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Abstract— The accuracy of fault section identification using a single criterion is compromised under certain 
complex fault conditions, particularly when a single-phase grounding fault occurs in a neutral point ungrounded 
system, where the steady-state fault signal is weak. This paper addresses this challenge by investigating the 
distribution feature of zero-mode current in such systems and proposes three distinct methods for locating 
single-phase ground faults: the transient power method, characteristic frequency method, and transient current 
similarity method. Each method has its own strengths and can complement each other. Hence, fuzzy theory is 
utilized to establish membership functions and weight coefficients for the three methods, respectively. The 
weighted coefficient method is then employed to integrate the three criteria, eliminating issues such as blind 
areas and misjudgments in fault section identification resulting from relying solely on a single criterion. A 
simulation model is developed using PSCAD/EMTDC. The results obtained under various fault conditions 
confirm the effectiveness and robustness of the fusion method in accurately identifying fault sections. 

 
Keywords— Transient feature; Transient power; Characteristic frequency; Waveform similarity; Fault section 
identification; Fuzzy theory.  .   
     

1. INTRODUCTION  

As power systems progress, the distribution network has significantly expanded, 

leading to increased emphasis on its power supply reliability and stable operation [1, 2]. 

Failure to address a single-phase ground fault can escalate into more serious short-circuit 

faults, presenting a substantial risk to the system's safety and significantly reducing the 

lifespan of power equipment [3, 4]. 

The fault section identification techniques can be broadly categorized into digital 

quantity-based and electric quantity-based methods [5, 6]. Within digital quantity-based 

techniques, there are two subcategories: graph theory-based and artificial intelligence (AI)-

based methods, each operating on different principles [7–9]. The graph theory-based method 

begins by outlining the distribution network's topology using the network description matrix. 

It then gathers current and voltage data from the feeder terminal to create the corresponding 

fault information matrix. Subsequently, utilizing the principles of graph theory, the method 

calculates these matrices to generate the fault judgment matrix [10]. AI-based methods can be 

further divided into two main categories [11, 12]. One is to combine the topology of the power 
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grid to construct a switching function. By solving an objective function using optimization 

algorithms, the optimal value is determined to locate the fault [13]. The second method makes 

use of features like variations in electrical quantities that occur during a failure event. Both 

conventional machine learning methods and deep learning algorithms are used to turn this 

data into a classification issue [14].  

On the other hand, electric quantity-based methods extract fault features and set 

threshold criteria by means of different signal processing techniques to achieve fault location 

[15]. They can be further categorized into active and passive methods [16, 17]. Passive methods 

extract the features of the fault signal to locate the section [18].  

Conversely, active techniques introduce a particular frequency signal into the power 

system and identify the fault segment by analyzing the distribution of the injected signal's flow 

direction in the line [19]. 

The neutral point ungrounded mode is commonly used in distribution networks due to 

its low fault currents during single-phase grounding and high-power supply reliability. 

However, traditional steady-state methods face difficulties in ungrounded systems due to 

capacitive coupling effects and weak fault signatures. Distinguishing fault line characteristics 

from non-fault line characteristics during a single-phase ground fault remains a challenging 

task. This difficulty impedes fault line selection and section localization. \ 

Moreover, various interference factors introduce significant fuzziness and uncertainty 

in fault characteristic parameters [20]. Consequently, relying on a single criterion to ensure 

effective ground fault section location under different operating modes, line configurations, 

and fault types is challenging. 

The transient electrical quantities of faults exhibit more obvious characteristics than the 

steady-state quantities, rendering them particularly suitable for fault analysis in ungrounded 

systems [16]. This research presents a new method for identifying faulty lines in power 

distribution systems by utilizing transient electrical properties as fault characteristics. The 

main contributions are as follows: 

(1) Novel Application Context and Innovative Feature Combination: We developed the 

comprehensive framework applying multi-feature fusion specifically for fault section 

identification in neutral point ungrounded distribution systems. Our work is the first to 

integrate: Hilbert transform-based transient power analysis, S-transform characteristic 

frequency detection and Waveform similarity correlation in a unified fuzzy decision 

framework for this application. 

(2) Adaptive Weighting Mechanism: We introduced dynamic weight adjustment in the 

fusion process based on real-time fault characteristics, overcoming limitations of static 

fusion approaches. 

(3) Implementation Effect: The method is less affected by error data compared to existing 

techniques while maintaining high accuracy under challenging conditions (high 

impedance faults up to 1000 Ω). 

Sections 2 to 4, the distribution characteristics of transient zero-mode components are 

analyzed, and three fault section identification criteria are constructed. Section 5 presents the 

multi-transient feature fusion framework and puts forth a fault identification approach based 

on fuzzy decision making.  

The simulation results and comparative studies are shown in Section 6. Finally, the 

article concludes with a summary in Section 7. 
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2. TRANSIENT POWER METHOD 

After the unground distribution system has a single-phase ground fault, the zero-mode 

network is shown in Fig. 1. T represents the transformer. C01 and C02 represent the equivalent 

ground capacitances of line 1 and line 2, with the fault point F situated on line 3. Points A, B, 

and C along the line are sectional switches. The final point on the line is D. The ground 

capacitances of sections AB, BF, FC, and CD are Cf1, Cf2, Cf3, and Cf4, respectively. Both the zero-

mode current upstream and downstream of the fault location are represented by 0 3 4l Cf Cfi = i + i  

and 0 3 4l Cf Cfi = i + i . The measurement reference direction of the current is represented by dotted 

arrows, while the flow direction of the current is represented by blue solid arrows. 

C01
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i02

Cf1 Cf2 Cf3 Cf4

i0b i0l

iCf4iCf3iCf2iCf1
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u0f

i0f
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T

i01+i02

A B C D

F
Line 3
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Fig. 1. The ungrounded distribution system's zero-mode network post-fault. 

The current at the local terminal measurement point of the healthy line is the capacitance 

current that flows via the ground between the bus and the load. This current flows from the 

measurement point towards the end of the line. Similarly, the current that flows in the line 

downstream of the fault location is the capacitance current of the line to ground between the 

measurement point and the load, moving from the fault point towards the load. The current 

at the upstream measurement point of the faulty line is the sum of the ground capacitance 

current of the line between the measurement site and the busbar, as well as the ground 

capacitance current of all healthy lines. It is important to mention that the direction of the 

current in the healthy line and the line downstream of the fault point are same, while the 

polarity of the current two sides of the fault point is opposite. 

Figure 2 depicts the fault equivalent circuit, which is composed of zero-mode, aerial-

mode (include 1-mode and 2-mode) networks. R1 and L1 are the 1-mode network’s resistance 

and inductance. The 2-mode network parameters are the same as those of 1-mode. The 

resistance, inductance, and capacitance of the zero-mode network are R0, L0, and C0, 

respectively. Uf represents the virtual equivalent power supply. The zero-mode, 1-mode, and 

2-mode voltages are U0f, U1f, and U2f, and Rf is the fault resistance. 
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Fig. 2. Fault transient equivalent circuit of neutral point ungrounded system. 
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Let 1 2 0L = L + L + L , 1 2 0 3 fR = R + R + R + R , ( ) ( )0f mU t =U sin ω t + f , the circuit equation can be 

written based on Fig. 2 as: 

tf

f f f

di 1
Ri + L + i dt =U

dt C 0
0

                                                      (1) 

By solving the equation, we can obtain the transient zero-mode current as Eq. (2). 

( )

( )

f -δt
f m f f

f

ω
i t = U ω C sinfsinω t - cosfcosω t e

ω

1 R
ω = - δ = R / L

LC L

  
  
  

  
  

 
，

0

0

2

2
2

                                         (2) 

where fω  denotes the main resonant frequency, δ  is the attenuation coefficient. The transient 

aerial mode voltage satisfies: 

( )
f f -δt

f f f f f f m f f

di ω
u = u = L + R i = R - L δ i + i ω U ω C sinfcosω t + cosfsinω t e

dt ω

 
 
 

1 2 1 1 1 1 0

0

                 (3) 

Since ( )R - L δ ω = L1 1 0 1  and fR - L δ = L ω ω2
1 1 1 0 , the value of ( ) fR - L δ i1 1  is small and can 

be ignored. A clear phase relationship may be seen when comparing the aerial-mode voltage 

and zero-mode current:  

(1) The zero-mode current’s direction at each measurement points of both the fault lines 

downstream and non-fault lines remain consistent, and the current flows toward the 

line’s end.  

(2) The aerial-mode voltage is 90° ahead of the zero-mode current. 

There are multiple resonant components in the actual transient process, arising from the 

series connection of zero-mode and aerial-mode networks in the equivalent circuit. As a result, 

the frequency components of the aerial-mode voltage are 90° ahead of the corresponding 

frequency’s zero-mode current.  

Conversely, the frequency components of the transient aerial-mode voltage lag behind 

the corresponding frequency component of the zero-mode current by 90° for zero-mode 

current upstream of the fault location. 

The relationship between transient line voltage and transient aerial-mode voltage is 

obtained according to Kalenbauer transform (considering an A-phase ground fault as an 

example): 

1

2

3

3

ab a b f

ac a c f

u u u u

u u u u

= − =


= − =
                                                                               (4) 

where abu and acu  represent the line voltage, au , bu , and cu  are the three-phase phase-voltage. 

Assuming a line voltage phase shift of -90°, the zero-sequence current from the fault point to 

the bus will lead the line voltage by 180°, while the zero-sequence current downstream of the 

non-fault line and the fault line will be in phase with the line voltage. 

The Hilbert transform for a continuous time signal is thus introduced. The Hilbert 

transform is defined as: 

( )
( ) ( )

( )
- -

x τ x t - τ
x t = dτ = dτ = x t *

π t -τ π τ πt

+ +

  
1 1 1

                                            (5) 

It is possible to think of ( )x t  as the result of the signal ( )x t  that has been passed through 

a filter, with ( )h t = / πt1  representing the filter's unit impulse response. According to Fourier 
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transform theory, ( )jh t = j / πt  is the result of Fourier transform and ( )sgn Ω  is the sign 

function. The frequency response of the Hilbert transformer is: 

( ) ( )
-j Ω >

H jΩ = -jsgn Ω =
j Ω <





0

0
                                                                                                           (6) 

If ( ) ( ) ( )jφ ΩH jΩ = H jΩ e , then ( )H jΩ = 1 , and 

( )
-π / Ω >

φ Ω =
π / Ω <





2 0

2 0
                                                                                                                          (7) 

That is, the characteristics of this Hilbert transformer are as follows: The positive 

frequency signal is phase-shifted by -90°, the negative frequency signal is phase-shifted by 

+90°, and the amplitude-frequency characteristic is 1. The transient line voltage signal 

corresponding to the fault has the following Hilbert transform: 

( )
( )

( )
-

u τ
t = dτ = u t *

π t -τ πt
u

+


1 1

                                                               (8) 

Defined the transient power direction parameter (Q) as the mean value of the line 

voltage multiplied by the zero-mode current after undergoing Hilbert transformation, during 

a specified time period (T). 

( )( )
T

Q = i t t dt
T

u0
1

                                                                      (9) 

Figsure 3 is the diagram of transient line voltage ( )u t  and its corresponding Hilbert 

transform ( )tu . 

 
Fig. 3. Transient line voltage and its Hilbert transform waveform. 

It can be observed from Fig. 3 that the transient line voltage is consistent with the polarity 

of the transient current after Hilbert transformation. Consequently, in this scenario, the 

transient power direction parameter Q>0. In the region upstream of the fault towards the 

busbar, the transient line voltage lags the zero-sequence current by 90° and the transient power 

direction parameter Q is negative. 

3. CHARACTERISTIC FREQUENCY METHOD 

Different equivalent zero-mode network parameters exist both upstream and 

downstream of the fault spot, as seen in Fig. 1. As a result, when there is series resonance in 

the zero-mode network, the transient current's main resonant frequencies are different 

upstream and downstream of the fault point. However, the main resonant frequency of the 
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zero-mode current does not vary much across two neighboring measurement sites on the same 

side of the fault location. The transient zero-mode current's frequency components of different 

measuring points are displayed in Fig. 4. Thus, the portion containing the fault can be 

identified via comparing the main resonant frequencies of the zero-mode current at nearby 

measurement sites. This method needs only transient zero-mode current data. The amount of 

data uploaded by this method is small, the requirements for communication and time 

synchronization are not high and proves to be convenient and dependable. 

The S transform has excellent abilities for time-frequency positioning and resolution. It 

includes results for signal feature extraction that are easy to understand in addition to 

reflecting the local peculiarities of non-stationary signals [21]. 
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Fig. 4. The zero-mode current’s frequency component at different measurement points. 

In order to determine the main resonant frequency, the S transform is selected. A 

continuous S transform is performed on the signal ( )h t : 

( ) ( ) ( )

( )
( )

+ -j πft

-
S τ, f = h t ω τ - t, f e dt

f -f τ - t
ω τ - t, f = exp
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                                                                                                            (10) 

where ( )ω τ - t, f  represents the window function, and τ  is used to control the time window‘s 

location on the time axis, the frequency is f, and the imaginary unit is j. The inverse 

transformation formula of the S transform is: 

( ) ( )
+ + j πft

- -
h t = S τ, f dτ e df

 

 

 
   

2
                                                     (11) 

The S-transform can be obtained by defining the mother wavelet as the product of the 

window function and the complex vector, then replacing it in the specification of the 

continuous wavelet. The phase correction in the continuous wavelet transform can be 

conceptualized as the S-transform. S transform's connection to its Fourier transform is as 

follows: 

( ) ( )
π α

-+ f j πατ

-
S τ, f = H α + f e e dα





2 2

2

2

2                                                      (12) 

The discrete S transform is obtained as follows: The discrete time sequence is recorded 

as ( )h kT , with T serving as the sample time interval. The discrete Fourier transform of this 

series is: 

( )
πnkN- -j
N

K=

n
H = h kT e
NT N

 
 
 


21

0

1
                                                          (13) 
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Let f = n / NT , τ = iT , the discrete S-transformation is: 

0

π m πmiN- -j j
n N

m=

n m+n
S iT, = H e e ,n

NT NT

   
   

   


2 2

2

2 21

0

                                             (14) 

The inverse transformation is expressed by Eq. (15). 

( )
πnkN- N- j
N

K= j=

1 n
h kT = S jT, e

N NT

   
  

   
 

21 1

0 0

                                                  (15) 

A complex time-frequency matrix is the output of the S-transform on discrete time series, 

while the modular time-frequency matrix is produced by modulo operation. Various 

frequency components' amplitudes at a given instant are represented by the column vectors 

of the modulo time-frequency matrix, while the relationship between the amplitude of a 

certain frequency component changing with time is shown by the row vectors. 

To verify the amplitude-frequency representation ability of S transform on mutation 

signals, take the signal as defined in Eq. (16), with a sampling frequency is 256 Hz. 

  ( )

  ( ) ( )

  ( )

  ( )

  ( )

h = cos πt

h = cos πt + cos πt

h = cos πt

h = cos πt

h = cos πt










0 : 40 20

41 : 50 20 200

51 : 100 20

101 : 180 100

181 : 256 180

                                                (16) 

The signal waveform is shown in Fig. 5. S-transform is performed on the signal to obtain 

the amplitude-frequency characteristic pseudo-color map as Fig. 6. 

 
Fig. 5. Transient zero-mode current waveform. 

 
Fig. 6. Amplitude-frequency characteristic pseudo-color image after S transform. 

As depicted in Fig. 6, the S transform can analyze the amplitude-frequency distribution 

characteristics of the signal in each time period. It has higher frequency resolution and lower 

time resolution for low-frequency components, while the opposite is true for high-frequency 

components. 
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4. TRANSIENT CURRENT SIMILARITY METHOD 

Figure 1 shows that the upstream and downstream networks' transient processes can be 

regarded as independent of one another. The network characteristics for each side determine 

the zero-mode currents, and the transient currents' polarity is opposite on both sides. Two 

adjacent measurement points on the same side of the fault location have similar current 

frequencies and amplitudes, as well as highly similar waveforms. On the other hand, the two 

sites on different sides of the fault measure different current waveforms. Therefore, the 

defective part can be found using the waveform similarity of adjacent measurement points. 

The correlation coefficient is used to quantify the similarity between two signals (after discrete 

sampling): 

( ) ( )

( ) ( )

N

n=

N N

n= n=

i n i n

ρ =

i n i n



 

01 02
1

2 2
01 02

1 1

                                                               (17) 

where the sampling sequence is n, and the signal length is N, ( )i n01  and ( )i n02  are two zero-

mode currents. 

In the non-fault section, the transient current waveforms measured on both sides 

demonstrate a high degree of similarity, with a correlation coefficient close to 1. Conversely, 

within the faulted section, the resemblance between the transient current signals obtained 

from the upstream and downstream measurement points is low, and the correlation coefficient 

is much less than 1. 

In actual engineering scenarios, each measurement point may not be accurately 

calibrated. and mathematical methods can be used to reduce the impact of signal out-of-

synchronization on the similarity calculation results. One approach is to use one signal as a 

reference and to get the correlation coefficient at each shift by translating the other signal back 

and forth. 

The optimal alignment is shown by the correlation coefficient that is the highest. When 

the signals are similar, the correlation coefficient from the point with the optimal overlap is 

the highest, indicating approximate synchronization. Conversely, for dissimilar signals, even 

after translation maximizes the correlation coefficient, the value remains very low 

(approaching zero). The following procedures are used to determine the zero-mode current's 

maximum coefficient at adjacent points: 

(1) The timing error time is Δt  (usually about 1~3 ms), and the maximum number of points 

that the signal can move forward and backward is k = Δt * f0 , where f is the sampling 

frequency. 

(2) Determine the number of translation points that correspond to the highest correlation 

coefficient value within the range of forward and backward translation: 

( ) ( )

( ) ( )

( ) ( )

( ) ( )

K

m n
k=

K

K
m n

k=m n
k=

K

m n
k=1

i k - k i k

i k - k + i k
i k - k i k = max

i k + k i k

 
 
 
 
 

  
 
 
 
 
 










0 0 0
1

0 0 0
10 0 0

1

0 0 0

1
                                        (18) 
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where m and n represent the measurement point number, the two transient current signals are 

i0m and i0n, and the signal length is K. 

(3) The maximum correlation coefficient of two current is: 

( )
( ) ( )

( ) ( )

,

K

m n
k=

max m n
K K

m n
k= k=

i k - k i k

ρ =

i k i k

i i



 

0 0 0
1

0 0

2 2
0 0

1 1

                                                      (19) 

5. FAULT IDENTIFICATION PRINCIPLE OF TRANSIENT INFORMATION FUSION 

5.1. Information Fusion Technology 

Fault transient information is affected by the nature of the fault and system parameters. 

Under different fault conditions, the degree of obviousness of transient characteristic 

information such as power and frequency downstream and upstream of the fault is also 

different. Therefore, it is crucial to acquire and analyze various transient characteristics 

following a single-phase ground fault and use information fusion technology to integrate 

various algorithms. The organic combination makes fault identification robust and improves 

accuracy. Fig. 7 shows the decision-level fusion structure [22]. 

Sensor1

Sensor2

Sensor N

Association
Decision 
set fusion

Feature extractor 1

Decision 

Identity 
declaration  1

Feature extractor 2

Feature extractor N

Identity 
declaration  2

Identity 
declaration  N

 
Fig. 7. Decision-level fusion structure. 

5.2. Fuzzy Theory and Membership Functions 

Fuzzy theory is an important part of current intelligent technology, often applied to deal 

with complex and uncertain problems. In actual implementations, the main challenge is to 

establish membership functions correctly. 

(1) The output of the fault section identification system shows that a certain section is either 

a fault section (1) or not a fault section (0), and the judgment result must be taken from 

{0, 1}. Fuzzy decision-making enhances the flexibility of the absolute membership 

relationship for fault sections by extending the membership value of each element to the 

interval [0, 1]. The membership function represents the uncertainty of the fault in each 

line section, and then fuzzy operation is performed to output the section identification 

result. 

(2) The membership functions of each method differ, implying varying levels of failure 

probability. These distinctions are harmoniously integrated through fusion calculations. 

To better accommodate the characteristics of fault section identification, opting for the 

addition operation is more appropriate. The overall fault decision credibility for a 

specific line section is determined by summing the product of the membership degree 

of each method for fault section identification decision and the degree of support of the 
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method's observation value for the fault positioning decision (fuzzy credibility 

coefficient). 

5.3. Construction of Membership Functions 

(1) Membership functions of transient power method 

The difference between the transient power direction parameters of the upstream (Qn1) and 

downstream (Qn2) measurement points is calculated: 

n n nΔQ = Q - Q1 2                                                                                                                             (20) 

Let maxΔQ  represent the maximum value in the array nΔQ , the sum of all transient power 

direction parameter differences on the faulty line is sumQ . The transient power direction 

parameter method's fault membership function is described as follows: 

( )

1

n maxμ n = ΔQ /ΔQp

N

sum n

n

Q Q
=




 = 



                                                              (21) 

According to the analysis in section 2, it can be known that the amplitudes of transient 

currents at both ends of the fault point are totally different while those at the same ends of the 

fault point are virtually identical. Thus, the difference of the transient power directions at 

measurement points at both ends of the fault section is far larger than that of the healthy 

section. Thus, the weight coefficient membership function of this method is defined as: 

( ) max sumA n = ΔQ /ΔQp                                                                       (22) 

It can be known from Eq. (22), the larger the value of Ap(n), the more probability of a 

fault occurring in a line section. 

(2) Membership functions of characteristic frequency method. 

In general, a power distribution network with numerous outgoing lines has a much 

longer total length upstream of the fault site than the lines downstream of the fault. Thus, 

compared to the downstream lines, the upstream lines have substantially larger ground 

capacitance and inductance. The upstream network's main resonant frequency is low and the 

downstream network's main resonant frequency is high under typical fault situations. The 

characteristic frequency difference between section n's upstream and downstream is 

formulated as Eq. (23). 

n n nΔf = f - f1 2                                                                     (23) 

where fn1 and fn2 represent the zero-mode current’s main resonant frequency at the upstream 

and downstream measurement sites. Let maxΔf  represent the maximum value in array nΔf , and 

the sum of all maximum characteristic frequency differences on the fault line is sumΔf , define 

the fault membership function of the characteristic frequency method as: 

( ) n max

N

sum n
n=

μ n = Δf /Δf

Δf = Δf

f






1

                                                            (24) 

There are special circumstances when the fault point is located very close to the busbar 

and one of the healthy lines is short in length. In such scenarios, there may be a situation where 

the main resonant frequencies on two sides of the fault location are close to each other. In this 

case, the reliance on the characteristic frequency method to ascertain the credibility of the fault 
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section is notably diminished. Therefore, the credibility function of the characteristic 

frequency method can be determined based on the ratio of the maximum characteristic 

frequency difference to the sum of maximum characteristic frequency differences on the line. 

As analyzed in Section 3, the dominant resonant frequencies of transient zero-mode currents 

in the faulted section differ significantly from those in the healthy section. Besides, the main 

resonant frequencies of the transient zero-mode currents upstream the fault point are also 

different from those downstream the fault point. Thus, the difference between the main 

resonant frequency and the sum of all maximum characteristic frequency differences in the 

fault line of the fault section is larger than that of the healthy section. The weight coefficient 

membership function of the characteristic frequency method is defined as: 

( ) max sumA n = f / ff                                                                 (25) 

As evident from Eq. (25), the magnitude of Af(n) is positively correlated with the 

likelihood of fault occurrence in a given line section. 

(3) Membership functions of transient current similarity method. 

The maximum value of the current’s correlation coefficient at the two measurement 

points in section n is defined as nρ , and the fault membership function of the transient current 

similarity method is: 

( )

( )

( )

( )

n

n n

n

................. ρ

μ n = ρ ............... ρ <

................. ρ <

s

 








－

0 0.8

4 5
0.2 0.8

3 3

1 0 0.2

                                                (26) 

When the upstream main oscillation frequency and the downstream main oscillation 

frequency are approximately equal, the correlation coefficient is about 1. In cases where a 

certain location on the fault line, and the main resonant frequencies of the current on two sides 

are approximately equal, then the line may be misjudged. Section 4 analysis reveals significant 

differences in transient zero-mode current waveform similarities between faulted sections and 

healthy sections. In healthy sections or the sections at the same end in the fault line, the 

waveform similarities of the transient zero-mode currents are almost equal. However, the 

waveform similarities of transient zero-mode currents upstream and downstream the fault 

point are totally different. Thus, the correlation coefficient between the transient zero-mode 

currents measured at both ends of the fault section can be used to construct the weight 

coefficient membership function. Let minρ  represent the minimum value in the array, then the 

weight coefficient membership function of the current similarity method is: 

( )

( )

( )

( )

min

min

min

n

................. ρ

A n = ρ ............... ρ <

................. ρ <

s

 








－

0 0.8

4 5
0.2 0.8

3 3

1 0 0.2

                                                (27) 

Equation (27) demonstrates that the fault probability in a line section increases with 

higher As(n) values. 

5.4. Multi-Information Fusion Fault Section Identification Method Based on Fuzzy 
Theory 

Calculate the fault membership functions of each criterion corresponding to each section 

and the weight coefficient membership function. The fault section identification result can be 
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calculated by Eq. (28). 

( ) ( ) ( )

( ) ( ) ( )( )
n N

n=

A μ n + A μ n + A μ n
F =

A μ n + A μ n + A μ n

p p f f s s

p p f f s s
1

                                               (28) 

A fault section identification system is constructed as Fig. 8 after getting the 

comprehensive criterion of Eq. (28). The system consists of a main station, a substation 

terminal, and feeder terminal units (FTUs). Data is exchanged between the main station and 

each terminal unit through switch. Information about zero-mode current is recorded by the 

FTUs and uploaded to the main station. After then, the data is processed by the main station 

to identify the problematic area. 

Clock

Switch

Master station

Bus bar I  Bus bar II

FTU FTU

FTU

FTU

FTU

FTU

 
Fig. 8. fault section identification system. 

The procedure for a given fault section is as follows: 

(1) By analyzing the zero-mode current data from each measuring point and employing the 

half power frequency cycle data after the fault, one can determine the direction of the 

transient zero-mode current power for each measuring point using Eq. (9). 

Subsequently, the correlation coefficient of the zero-sequence current for each section 

can be calculated using Eq. (19). 

(2) Apply the S transformation to each set of transient zero-mode current data in order to 

generate the corresponding multidimensional complex time-frequency matrix. The 

modulus time-frequency matrix is then obtained by applying the modulus operation to 

the matrix. Next, determine the main resonance frequency. 

(3) Calculate the fault membership function value sequence of each method for each section 

and their weight coefficient membership function values and bring them into Eq. (28) to 

obtain the section where the fault is located. 

To evaluate the computational performance of the proposed method, the total time to 

implement the method is determined. According to the method, the total implementation time 

includes the time for data measurement and communication and computational time of the 

algorithm. Although centralized data processing is adopted, the volume of the required data 

is small and parallel data transmission is used. In addition, the time for data measurement and 

communication is significantly reduced by employing high-speed data acquisition and 
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optical-fiber communication, which has been achieved in practice. The computation time of 

the algorithm consists of two parts: the time for construction of membership functions and 

that for multi-information fusion. Since there is no iterative calculation in construction of 

membership functions and multi-information fusion, the total computational time is brief. In 

simulation, all the computations are conducted in a computer whose processor is Core i5 

9300H@2.4 GHz. The time for construction of membership functions is about 30 ms and that 

for multi-information fusion is about 10 ms. Thus, the computation time of the algorithm is 

about 40 ms. 

6. Simulations 

A 35 kV neutral point ungrounded system after a fault was built in PSCAD/EMTDC, 

and different fault conditions were set for simulation. To confirm the efficacy of the suggested 

approach, the fault data from the simulation is imported into MATLAB for processing and 

computation. 

6.1. Simulation Model and System Parameters 

This model Fig. 9 represents a single-ended radial power grid with four outgoing lines, 

each utilizing a distributed parameter model. The transformation ratio of the system input 

transformer is 110/35 kV. The lengths of each outlet line are: 26 km, 30 km, 18 km, 10 km. 

Figure 9 displays the overhead line's geometric parameter model. The zero-sequence 

impedance is 0.51664+j1.48516 Ω/km, and the zero-sequence ground admittance is 

j1.47574326×10-6 s/km, the positive sequence impedance is 0.25542+j0.37294 Ω/km, and the 

positive sequence admittance to ground is j3.0803×10-6 s/km. There is a single-phase ground 

fault occurring in phase A of outlet line 1. A through D are the four current measurement 

locations along the line. The length of AB section is 10 km, the length of BC section is 10 km, 

and the length of CD section is 6 km. The measurement points at the head ends of outlet lines 

2, 3, and 4 are E, F, and G respectively. In addition, the simulation step size is 1 μs, and the 

sampling frequency is 10 kHz. 
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Fig. 9. 35kV distribution network fault simulation model. 

6.2. Simulation Result Analysis 

In section BC, 15 kilometers from the bus is the location of the fault. The initial phase 
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angle is 60°, while its resistance measures 10 Ω. The original and transient waveforms of the 

fault line voltage, as well as its Hilbert transform, are illustrated in Fig. 10. The transient 

waveforms of the fault's upstream and downstream measurement locations are displayed in 

Fig. 11. The upstream current (A, B) exhibits an opposite polarity to the downstream current 

(C, D), which aligns with the theoretical analysis in Section 2. The upstream current shows 

higher amplitude and lower-frequency oscillations (dominated by system-wide capacitance), 

while the downstream current reflects localized high-frequency components (due to the 

smaller equivalent capacitance downstream). This distinction supports the characteristic 

frequency method’s rationale (Section 3). In addition, it can be clearly seen from the waveform 

similarity that the current on the same side of the fault point has a very high similarity, while 

the current on both sides has a low similarity. 

 
Fig. 10. Line voltage waveform and transient component. 

 
Fig. 11. Transient components of upstream and downstream zero-mode current. 

The main resonant frequencies produced via S transform are displayed Fig. 12. Upstream 

(Left): The dominant resonant frequency is about 700 Hz, consistent with the larger equivalent 

inductance/capacitance of the upstream network (longer line lengths). Downstream (Right): 

The dominant frequency shifts to about 3000 Hz, reflecting the smaller equivalent parameters 

downstream. 

The transient power direction parameters, correlation coefficient and main resonant 

frequency of the zero-mode current of each part are calculated. The fault probability of each 

section is then determined by computing the fault measurement membership function value 

and the weight coefficient membership function value for each section. Table 1 shows the 

simulation data and fault section identification analysis results. 
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Fig 12. Main resonant frequencies upstream (left) and downstream (right) of the fault location. 

Table 1. Simulation data and fault section identification analysis results. 

Measuring point A B C D 

Direction parameter -13922.4 -15643.3 1351.8 588.4 

Characteristic frequency 700 700 3000 3000 

Section number AB BC CD 

Correlation coefficient 0.9855 0.3422 0.8858 

Methods Weight coefficient Fault membership function value 

Transient power 0.8519 0.1203 1.0000 0.0534 

Characteristic frequency 1 0.0000 1.0000 0.0000 

Transient current similarity 0.7631 0.0000 0.8453 0.0000 

Fault probability of each section 0.0387 0.9440 0.0173 

Fault section identification result BC 

The simulation considers the impact of fault resistance, fault phase angle, and fault 

distance. It establishes several fault scenarios to verify the reliability of the multi-information 

fusion ground fault location method, which is based on fuzzy decision theory. Table 2 displays 

the location results under various fault circumstances. The corresponding zero-mode current 

waveforms for both low and high fault resistances presented in Table 2 are displayed in                    

Fig. 13. 

Table 2. Fault section identification results under different fault conditions. 

Fault 

distance 

[km] 

Fault 

resistance 

[Ω] 

Fault initial 

phase angle 

[°] 

Fault probability of each section Section 

identification 

results 

Section 

AB 

Section 

BC 

Section 

CD 

3 

10 
60 0.5014 0.1847 0.3139 AB 

90 0.4960 0.1909 0.3131 AB 

100 
60 0.5277 0.1929 0.2794 AB 

90 0.5206 0.1976 0.2818 AB 

15 

10 
60 0.0387 0.9438 0.0175 BC 

90 0.0392 0.9385 0.0223 BC 

100 
60 0.0283 0.9605 0.0112 BC 

90 0.0291 0.9683 0.0026 BC 

23 

10 
60 0.0501 0.0265 0.9234 CD 

90 0.0343 0.0301 0.9356 CD 

1000 
60 0.0522 0.0259 0.9219 CD 

90 0.0411 0.0324 0.9265 CD 
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Fig. 13. zero-mode current waveforms for both low and high fault resistances. 

Applying the three approaches to different fault scenarios shows considerable 

differences in the capacity to find the fault section, according to the results. The multi-

information fusion single-phase ground fault section identification method, grounded in fuzzy 

decision theory, achieves effective fusion of the three methods. This approach enables accurate 

determination of the fault section, unaffected by some factors, such as transition resistance, 

initial phase angle, and fault distance. 

6.3. Simulation Results in Edge Cases 

In practice, faults may occur at locations close to measurement points. To validate the 

effectiveness of the method in these edge cases, fault experiments with various conditions are 

simulated at locations near measurement points. The detailed information of the fault 

experiments and fault section detection results is listed in Table 3. In the table, XA, XB and XC 

represent the fault distances relative to measurement points A, B and C, respectively. It can be 

observed that the simulated faults are very close to the measurement points (only 0.01 km). 

Although the faults are set near the measurement points along the feeder, the computed fault 

probabilities of the fault section are obviously different from those of the healthy sections. 

Thus, it can be concluded that fault section location results of the proposed method are not 

affected by faults near measurement points. 
Table 3. Fault section location results with faults near measurement points. 

Fault 

location 

[km] 

Fault 

resistance 

[Ω] 

Fault 

inception 

angle [°] 

Fault probability of each section Section 

identification 

results 

Section 

AB 

Section 

BC 

Section 

CD 

XA=0.01 

10 
30 0.2114 0.0628 0.0211 AB 

90 0.2371 0.0675 0.0249 AB 

1000 
30 0.2058 0.0616 0.0203 AB 

90 0.2086 0.0682 0.0225 AB 

XB=0.01 

10 
30 0.0614 0.7439 0.0324 BC 

90 0.0646 0.7583 0.0357 BC 

1000 
30 0.0605 0.7244 0.0311 BC 

90 0.0623 0.7361 0.0349 BC 

XC=0.01 

10 
30 0.0735 0.0482 0.8591 CD 

90 0.0762 0.0495 0.8783 CD 

1000 
30 0.0714 0.0447 0.8362 CD 

90 0.0748 0.0463 0.8457 CD 
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6.4. Compare with Other Methods 

The transient power direction method [23], the characteristic frequency method [24], the 

waveform similarity method [25], and the method in this paper are respectively used for fault 

section identification. All simulations are performed on the same computational platform. 

Table 4 displays the section identification outcomes of various fault distances and transition 

resistances. 

It is evident that by combining several fault features, the fuzzy decision theory-based 

fault section identification approach lessens the likelihood of misjudgment. It is least affected 

by the error data. The algorithm has strong adaptability and there is no blind area. The 

processing time of these methods is compared based on the same computer (processor is Core 

i5 9300H@2.4 GHz) used to conduct computations. The fault detection accuracies of these 

methods are obtained based on results of 100 fault simulations with various fault conditions. 

The error of each algorithm is also computed according to the fault detection accuracy. It can 

be seen that the proposed method has the shortest processing time (only about 40 ms). The 

fault identification accuracy of the proposed method reaches 97% which is the highest among 

these four algorithms. Thus, the fault detection error of the method is only 3%. 

Table 4. Comparison results of several methods. 

Methods Criterions Blind area 
Influence of 

error data 

Processing 

time 

Identification 

accuracy 
Errors 

[23] 
Transient power 

direction 
Yes Great 60 ms 93% 7% 

[24] 
Characteristic 

frequency 
Yes Medium 70 ms 92% 8% 

[25] 
Waveform 

similarity 
Yes Great 50 ms 94% 6% 

Proposed 

Method 

Multi-feature 

fusion 
No Little 40 ms 97% 3% 

7. Conclusions 

This study examines the differentiation in transient zero-mode feature distribution 

between fault and healthy sections within the zero-mode network of neutral point 

ungrounded systems. Additionally, it introduces a novel fault section identification algorithm 

based on multi-fault criterion fuzzy information fusion. The primary findings are as follows: 

(1) The paper analyzes the time-frequency characteristics and distribution of transient line 

voltage and zero-mode current based on the fault transient equivalent circuit of neutral 

point ungrounded systems. It establishes section identification criteria using the 

transient power method, characteristic frequency method, and transient current 

similarity method. Each method exhibits unique strengths and can complement one 

another. 

(2) It proposes a single-phase grounding fault section identification method based on multi-

information fusion using fuzzy decision theory. By leveraging fuzzy theory, the study 

provides the fault membership function and the criterion weight coefficient membership 

function for the three methods. The outcomes of each criterion are fused through 

weighted summation, enhancing the adaptability of single-phase grounding fault 

section identification. 
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(3) Simulation results demonstrate that the proposed approach is resilient to fault resistance, 

fault distance, and fault initial phase angle variations. Compared with existing methods, 

it offers high accuracy and dependability, effectively eliminating blind areas in fault 

section identification. 
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