF;, IMF,, and IMF3
obtained by VMD are shown in Figure 14. As illustrated, compared to the other healthy
feeders, the fault characteristics in IMF1 and IMF2 of feeder 4 are clearly distinguishable.

The signals reconstructed according to Equation (7) are shown in Figure 15. The faulty

feeder detection results, summarized in Table 7, are all correct. Therefore, the proposed

faulty feeder detection method is suitable for application in actual distribution networks.

=2

J=3

J=4

J=5

Transient zero-sequence current

S

SRR

150 200 250

300

350 400

Sampling point
< | — IMF,
< = e —
) 50 100 150 200 250 300 350 400
Sampling point
IMF,
100 150 200 250 300 350 400
Sampling point
IMF5
100 150 200 250 300 350 400

Sampling point

Figure 14. Transient zero-sequence currents of field data and IMFs.

Table 7. Faulty feeder detection result of field data.

E;

Pi

1j Results

3190, 220, 50,610, 139,180, 30,440

0.9781, —0.6678, 0.9781

0.3727, -0

.2545, 0.3727 Feeder 4
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50 100 150 200 250 300 350 400
Sampling point

Figure 15. Reconstruction signals of field data.

5. Conclusions

In this study, we propose a faulty feeder detection method based on multiple transient
characteristics fusion for resonant grounding systems. The main conclusions are as follows:

e  There are significant differences in both the amplitude and polarity of the low-
frequency and high-frequency components of the transient zero-sequence current
between the faulty feeder and the healthy feeder at the initial fault instant. Addition-
ally, the fault characteristics of the fundamental components within the low-frequency
components are also distinctive. Therefore, the low-frequency and high-frequency
components extracted from transient zero-sequence currents can be effectively used to
detect faulty feeders.

e  The fault characteristics of the signal, reconstructed from the low-frequency and high-
frequency components of the transient zero-sequence current extracted through VMD,
are clearly evident. By integrating the transient energy and waveform similarity of this
reconstructed signal for faulty feeder detection, the method achieves high accuracy in
identifying faulty feeders.

e  Through numerous simulations and field data tests, it has been demonstrated that
the accuracy of the proposed faulty feeder detection method remains unaffected by
fault resistance, inception angle, fault location, or noise. Compared to two existing
faulty feeder detection methods, the proposed method exhibits superior accuracy and
adaptability in detecting faulty feeders.

The number of modes K and penalty factors a in VMD are fixed in this paper, which
leads to incorrect detection of faulty feeders under varying fault scenarios. Developing
methods to adaptively select VMD parameters will be the focus of our future research.
Additionally, as distribution network structures become increasingly complex, the proba-
bility of multiple faults occurring in distribution networks continues to rise. The complex
characteristics of multiple faults make detecting the faulty feeder particularly challenging.
Therefore, effectively extracting features under multiple faults to accurately identify the
faulty feeder will be a key focus of future research.
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