
Received: 11 June 2020 Revised: 22 September 2020 Accepted: 10 November 2020

DOI: 10.1049/gtd2.12064

ORIGINAL RESEARCH PAPER

Study on fault line detection methods based on multi-feature

fusion in distribution systems

Jiawei Yuan1 Zaibin Jiao1 Guang Feng2 Ming Chen2 Mingming Xu2

1 School of Electrical Engineering, Xi’an Jiaotong
University, Xi’an, China

2 State Grid Henan Electric Power Research
Institute, Zhengzhou, Henan, China

Correspondence

Zaibin Jiao, School of Electrical Engineering, Xi’an
Jiaotong University, Xi’an 710049, China.
Email: jiaozaibin@mail.xjtu.edu.cn

Abstract

Faulted line detection is used for locating faults and restoring service after the occurrence
of a single line-to-ground fault in a non-effectively earthed network. The traditional single
faulted line detection method cannot adapt to the fault diagnosis of distribution systems
under unfavourable conditions, while faulted line selection schemes based on neural net-
work have poor generalisation ability when the structure of distribution network changes.
A novel faulted line detection method based on multi-feature integration is proposed to
overcome the shortcomings of the previous methods. This study classifies the different
fault characteristics of single line-to-ground faults in distribution systems, and analyses the
applicable range of existing methods under multiple fault conditions. Subsequently, three
detection methods that can be applied to different fault conditions and have complemen-
tarity are employed for feature extraction. Moreover, the extracted features of a feeder are
processed by introducing the fault features of the remaining feeders, and the processed
features are fused based on the fuzzy theory. Considering the selection of fault measure
functions and weight coefficients in the fuzzy theory based on experience, an adaptive-
network-based fuzzy inference system is employed for feature fusion. PSCAD and RTDS
experiments confirmed the superior generalisation ability of the proposed method.

1 INTRODUCTION

Non-effectively earthed networks are widely used in medium-
voltage and low-voltage distribution systems. The stability of
the network is influenced by various faults, among which sin-
gle line-to-ground (SLG) faults account for 80% of all faults
[1]. Although neutral indirectly grounded systems are allowed
to operate 1–2 h after the occurrence of SLG faults, the non-
fault phase voltage will rise to a high level, which is harmful to
the insulation of electrical equipment and the safe operation of
power systems. Moreover, it is difficult to detect the faulted line
due to the relatively low fault current, especially in distribution
systems with high-impedance grounding. Therefore, it is neces-
sary to study faulted line detection methods to prevent a further
deterioration of the fault.

Accordingly, faulted line detection techniques have been
studied extensively in the past few decades. They can be
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roughly divided into three groups: injected-current signal-
based algorithms [2], single-feature-based algorithms [3–4],
and multi-feature-based algorithms [5–9]. In [2], a thyristor
used for detection was inserted into the secondary (delta)
winding of a potential transformer. However, the additional
equipment and the changes in the system structure limit its
applications. Single-feature-based algorithms can be subdivided
into two types: steady-state component-based methods [3] and
transient-signal-based methods [4]. However, these methods
are significantly affected by the network structure, complex
fault situation, and electromagnetic interference, causing detec-
tion failures. Recently, several scholars have begun to apply
modern information fusion technologies to detect the faulty
feeder in distribution systems, and consequently, numerous
methods have emerged. The wavelet transform method, zero-
sequence active component method, and fifth-order harmonic
current method were integrated to improve the accuracy of
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fault line detection based on a genetic artificial neural network
in [5]. Based on the fuzzy theory, the energy method and
harmonic method were combined with wavelet analysis in [6].
In [7], decaying DC component (DDCC), transient energy, and
reactive-power detection were used to describe the features of
different fault conditions, and extenics were used for classi-
fication. The discrete wavelet transform was used for feature
extraction, and the Bayesian selectivity technique was applied
to identify the faulty feeder in [8]. However, the aforemen-
tioned methods used for feature extraction do not analyse the
comprehensiveness and complementarity between different
faulted line detection methods, leading to a lower reliability of
identification under unfavourable conditions. In addition, a 1D
convolutional neural network (CNN) was employed to extract
the features of the data of each line and a neural network was
used for feature fusion [9], mitigating the shortcomings of
artificially designed criteria. However, prior-knowledge-based
features are also concatenated as an input of the neural network,
which shows that 1D CNN-based features are not sufficiently
effective and have some limitations. Moreover, the structure
and parameters are changed in the operation of distribution
systems, and these special operation modes inevitably result in
the invalidation of the fully connected and fixed input neural
network.

In general, the existing faulted line detection methods show
good performance for specific fault scenarios, but they may
fail in other fault conditions. Consequently, comprehensive and
complementary detection methods are used for feature extrac-
tion and effective intelligent algorithms are employed for fea-
ture fusion, as a possible approach toward faulted line detection.
Most importantly, the generalisation ability of algorithms should
be greatly emphasised.

This study classifies the different groups of SLG faults
according to the fault characteristics in distribution systems with
resonant grounding and analyses the applicable range of existing
faulted line detection methods under the corresponding fault
conditions, laying the foundation for the selection of compre-
hensive and complementary detection methods. Subsequently,
the extracted features of a feeder using three detection methods
are normalised by introducing the fault features of the remain-
ing feeders, which makes it possible for faulty feeder identifi-
cation when the structure of distribution network changes. The
normalised features are fused based on the fuzzy theory, and
an adaptive-network-based fuzzy inference system (ANFIS) is
employed as an efficient and intelligent tool for feature fusion.
As the data of each line are employed separately as input to
the ANFIS, it is not necessary for the ANFIS-based method
to retrain when the structure and parameters of the distribu-
tion systems change in routine operation. PSCAD and RTDS
simulations demonstrate that the proposed method has strong
generalisation ability and is suitable for an actual distribution
system.

The rest of this paper is organised as follows. In Section 2,
the classification of different fault conditions and the applica-
bility of the existing detection methods are analysed. Section 3
presents the proposed method in detail. In Sections 4 and 5, the

superiority of the proposed method is verified and experimental
results are discussed in detail. Section 6 concludes this paper.

2 COMPLEMENTARY ANALYSIS OF
DETECTION METHODS

2.1 Classification of fault conditions

SLG faults occurring in a resonant earthed system can be
roughly divided into low-impedance and high-impedance faults
according to the grounding fault resistance. Moreover, high-
impedance faults can be further classified into high-impedance
underdamped fault and high-impedance overdamped fault [10].
Table 1 shows the corresponding equivalent circuit, its zero-
sequence current, and its traditional current waveform for dif-
ferent fault types.

As shown in Table 1, the characteristics of the zero-sequence
current between the fault and non-fault lines are consider-
ably varied in the different fault conditions. With regard to
the low-impedance fault, each line contains a large amount
of high-frequency components. The zero-sequence current in
the fault line is significantly different from the current in the
sound lines, where the amplitude of the zero-sequence cur-
rent in the fault line is the largest and the phase is opposite
to that of the non-fault lines. For the high-impedance under-
damped fault, the DDCC is evident in the fault line, whereas
the sound lines contain few DDCC. However, there is no visible
difference between the fault and non-fault lines regarding the
high-impedance overdamped fault. Thus, the faulted line detec-
tion method should be selected according to the different fault
types.

2.2 Applicability analysis of detection
methods

The applicability analysis of the existing detection methods is
described in Table 2.

As shown in Table 2, a single faulted line detection method
cannot be applied to all fault types. Therefore, some detec-
tion methods that can cover all fault types and complement
each other should be selected. This study comprehensively con-
siders the adaptability and complementarity of different detec-
tion methods, and consequently, it selects the transient current
waveform synthesis (TCWS) method to identify low-impedance
faults, the DDCC method to identify high-impedance under-
damped faults, and the wavelet packet energy entropy (WPEE)
method to identify high-impedance overdamped faults.

To summarise, this section classifies the zero-sequence cur-
rent characteristics when SLG faults occur in a resonant earthed
system and analyses the adaptability of existing detection meth-
ods to different fault types. Finally, three faulted line detec-
tion methods for multi-feature fusion are determined, and the
detailed implementation will be introduced in the following
section.
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TABLE 1 Study on the fault features of SLG faults in a resonant earthed system

Fault type Equivalent circuit Transient current Current waveform

Low-impedance fault (I)
if = Um𝜔0C [

1∕LC

𝜔0𝜔f

sin𝜑 sin𝜔f t +
𝛿

𝜔f

cos𝜑 sin𝜔f t

− cos𝜑 cos𝜔f t ]e−𝛿t + Um𝜔0C cos(𝜔0t + 𝜑)

High-impedance
underdamped fault (II)

if = (1 + LP Cp2
1)A1ep1 t + (1 + LP Cp2

2)A2ep2 t

+(1 − 𝜔2
0)B sin(𝜔0t + 𝜑)

High-impedance
overdamped fault (III) if = e−𝛿t [A1 cos(𝜔f t) + A2 sin(𝜔f t)](1 + LP C𝛿2)

+B sin(𝜔0t + 𝜑)(1 − LP C𝜔2
0)−

LP C {2𝛿e−𝛿t [−𝜔f A1 sin(𝜔f t) + 𝜔f A2 cos(𝜔f t)]}+
LP C {e−𝛿t [−𝜔2

f
A1 cos(𝜔f t) − 𝜔2

f
A2 sin(𝜔f t)]}

TABLE 2 Applicability analysis of detection methods

Detection method Basic theory Typical criteria Applicability

Transient energy The transient energy in a fault
line is maximum [7]

|∑n
j=1
j≠i

|Wj | − |Wi ||∕|Wi | < 1 [7] I

Transient reactive
power

The transient reactive power in
a fault line is maximum [7]

|∑n
j=1
j≠i

|Qj | − |Qi ||∕|Qi | < 1 [7] I

TCWS There is a significant
difference between the fault
transient zero-sequence
current waveforms of the
fault feeder and the sound
feeders [11]

① Calculating the corresponding energy of each sub-band signal and
determining the predominant frequency band

② Calculating the correlation coefficient by sub-band coefficient

𝜌xy =
∑N−1

n=0 x(n)y(n)∕[
∑N−1

n=0 x2(n)y2(n)]
1∕2

,𝜌i=
1

N−1

∑N

i=1,i≠j
𝜌ij [11]

③ The line corresponding to the minimum ρ is identified as the faulty feeder

I II

DDCC The DDCC is large in the fault
line, and small in the sound
lines

The line corresponding to the maximum value of the DDCC is identified as
the faulty feeder

II

WPEE The energy spectrum entropy
in the fault line under high
impedance is minimum [12]

① Calculating the band energy of each line by WPT and the value of energy
spectrum entropy using the formula [12]

H =

−
∑k

i=1 pji ln pji = −
∑k

i=1 [ci
j
(n)]

2
∕
∑k

i=1 [ci
j
(n)]

2
ln([ci

j
(n)]

2
∕
∑k

i=1 [ci
j
(n)]

2
)

② The line corresponding to the minimum H is identified as the faulty feeder

II III

Residual power AADk differentiates
high-impedance fault from
non-fault cases such as
capacitor switching and
generator switching [13]

AADk =
∑n

k
|Pk − Pk−N | [13] III

Mathematical
morphology

The mathematical morphology
can be used to distinguish
an HIF from other
disturbances [14]

An HIF generates a series of non-uniformly distributed spikes over an
extended time period, whereas a capacitor switching and load switching
generate either a single spike or multiple consecutive spikes over a short
time period never longer than one eighth of a cycle

III
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FIGURE 1 Flow framework of the proposed detection method

3 PROPOSED METHOD

3.1 Proposed multi-feature fusion
framework

In this paper, a multi-feature fusion framework based on the
three methods is proposed. When a SLG fault occurs, the
wavelet packet transform (WPT) [15] is used to extract the
fault features of the zero-sequence current based on the cor-
responding method. Moreover, the extracted fault features are
processed according to the characteristics of methods and are
fused based on the ANFIS [16]. Finally, the line corresponding
to the maximum output of the ANFIS is identified as the faulty
feeder. The flow framework of the proposed method is shown
in Figure 1, and the list of notations used in this section is
summarized in Table 3.

Considering the feeder routine operation in a distribution sys-
tem, the unique design of the framework, which uses the fault
features of each line as the inputs of the ANFIS, enables the
proposed method to determine whether a waveform is normal.
Consequently, the framework can adapt to the change of distri-
bution network structure.

3.2 Data pre-processing

When an SLG fault occurs in a distribution system, zero-
sequence current of N lines from the same bus are collected

TABLE 3 List of notations used in this section

Notations Meaning

I The TCWS method

II The DDCC method

III The WPEE method

i The line i

q The fault component

n The normalised fault component

μ The fault measure value

α Weight coefficient corresponding to method I

β Weight coefficient corresponding to method II

γ Weight coefficient corresponding to method III

in a relay protection device, and the matrix Q extracted using
the three detection methods is as follows:

Q =

⎡
⎢⎢⎣

qI .1 qI .2 ∙ ∙ ∙ qI .n

qII .1 qII .2 ∙ ∙ ∙ qII .n

qIII .1 qIII .2 ∙ ∙ ∙ qIII .n

⎤
⎥⎥⎦
. (1)

Considering the electrical connection between the feeders
on the same bus, the correlation of feeders is essential for the
identification of a fault line. On the one hand, the absolute value
of fault features extracted using the same detection methods
cannot be employed to determine the faulty feeder due to
changes in the value in different fault conditions, whereas the
relative values of the fault features based on the same method
can be employed. Thus, it is necessary to normalise the features
of all the lines extracted using the same method, and the relative
criterion value of each line is calculated using (2).

n. i =
q. i − min(q)

max(q) − min(q)
, (2)

where q represents the fault features of all the lines extracted
using the same method, q.i represents the fault feature of line
i extracted using the corresponding method, and n.i represents
the normalised fault feature of line i extracted using the corre-
sponding method.

On the other hand, the absolute value of the fault features
also reflects the fault degree to a certain extent, whereas the
normalised relative value loses the absolute size of the original
data and has a negative effect on the identification of a faulty
line under unfavourable conditions. Therefore, it is necessary to
set some thresholds for raw data before normalisation. If the
threshold is satisfied, the data will be normalised according to
(2) directly. Otherwise, the data should be processed according
to the corresponding methods. The data processing process is
shown in Figure 2.

Considering the different characteristics of the three faulted
line detection methods, different normalisation methods should
be employed during the data processing process. Ideally, the
value extracted using the TCWS method after the occurrence
of fault is less than 0 in the fault line and is usually minimum,
whereas it is greater than 0 in the non-fault line. Therefore,
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FIGURE 2 Data processing

the normalised values are calculated using (3) and are mapped
to the range of [0, 0.5] when the values extracted using the
TCWS method are less than 0; otherwise, they are forced
to 1.

n. i = 0.5 ×
q. i − min(q)

max(q) − min(q)
. (3)

For the DDCC method, the DDCC in the faulted line is
the largest, whereas the component is almost 0 in the sound
line. Considering the noise and measurement error in the oper-
ation of distribution systems, the maximum and secondary max-
imum values of all the lines extracted using the DDCC method
are compared after setting the absolute and relative thresholds.
If the thresholds are satisfied, the normalised values extracted
using the DDCC method are calculated using (2); otherwise,
they are calculated using (3).

For the values extracted using the WPEE method, there
are evident differences between the faulted line and the sound
line under high-impedance grounding. The value is generally
the smallest in the fault line, whereas it is relatively large in
the sound line. Considering the difference in the distribution
of the values, the minimum and third small values extracted
using the WPEE method are selected for comparison by set-
ting the absolute and relative thresholds. If the thresholds are
satisfied, the normalised values extracted using the WPEE
method are calculated using (2); otherwise, they are calculated
using (4).

n. i = 0.5 ×
q. i − min(q)

max(q) − min(q)
+ 0.5. (4)

The final normalised matrix N is as follows:

N =

⎡
⎢⎢⎣

nI .1 nI .2 … nI .n

nII .1 nII .2 … nII .n

nIII .1 nIII .2 … nIII .n

⎤
⎥⎥⎦
. (5)

3.3 Feature fusion

For different faulted line detection methods, the fault measure
membership function should be established separately. There-
fore, the matrix μ transformed from the matrix N is shown in
formula (6).

𝜇 =

⎡
⎢⎢⎣

𝜇I .1 𝜇I .2 … 𝜇I .n

𝜇II .1 𝜇II .2 … 𝜇II .n

𝜇III .1 𝜇III .2 … 𝜇III .n

⎤
⎥⎥⎦
. (6)

Different weight coefficients α, β, γ are given respectively to
the three methods, and the comprehensive fault measure value
for each line is obtained in (7).

[F1 F2 … Fn] = [𝛼 𝛽 𝛾]
⎡
⎢⎢⎣

𝜇I .1 𝜇I .2 … 𝜇I .n

𝜇II .1 𝜇II .2 … 𝜇II .n

𝜇III .1 𝜇III .2 … 𝜇III .n

⎤
⎥⎥⎦
. (7)

Finally, the line corresponding to the maximum value calcu-
lated using (7) is identified as the faulty feeder.

However, the selection of the fault measure membership
function and weight coefficients in the fuzzy theory [17]
depends on human experience and lacks reliability. Therefore,
to avoid the shortage of artificial selection, the ANFIS is
employed to determine the fault measure membership func-
tion and weight coefficients through the self-learning of a neural
network.

In this study, the normalised values of each line extracted
using the three detection methods are applied as inputs to the
ANFIS, and the comprehensive fault measure value of each line
is employed as the output. Eventually, the line corresponding to
the maximum output of the ANFIS is identified as the faulty
feeder.

4 TRAINING ANFIS

4.1 Simulation

In the training set, a model was established in PSCAD to sim-
ulate SLG faults in the typical 10-kV distribution system with
resonant grounding. During the simulation, the arc suppres-
sion coil was 8% overcompensated, and the sampling rate was
4000 Hz. The structure of the simulation model is as shown in
Figure 3.



6 YUAN ET AL.

FIGURE 3 Non-effectively grounded distribution network

TABLE 4 Parameters of feeders in the training set

Type

Phase

sequence R (Ω/km) L (mH/km)

C
(µF/km)

Overhead line Positive
sequence

0.17 1.21 0.0097

Zero sequence 0.23 5.48 0.006

The simulation model consisted of ten feeders, and the length
of feeders was 1, 3, 7, 15, 20, 25, 35, 40, 44, and 50 km. The type
and parameters of feeders are as shown in Table 4.

SLG faults were simulated under different fault conditions,
including different faulted feeders, different fault locations, dif-
ferent initial phases, and different grounding resistances. In
addition, Gaussian white noise with the signal-to-noise ratio of
50 dB was superposed on the original signal. Different fault con-
ditions are as shown in Table 5.

When training the ANFIS, each input had two membership
functions, and the function type employs a Gaussian function.
Moreover, the training samples were divided into two cate-
gories: the fault line with label 1 and the sound line with label
0. The accuracy of the proposed method and the three detec-
tion methods are shown in Table 6. C1 denotes the detection
result of the TCWS method, C2 denotes the detection result
of the DDCC method, C3 denotes the detection result of the
WPEE method, and C denotes the detection result of the pro-
posed method.

TABLE 5 Parameters of fault conditions in the training set

Faulted

feeders Fault location Initial phases

Grounding

resistances

Sample

number

L1–L10 10%/
20%/
40%/
50%/
60%/
80%

0◦–90◦

per 4.5◦
5 Ω/
20 Ω/
100 Ω/
500 Ω/
1000 Ω/
1400 Ω/
2000 Ω

8820

TABLE 6 Detection accuracy of methods in the training set

Grounding

resistance (Ω) C1 (%) C2 (%) C3 (%) C (%)

5 100 100 44.68 100

20 100 100 52.70 100

100 100 100 78.89 100

500 90.00 100 99.52 100

1000 70.00 58.73 100 100

1400 58.73 16.27 100 100

2000 47.30 0 100 100

Overall
accuracy

80.86 67.86 82.26 100

4.2 Discussion

As shown in Table 6, when the grounding resistance is less
than 500 Ω, the TCWS method and the DDCC method have
high detection accuracy, whereas the WPEE method has a lower
accuracy. When the grounding resistance is equal to 500 Ω, the
DDCC method has the highest accuracy. When the ground-
ing resistance is greater than 500 Ω, the detection accuracy
of the WPEE method also rises to 100%, whereas it gradu-
ally decreases when using the TCWS method and the DDCC
method.

The above analysis shows that the single detection method
has a limitation for the identification of a faulty feeder under
different fault conditions. Moreover, the three detection meth-
ods have strong complementarity, which is consistent with the
previous theoretical analysis. Most importantly, the ANFIS-
based method proposed in this paper can adapt to different
fault conditions and has an accuracy of 100% for faulted line
identification.

5 GENERALISATION ANALYSIS

5.1 Experiments in PSCAD

To validate the detection accuracy in an actual operation of a
distribution system, a mode of a 10-kV compensation distribu-
tion system composed of 10 feeders was established in PSCAD.
The parameters of the feeder lines were different from those in
the training set. Moreover, different fault conditions were con-
sidered when the feeders were put in operation or moved out of
operation, and the noise rose to 30 dB. The type and parameters
of lines are as shown in Table 7 and the parameters of different
fault conditions are as shown in Table 8.

In addition, a mode of a 10-kV compensation distribution
system composed of overhead lines, cable lines, and hybrid lines
was established in the following simulations. To verify the strong
generalisation ability of the proposed method, the compensa-
tion system and ungrounded system composed of three feeders
with extremely imbalanced length were also considered.
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TABLE 7 Parameters of the feeder lines in test set

Type

Phase

sequence R (Ω/km) L (mH/km)

C
(µF/km)

Overhead line Positive
sequence

0.33 1.31 0.007

Zero sequence 1.041 3.96 0.004

Cable line Positive
sequence

0.0791 0.2642 0.373

Zero sequence 0.2273 0.9263 0.166

TABLE 8 Parameters of fault conditions in test set

Scenarios Fault location Initial phases

Grounding

resistances

Sample

number

1
2
3

5%/
25%/
45%/
65%/
85%/
95%

0◦–88.2◦

per 12.6◦
7 Ω/
28 Ω/
390 Ω/
890 Ω/
1500 Ω/
2000 Ω

4032
1728
1728

4
5
6

15%/
35%/
75%

0◦–90◦

per 1.8◦

0◦–88.2◦

per 12.6◦

2754
2754
576

TABLE 9 Detection accuracy of methods in scenario 1

Method C1 C2 C3 C

Accuracy 76.76% 60.42% 88.96% 100%

TABLE 10 Detection accuracy of methods in scenario 2

Method C1 C2 C3 C

Accuracy 88.77% 58.16% 82.58% 100%

TABLE 11 Detection accuracy of methods in scenario 3

Method C1 C2 C3 C

Accuracy 73.21% 72.34% 68.06% 96.41%

TABLE 12 Detection accuracy of methods in scenario 4

Method C1 C2 C3 C

Accuracy 56.35% 93.65% 70.66% 99.64%

TABLE 13 Detection accuracy of methods in scenario 5

Method C1 C4 C3 C

Accuracy 64.92% 94.84% 85.26% 100%

TABLE 14 Detection accuracy of methods in scenario 6

PR C1 C2 C3 C

10% 66.32% 71.53% 88.89% 99.31%

40% 61.11% 71.88% 86.11% 98.96%

FIGURE 4 RTDS model of a 10-kV distribution system

1. Feeders put into operation: When four feeders were put into
operation in the test set, the accuracy of the proposed
method and the three detection methods are shown in
Table 9. The length of the new feeders was 5, 10, 23, and
39 km, and the overcompensation degree increased to 12%
in simulation.

As shown in Table 9, the ANFIS-based method does not
need to be retrained and has 100% accuracy for identification
when the four feeders are put into operation. Therefore, the
detection accuracy of the proposed method is not affected when
the feeders are put into operation.

2. Feeders going out of operation: When the four feeders go out
of operation in the test set, the accuracies of the pro-
posed method and the three detection methods are shown
in Table 10. The length of the feeders out of operation was
1, 7, 20, and 40 km, and the under-compensation degree was
6% in simulation.

As shown in Table 10, the ANFIS-based method does not
need to be retrained and has 100% accuracy for identification
when the feeders are put into operation. Therefore, the detec-
tion accuracy of the proposed method is not affected when the
feeders go out of the operation.

3. Hybrid distribution system: Considering the cable lines and
hybrid lines used in distribution systems, a mode of a 10-
kV hybrid compensation distribution system composed of
six feeders was established. The length of the feeders was 5,
15, 25, 35, 45, and 50 km, and the overcompensation degree
was changed to 10% in simulation. The detection accuracy is
as shown in Table 11.

As shown in Table 11, the trained ANFIS framework in
overhead systems can be directly applied to a hybrid distribu-
tion system, and the faulty feeder identification accuracy of the
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FIGURE 5 Typical waveforms when arc grounding fault occurs

TABLE 15 Fault conditions and detection results

Fault line

Fault phase

(◦)

Fault

resistance (Ω)

Harmonic

content (%)

Unbalanced

voltage (V)

Arc

grounding C1 C2 C3 C

Feeder 1 30 10 0 0 No √ √ √ √

30 10 1 0 No √ √ √ √

30 10 6 0 No √ √ √ √

123 10 0 0 Yes √ √ √ √

150 10 0 2.68 No √ √ × √

150 10 0 5.67 No √ √ × √

150 240 0 0 No × × √ √

243 10 0 0 Yes √ √ × √

330 10 0 5.67 No √ √ √ √

330 240 0 0 No × √ √ √

330 1000 0 0 No × × √ √

Feeder 5 90 10 0 0 No √ √ × √

123 10 0 0 Yes √ √ √ √

150 1.1 0 0 No √ √ × √

150 3.3 0 0 No √ √ × √

150 7.7 0 0 No √ √ × √

150 1000 0 0 No √ × √ √

270 10 0 0 No √ √ × √

330 1.8 0 0 No × √ √ √

330 10 0 2.68 No × √ √ √

Feeder 7 90 10 0 0 No √ √ × √

123 10 0 0 Yes √ √ × √

270 10 0 0 No √ √ √ √

Feeder 9 60 10 0 0 No √ √ √ √

243 10 1 0 No √ √ × √

243 10 6 0 No √ √ √ √

Feeder 10 210 10 0 0 No √ √ √ √

210 10 1 0 No √ √ × √

210 10 6 0 No √ √ √ √

270 10 0 0 No √ × √ √

330 10 0 0 No × √ √ √
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proposed method is higher than that of the three original
methods.

4. Different voltage grade system: To verify the wide applicability of
the proposed method in this paper, the system voltage level
was changed, and a compensation distribution system com-
posed of three feeders with an extremely imbalanced length
was established in PSCAD. The length of the feeders was 5,
20, and 80 km, and the overcompensation degree was change
to 15% in simulation. The detection accuracy is as shown in
Table 12.

As shown in Table 12, the extreme structure of the distribu-
tion system poses a great challenge to the faulty line detection
based on the TCWS method or the WPEE method, whereas
the DDCC method has a higher detection accuracy. The fea-
ture fusion of the three methods based on the ANFIS achieves
complementary advantages and exhibits the highest accuracy.
Therefore, the detection accuracy of the proposed method is
not affected by the structure of the distribution system.

5. Ungrounded system: Considering different neutral grounding
modes, a mode of a 35-kV ungrounded system with three
overhead lines was established. The length of the feeders was
also extremely imbalanced and was the same as those in sce-
nario 4).

As there was almost no DDCC in the ungrounded system,
the fundamental waveform amplitude method was employed
instead of the DDCC method. Moreover, the ANFIS-based
method does not need retraining because the fundamental
waveform amplitude method also selects the line correspond-
ing to the maximum value as the faulty feeder. The detection
accuracy is as shown in Table 13, and C4 denotes the detection
result of the fundamental waveform amplitude method.

As shown in Table 13, the ANFIS-based method has an accu-
racy of 100% for identification in an ungrounded system. There-
fore, the ANFIS-based method proposed for a compensation
system can be applied for the identification of faulted lines in
ungrounded systems.

6. Distributed generation: Considering the effect of distributed
generation (DG), a mode of a 10-kV compensation system
with DG was established. The length of overhead lines was
20, 30, 40 and 50 km, and DG was connected to the 30 km
feeder. The detection accuracy of methods under different
penetration rate (PR) are as shown in Table 14.

As shown in Table 14, the detection accuracy of the ANFIS-
based method drops slightly from 99.31% to 98.96% when PR
rises sharply from 10% to 40%, and consequently, distribution
systems with DG have little impact on the detection accuracy of
the proposed method.

In summary, the trained ANFIS-based method can adapt to
the operation of feeders, hybrid systems, different voltage grade
systems, different neutral grounding modes and distribution
systems with DG. The PSCAD simulation results demonstrate
that the proposed method has a superior generalisation ability.

5.2 Experiments in RTDS

To verify the application in engineering, a model was established
in RSCAD to simulate SLG faults in the HIL tests of RTDS.
The power amplifiers made by PONOVO was employed to
convert digital signal into analog signal. The analog signal was
added to the relay protection device, which sends trip signals to
the breaker. The data of zero-sequence voltage and current was
collected by fault recorder. The structure of the RTDS model is
as shown in Figure 4.

Considering the arc grounding events when a SLG fault
occurs, arc grounding faults were simulated in several cases and
the typical voltage and zero-sequence current waveforms are
shown in Figure 5.

As shown in Figure 5, the non-fault phase voltage uc rises
to 148.93 V and is 2.58 times the normal operating phase volt-
age, which greatly affects the insulation of electrical equipment.
Meanwhile, the arc grounding current has noticeable distortions
and presents a challenge to the fault line detection.

Different fault conditions and the corresponding detection
results in RTDS are as shown in Table 15.

As shown in Table 15, the trained ANFIS-based method in
PSCAD can be directly applied to more demanding and realis-
tic engineering environments in RTDS. Moreover, the proposed
method is free from the influence of harmonic content, unbal-
anced voltage, and arc grounding, which are not considered in
the training set. Therefore, the proposed method has a strong
generalisation ability and is valuable in engineering applications.

6 CONCLUSION

Based on the classification of SLG faults in distribution systems
with resonant grounding, this study analysed the adaptability of
the existing faulted line detection methods under different fault
types. Subsequently, three kinds of fault features were extracted
using the TCWS method, DDCC method, and WPEE method,
which can adapt to all fault types and have complementarity. To
improve the generalisation ability of the detection methods, the
corresponding normalisation methods and a unique structure
design of ANFIS are proposed. The PSCAD and RTDS experi-
ments in different distribution systems confirmed the rationality
of method selection and its superior generalisation ability.
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