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Abstract—Precise fault location plays an important role 

in the reliability of modern power systems. With the in-

creasing penetration of renewable energy sources, the 

power system experiences a decrease in system inertia and 

alterations in steady-state characteristics following a fault 

occurrence. Most existing single-ended phasor domain 

methods assume a certain impedance of the remote-end 

system or consistent current phases at both ends. These 

problems present challenges to the applicability of con-

ventional phasor-domain location methods. This paper 

presents a novel single-ended time domain fault location 

method for single-phase-to-ground faults, one which fully 

considers the distributed parameters of the line model. 

The fitting of transient signals in the time domain is real-

ized to extract the instantaneous amplitude and phase. 

Then, to eliminate the error caused by assumptions of 

lumped series resistance in the Bergeron model, an im-

proved numerical derivation is presented for the distrib-

uted parameter line model. The instantaneous symmet-

rical components are extracted for decoupling and inverse 

transformation of three-phase recording data. Based on 

the above, the equation of instantaneous phase constraint 

is established to effectively identify the fault location. The 

proposed location method reduces the negative effects of 

fault resistance and the uncertainty of remote end pa-

rameters when relying on one-terminal data for localiza-

tion. Additionally, the proposed fault analysis methods 

have the ability to adapt to transient processes in power 

systems. Through comparisons with existing methods in 

three different systems, the fault position is correctly 

identified within an error of 1%. Also, the results are not 

affected by sampling rates, data windows, fault inception 

angles, and load conditions. 

Index Terms—Fault location, distributed parameter line 

model, transient signal, renewable energy, instantaneous 

phase. 
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Ⅰ.   INTRODUCTION 

ith the increasing complexity of the power grid, 

faults in transmission lines can have widespread 
and significant impacts on the stability and safety of the 
entire system. According to statistics, sin-

gle-phase-to-ground faults account for up to 80% of 
transmission line faults. It is very important to develop 

new algorithms, models, and techniques that can improve 
the accuracy and speed of fault location.  

Existing transmission line fault location methods are 

primarily based on the following methods: artificial 
intelligence, traveling wave, and model-based methods. 

Artificial intelligence methods [1][3] require large 

amounts of high-quality fault data to generate a good 
mapping between input measurements and output fault 
locations. However, the availability of high-quality fault 

data in practical power systems is limited, often falling 
short of the required number of fault events needed for 

effective training [4]. Moreover, intelligent methods are 
unable to effectively cover various fault scenarios with 
explainable physical meaning. Traveling-wave-based 

methods detect the wavefront arrival time of the travel-
ing waves to determine the fault location, using sin-
gle-ended methods [5], [6] or dual-ended methods [7], 

[8]. Nevertheless, these methods require extremely high 
sampling frequency and have difficulty in identifying 

traveling wave heads. This greatly limits their adapta-
bility and effectiveness. 

Model-based methods [9][15] construct equations or 

expressions that relate the line models, available meas-

urements, and fault distance. Because of their clear physi-

cal meaning, low sampling rate, and simplicity of the al-

gorithm, model-based methods have been widely applied 

in practical power systems [16], [17]. Model-based meth-
ods can be further classified into single- and dual-ended 

methods according to data sources. Dual-ended methods 

use data from both ends and can effectively offset the im-

pact of line parameter variations on the accuracy of fault 

localization [9], [10]. Nevertheless, these methods require 

synchronization of measured data and communication 

channels for the exchange of data between terminals.  

W 
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Some asynchronous algorithms [18], [19] can be used 

to calculate or eliminate synchronous angles when du-

al-ended data are not synchronized. However, in certain 

situations such as the absence of communication chan-

nels or measurement equipment failure at the remote end 

[20], single-ended methods have distinct advantages. It 

has advantages of cost-effectiveness, simplicity, and 

compatibility with existing monitoring systems. It aims 
to find a solution to reduce the effect of fault resistance 

and the unknown fault contributed by two-terminal cur-

rents. Reference [11] uses negative sequence current to 

simulate the fault current, while some studies use iterative 

algorithms to approximate the current after the fault point 

[12] by assuming that the current phases at both ends of 

the fault point are consistent. Reference [13] uses mul-

ti-source information from two-time sections during both 
the fault and reclosing time sections. The premise is that 

the impedance of the opposite-end system remains con-

stant. Reference [14] uses the phasor-domain simplified 

line model and fast Fourier transform (FFT) to extract the 

amplitude and phase of the measured voltage and current 

at a certain frequency. This is based on the assumption of 

constant fault resistance. In [15], compensated current is 

used to reduce the negative influence of fault resistance. 

In summary, these methods [11][15] reduce but do not 

completely eliminate the impact of fault resistance and 

unknown fault current on fault location. 

From the perspective of data types, fault location 

methods can use either the phasor at fundamental fre-

quency or transient data from instantaneous sampled 

value measurements. The present single-ended model 

based methods [11][15] are mostly based on funda-
mental frequency components and phasor-domain 

models. Some phasor-domain fault location algorithms 

have been applied in practical systems [1], [12]. How-

ever, the growing application of power electronics 

equipment in power systems has led to challenges re-

lated to current limitations and low voltage ride-through. 

This results in a decrease in system inertia and altera-

tions in steady-state characteristics following a fault 
occurrence. Thus, it becomes more challenging to ex-

tract fundamental frequency components for fault loca-

tion [22], [23]. In addition, high-speed tripping tech-

niques have difficulty in improving the accuracy of 

phasor-domain methods. Therefore it is crucial to find a 

fault analysis method based on transient data in the time 

domain. To solve the voltage and current distribution in 
the time domain, existing methods are typically based on 

the Bergeron model [24][26] or on the numerical solu-

tions of the telegrapher’s equations. References [9] and 

[10] use the finite difference and characteristics methods 

to numerically solve the telegrapher’s equation. The 

Bergeron model assumes a lumped series resistance that 

can introduce errors, and the accuracy will be affected by 

the sampling frequency and transmission time [27]. 

However, current methods of using transient data and 

time-domain models are based on double-ended data, 

whereas there is no reported work on fault location based 

on single-end transient signals. 

To overcome the issues of existing single-ended lo-

cation methods and transient signal analysis, the main 

contributions of this paper can be summarized as: 

1) To effectively extract the instantaneous amplitude 
and phase in the time domain, the discrete transient data 

is transformed to time-domain functions by a fitting 

function model with a Hilbert transform. The fitting 

function model is a sinusoidal expression. Compared to 

FFT, the method remains unaffected by the time win-

dow and sampling rate.  

2) The traditional symmetrical component method 

based on the frequency domain is not suitable for re-
al-time analysis of fault transient changes. Therefore, 

based on the proposed sinusoidal expression of the 

transient data in the time domain, the delay-less extrac-

tion of instantaneous symmetrical components and 

phase shift of the transient signal is obtained. 

3) From a micro-circuit model of uniform transmis-

sion lines, an improved numerical derivation is devel-

oped for the distributed parameter line model based on 
mathematical induction and limit analysis methods. 

This derivation eliminates the error caused by assump-

tions of lumped series resistance in the Bergeron model, 

and there is no need to consider the influence of trans-

mission time.  

4) Based on the above three technical means for an-

alyzing and processing transient signals, the estimation 

of fault current using single-ended data is achieved. The 
fault point is identified using the instantaneous initial 

phase. The location method is not affected by the un-

known remote end current, fault resistance, and its 

time-varying characteristics.  

The rest of the paper is organized as follows. Section 

Ⅱ and Section Ⅲ propose three technical means of fault 

processing for fault location: fitting of the transient signal 

and its sinusoidal expression, instantaneous symmetrical 
component transformation, and the line model with full 

consideration of distributed parameters in the time do-

main. Section Ⅳ elaborates on fault location methods, 

while Section Ⅴ validates the above theories and com-

pares the proposed method with other methods. The 

overall conclusions are given in Section Ⅵ. 

Ⅱ.   FORMULATION OF FITTING FUNCTIONS WITH 

HILBERT TRANSFORM FOR TRANSIENT SIGNALS 

As the proposed method needs to acquire the accurate 

instantaneous amplitude and initial phase of sampling 
data, in this section, the discrete sampling data are trans-
formed to time-domain functions by a fitting function 

model with a Hilbert transform. The constructed fitting 
function is a sinusoidal expression of transient signals.  
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A. Construction of the Fitting Function Model and Basis 

Functions 

Reference [28] introduces a sinusoidal expression 

method for transient signals, but it lacks a comprehen-
sive theoretical analysis for the construction of the 
function model and basis functions. This paper im-

proves its constructed fitting function, removes redun-
dant terms in the basis functions and demonstrates the 
feasibility of the approach.  

When a fault occurs in a transmission line, the fault 
current is composed of the fundamental frequency, DC 

offset attenuation, and attenuation harmonic [29]. Then 

the fault signal ( )f t  can be expressed as: 

1

1 1 1

1

2

( ) cos( )

e cos( ) e qk

q
α tα t

k k k q

k

f t A ω t φ

A ω t φ A 





  

 
(1) 

where kA is the amplitude; k is the frequency of 

higher harmonics; t is time; kφ  is the initial phase; q  is 

a constant; and kα  ( 0kα ) is the attenuation factor. The 

above signal can be transformed by trigonometric 
function transformation and then combined as [30]: 

 m( ) ( )sin( ( ))f t A t ωt φ t   (2) 

where m ( )A t  is the instantaneous amplitude; ( )φ t is the 

instantaneous initial phase; ω  is a fixed frequency. By 

means of trigonometric function transformations, there 
are: 
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where ( )A t  and ( )B t  are expressions containing time 

t . It can be seen from the above derivation that as long 

as ( )f t  can accurately fit the discrete sampling data, (3) 

can reflect the corresponding instantaneous amplitude 
and initial phase characteristics of the original data. 

Thus, the construction of ( )A t  and ( )B t  is important. 

Continuous functions in function space can be ex-
pressed as linear combinations of a series of basis 
functions, in a similar fashion to the way that each 
vector in vector space can be expressed as linear com-
binations of basis vectors. Generally, if a group of bases 
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 are linearly independent, any element in the 

functional space formed by the bases can be represented 
by the linear combination of the group of bases [31] 
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mined coefficients. 
For the construction of the basis function in 
( )cos( )A t ωt , to reduce the order of the polynomial in 

the fitting basis functions and represent the attenuation 

characteristics of transient signals, 
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We can get that the basic functions of each order in (5) 

are still linearly independent after they are combined 
with polynomial operations: 
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where a represents the undetermined coefficient; N is 
the highest degree of the polynomial in ( )A t ; and s 

represents the set attenuation constant greater than zero. 

B. Improvement of the Functional Model Using Hilbert 
Transform 

In order to satisfy the confirmation of ( )f t  and re-

duce the number of coefficients of the fitting function, 
( )A t  and ( )B t  satisfy a certain relationship, i.e., ( )B t  

is the Hilbert transform of ( )A t . This introduces the 

orthogonal and energy constraints of time functions 
( )A t  and ( )B t . For a function ( )f t , its Hilbert trans-

formation form is written as ( ) [ ( )]h t H f t . 

Let ( ) [ ( )]A t H B t , then ( )A t  and ( )B t  satisfy the 

condition of energy conservation and orthogonality [32]: 



2 2( ) ( ) d 0

[ ( ) ( )]d 0

A t B t t

A t B t t









    

 





 

Compared to the method of setting ( )A t  and ( )B t  as 

independent finite-order polynomials, the constrained 
sinusoidal expression method can better characterize the 

overall trend and details of the transient signal. Thus the 
function model built by the sinusoidal representation 

method in this paper is given as: 

2 2
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 (7) 

The fitting function can have a high degree of ex-
pressive power by adjusting the order and attenuation 
coefficients of the basis function polynomial. Addi-

tionally, it can be differentiable infinitely, making it 
easier to compute its derivatives. Using Leibniz’s rule, 

we can obtain the derivative function of any order. The 
nth order derivative expression of (7) is: 
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(8) 

The fitting function model, based on the Hilbert 
transform and the constructed basis functions, ensures 

accuracy in fitting and the ability to obtain high-order 
derivatives. In this paper the instantaneous amplitude 
and initial phase of transient signals can be obtained for 

the single-end fault location. 
In theory, selecting a higher order leads to enhanced 

fitting accuracy. However, as the order of the fitting 
function escalates, the number of coefficients to be 
determined also increases, which in turn increases the 

computational complexity of obtaining the Hilbert 

transform of ( )A t . The specific process of selecting the 

order is as follows: 
1) The fitting order starts at the 5th order and in-

creases incrementally by 5 orders. It stops when the 
difference in root mean square error (RMSE) between 
the Nth and ( 5)thN   order fits is less than 0.01. 

2) Starting from the Nth order, it increases incre-
mentally. The order for fitting is selected as M  when the 
difference in RMSE between the Mth and ( 1)thM   

order fits is less than 0.001. 

Ⅲ.   DERIVATION OF THE VOLTAGE AND CURRENT 

DISTRIBUTION IN THE TIME DOMAIN 

In this section, we aim to obtain the accurate distribu-
tion of the three-phase voltage and current along trans-
mission lines in the time domain. The stability and 
minimum error conditions of the existing numerical so-
lutions for the telegrapher’s equation have not been 
mathematically verified [10]. Thus, a new numerical 
derivation for the distributed parameters line model is 
presented to accurately solve the voltage and current 
distribution through the transmission line. This expres-
sion does not need to consider the influence of the 
transmission time of electromagnetic waves on the line. It 
is used for a single-phase line and requires that the volt-
age and current are uncoupled. Since the fault recording 
data is three-phase, decoupling and inverse transfor-
mation of transient signals are necessary. Therefore, 
based on the sinusoidal expression in Section II, the de-
lay-less extraction of instantaneous symmetrical com-
ponents in the time domain and phase shift of the tran-
sient signal is obtained in the following Subsection A. 

A. Decompose the Transient Signal into Transient Se-
quence Components 

From Section II, the fault transient signal can be rep-
resented by a sinusoidal expression (7) with time-varying 
amplitude and initial phase at a fixed frequency. The 

amplitude and initial phase of the three-phase transient 

signal at a specific time t can be determined. Therefore, 

the fault signal is endowed with a physical meaning in 
the phasor domain [33]. The voltage and current at each 

moment can be expressed as phasors. The phases of 
transient signals can be shifted and then represented in 
the phasor domain at each moment. Then each phasor 

expression can be decomposed using the traditional 
symmetrical component method. This process can be 
analogized to the traditional symmetrical component 

method, as illustrated in Fig. 1. Finally, the sequence 
components in the time domain can be obtained with 

their determined amplitude and initial phase. Conse-
quently, the instantaneous sequence components con-
tain the characteristics and physical meaning of the 

transient signals. 

 

Fig. 1.  Symmetrical component transformation and instantane-

ous symmetrical component transformation. 

Based on the above theory, given the transient 

three-phase current, with A-phase taken as the reference 

phase, the corresponding instantaneous symmetrical 

component conversion can be expressed as follows: 
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(9) 

where am ( )I t , bm ( )I t , cm ( )I t  are the instantaneous am-

plitudes of three-phase current; a ( )φ t , b ( )φ t , and c ( )φ t  

are the instantaneous initial phases of three-phase cur-

rent; while a1( )i t , a2 ( )i t , and a0 ( )i t  represent the instan-

taneous positive sequence, negative sequence and zero 

sequence components of the three-phase current a ( )i t , 

respectively. Once the decoupled instantaneous se-

quence component current has been obtained, the pro-

cess of inversely transforming it back to the three-phase 

current follows the same principle as described above. 

This instantaneous symmetrical component transfor-

mation method can be used for the steady-state and 
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dynamic analysis of various unbalanced operating con-

ditions and asymmetrical faults in power systems. 

B. An improved Numerical Derivation for the Line 

Model with Distributed Parameters 

Reference [34] introduces a distributed parameter 

circuit model, based on the micro-circuit model of a 

uniform transmission line in Fig. 2. However, in its final 

calculation result, the distributed conductance is ig-

nored in order to simplify the deduction. At the same 

time, its derivation considers the transmission time of 

voltage and current waves in the transmission line. 

However, in practical calculation, the derivation process 

based on the cascading of micro-circuits already reflects 

the delay of transmission, so there is no need to recon-

sider the transmission delay time. 

 

Fig. 2.  Detail of a Δx  section for single-phase  transmission line. 

Thus, the mathematical induction and limit analysis 

methods are used to accurately derive the voltage and 

current distribution along the line. The derivation is 

detailed in the theory in [34] and fully considers the 

distributed parameters. From Fig. 2, the current-voltage 

relationship between the nth and ( 1)thn   differential 

element intervals is given as: 
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where nu  and ni  are the voltage and current at the nth 

differential element from the M terminal, respectively, 
and can be expressed as: 
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where Mu and Mi are the voltage and current at the M  

terminal respectively; and Mu , Mi , Mu , and Mi are their 

respective higher-order derivatives. 

We can obtain the time-domain expressions of Mu  

and Mi , and their high-order derivatives by the fitting 

function (7) in Section II. Then, according to (10), the 

relationship between the current and voltage of the nth 

differential element and the M terminal is given as: 
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where nP  and nQ  are polynomial functions with re-

spect to R , L , C , G , n , and Δ ( 1,2,3, )rx r  . 

From (10) and (12), we can derive through recursion 

as follows: 
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Therefore, by using the method of undetermined co-

efficients and mathematical induction, there are:  
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where Δ n x x  and x  represents the distance of a point 

on the transmission line from the M terminal. When a 

uniform transmission line is cascaded by an infinite 

number of lumped parameter circuits, there are 

Δ 0, x n . Then, 
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Therefore the result is: 



PROTECTION AND CONTROL OF MODERN POWER SYSTEMS, VOL. 9, NO. 2, MARCH 2024 66 

2 (2 1) (2 1 1)

M M

0

1
2 1 1 (2 1)

1 M

0

(2 1)

M

1
2 1 1 (2 1)

1 M

0

(2 2)

M

1
( ) ( ( ) ( ))

(2 )!

1
( ( )

(2 1)!

( )),

1
( ) ( ( )

(2 1)!

1
( )

 

)
(

j
j i i j i j j j j

j

i

j
j i i j i j j i

j

i

j j

j
j i i j i j j i

j

i

j j i

A j l C R L C u t G u t
j

l C R L C i t
j

G i t

B j l C R L C u t
j

G u t

   




    








    





 

  




 










2 (2 )

M

0

(2 1)

M

( ( )
2 )!

( ))

j
j i i j i j j i

j

i

j j i

l C R L C i t
j

G i t

 



 




















(18) 

where l represents the length. 
To sum up, when the transmission line is in normal 

operation or in an out-of-zone fault condition, given 

( )u t  and ( )i t , and their respective derivatives at one 

terminal (M or N), the voltage and current at any other 
point (including N or M ) can be accurately calculated 

using the above expression. Compared to the Bergeron 

model [24][26], this model eliminates the model error 
caused by treating the distributed resistance as lumped 

resistance. The time-domain expression does not need 
to consider the influence of transmission time and is 
theoretically applicable to any length. Compared to the 

numerical scheme in [10], this expression does not re-
quire an optimal choice of time and distance intervals 
for stability. 

Ⅳ.   SINGLE-ENDED FAULT LOCATION SCHEME  WITH 

SHORT WINDOW TRANSIENT DATA 

The previous two sections provide the sinusoidal 
expression of transient signals and the distributions of 

voltage and current along the line in the time domain. In 

Section II, the short window discrete data are already 

characterized by the fitting function model in the time 

domain, whereas in Section III, the distribution of the 

voltage and current along transmission lines are derived. 

Then the specific fault points are identified using only 

single-ended data in this section. Compared to other 
single-ended location methods, there are no assump-

tions made on the uncertain remote source impedance 

and current parameters at both ends. By means of hy-

pothesis testing, equations and criterion functions are 

constructed to accurately find fault points. 

Although the characteristics of different linear time- 
varying fault resistances are different in the condition of 

a single-phase-to-ground fault, it is a fact that the phase 
of the voltage on the fault resistor is identical to the 
current flowing through the resistance. From Section II, 

after the frequency ω  of the studied system is deter-

mined, the instantaneous initial phases of the voltage and 
current on the fault resistance remain consistent. Here it 
assumes that phase A of the line is grounded. As shown 

in Fig. 3, M and N represent the two ends of the faulty 

line, ( )Ru t  and M ( )i t  represent the phase A voltage and 

current calculated from the M terminal to the fault loca-

tion. Similarly, N ( )i t  represents the phase A current 

flowing into the fault resistance from the N terminal. 

 
Fig. 3.  Diagram of single-phase to ground short circuit. 

( )Ru t  and ( )Ri t  on the fault resistor can be expressed 

as follows: 



M M

N N

M N
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        ( )cos( ) ( )sin( )

( ) ( ) ( ) ( )sin( ( ))

       ( )cos( ) ( )sin( )
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R

R R

R

R R u

u u

R R i
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u t U t ωt φ t

A t ωt B t ωt

i t i t i t I t ωt φ t

A t ωt B t ωt
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where ( )RU t  is the instantaneous amplitude of ( )Ru t ; 

( )RI t is the instantaneous amplitude of ( )Ri t ; 
RuA , 

RuB , 

M
( )iA t , 

M
( )iB t , 

N
( )iA t and 

N
( )iB t are expressions about 

time t in the fitting function; ( )uRφ t  and ( )iRφ t  are the 

instantaneous initial phases, and can be transformed 
into:  

M N M N

( ) arctan( ( ) / ( ))

( ) arctan( ( ) ( )) / ( ( ) ( ))

R R R

R

u u u

i i i i i

t A t B t

t A t A t B t B t








  

(20) 

Based on the consistency of the instantaneous initial 
phase, there are: 

 M N

M N

( ) ( ) ( )

( ) ( ) ( )

R

R

i i u

i i u

A t A t A t

B t B t B t





 (21) 

We assume that the voltage and current from one ter-

minal at any point jS  is 
jSu  and 

S j
Mi . By employing the 

fitting function model in Section II and the time-domain 
expression of the voltage and current distribution in Sec-

tion III, ( )
juSA t , ( )

juSB t , 
M

( )
ji SA t , and 

M
( )

ji SB t  at any 

point along the line can be obtained, while 
N

( )
ji SA t  and 

N
( )

ji SB t  are unknown. It is not possible to directly use the 

instantaneous phases of the current and voltage at one 
end of the circuit for fault localization. 

From the constructed fitting function in Section Ⅱ, 
there is: 

2 2

0 0

e cos( ) e sin( )
j

N N
j st j st

Ns j j

j j

i a t ωt a H t ωt 

 

   
      

   
 

(22) 

where 
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However, the coefficient  
0

N

j j
a  is unknown. Based 

on the logic of hypothesis testing, the fault location can be 
searched from the M  terminal to the N  terminal. As-

suming that 
jS  is the fault point, then according to (21): 
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We use part of the sampling time d

1
0

2
t- , with the 

time interval Δt , and substitute it into (24) to solve for 

the hypothetical coefficient  
0

N

j j
a . Thus the virtual 

coefficient  
0

N

j j
a  of 

N
( )

ji SA t  and 
N

( )
ji SB t  at every 

point along the line can be obtained. To determine 

whether the point 
jS  is the fault point, the other half of 

the sampling time d d

1

2
t t-  is used to verify the con-

sistency of instantaneous initial phases. The sampling 

time d d

1

2
t t-  with the time interval Δt  is brought into 

the criterion function as follows to verify the fault point: 

M N

M N d d

( ) ( )( ( ) ( ))

1
( )( ( ) ( )) ,

2

j j j

j j j

j us i S i S

us i S i S

f S A t B t B t

B t A t A t t t t

    

    

∣

∣ -
(25) 

The fault location is one where (25) is zero. However, 
in practical application, considering the influence of 
various errors and calculation accuracy, it considers that 

the point jS  in the search interval that minimizes the 

value of (25) is the fault point fS . Therefore there is: 

 ( ) min( ( )) ( 1,2,3, )j jf S f S j   (26) 

To decrease the computational complexity, two itera-
tions [10] are used for the distance step of the search in 
Fig. 4. In the initial iteration, the approximate location 

fS   is determined within the entire transmission line [0, l], 

by using a relatively wide distance step size 1Δx . In the 

second iteration, it uses an exhaustive search and sweep 

through the interval 1[ Δ , Δ ]f fS x S x    with a small 

step size 2Δx  to find the precise position fS .  

Figure 5 illustrates the research ideas and process of 
the fault location algorithm encompassing Sections Ⅱ, Ⅲ, 
and Ⅳ. In Section Ⅱ, fitting of transient signals is per-
formed in the time domain to extract the instantaneous 
amplitude and phase. In Section Ⅲ, a numerical deriva-

tion based on mathematical induction and limit analysis 
methods is proposed to accurately determine the voltage 
and current distribution through the transmission line. 
Based on the above, in Section Ⅳ, an equation of in-
stantaneous phase constraint and criterion function is 
established to effectively identify the fault location. 

 
Fig. 4.  Details of the fault location algorithm. 

 
Fig. 5.  Flowchart of the proposed fault location algorithm. 

Ⅴ.   CASE STUDIES 

To verify the effectiveness and correctness of the 

proposed method, we use fault data from a simulated 

system implemented on the MATLAB/Simulink plat-

form and a regional power grid in China. The proposed 

theories in Sections II, III and IV are tested and vali-

dated in the following subsections. 

A. Validation of Transient Signal Fitting Function 

To verify the effectiveness of the proposed method in 

Section II, the transient signal fitting function on the 

simulated signal is analyzed. Based on the 

MATLAB/Simulink platform, the simulation model of 

the DFIG grid-connected operation shown in Fig. 6 is 

established, including the model of the AC/DC/AC 
converter of the doubly-fed wind power generation sys-

tem. The grid side of the AC/DC/AC converter adopts the 
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stator voltage-oriented control strategy, and the rotor side 

adopts the stator flux-oriented control strategy. 

 
Fig. 6.  Two-terminal transmission system with wind turbines at 

N terminal. 

There are 3 wind turbines, the rated voltage of each is 
690 V, and the rated capacity is 1.5 MW. The turbines are 
connected to the power grid through step-up transform-
ers (0.69/35 kV) and a main transformer (35/110 kV). 
The transmission line length is 100 km, and the line 
parameters (positive sequence and zero sequence) 

are: 1 0.1273 /kmR   , 1 0.9337 mH/kmL  , 1C   

0 00.0141 F/km, 0.3864 /km, 4.1264 mH/km,R L   

and 0 0.0081 F/kmC   . Assuming that the breaker 

trips at 20 ms, the voltage and current sampling data at 
the M and N terminals are fitted in the different cases 
listed in Table Ⅰ. In these scenarios, different types of 
fault resistance and fault distance values are considered. 
The sampling rate is 2000 Hz, and the sampling time is 
20 ms. 

TABLE Ⅰ 

SETTING OF FAULT PARAMETERS 

Case 
Phase angle 

Difference (°) 
Fault 

resistance 
Fault  

Distance (km) 

1 30 0( .) 1R t   5 

2 30 0.1 10( )R t t   15 

3 60 20.1 10( )R t t   25 

4 90 3010 1) 0( tR t    30 

Figure 7 shows the fitting curves and fault signals of 
phase A voltage. It can be seen that the integration of 
renewable energy into the grid introduces nonlinear 
loads, which generate harmonics, resulting in the pres-
ence of additional harmonic components in the fault 
waveform. The RMSE is calculated after normalizing the 

data in Table Ⅱ using 
min( )

max( ) min( )

x x
x

x x


 


. The RMSE 

at each terminal is calculated as: RMSE  

 
2

1

1
( )

n

i i

i

Y f x
N 

  , where iY   and ( )if x  are the nor-

malized sampling and fitting data, respectively. It can be 
seen that the proposed fitting method in Section 2 per-
forms well when dealing with fault transient signals. The 
theoretical derivation and the simulation demonstrate 
that the sinusoidal expression of the fitting function with 
the Hilbert transform can ensure fitting accuracy. 

TABLE Ⅱ 
FITTING ERROR IN DIFFERENT FAULT CONDITIONS  

Case 
RMSE of three phases 

MU  MI  
NU  NI  

1 0.2743 0.0158 0.4848 0.0261 

2 0.0802 0.033 0.1209 0.0097 

3 0.0684 0.0433 0.018 0.0338 

4 0.0395 0.0461 0.0308 0.05 

 
Fig. 7.  The performance of the fitting functions using phase A 

voltage and current at the M terminal in different cases. 

To verify the accuracy of the fitting function at dif-

ferent sampling rates, different sampling frequencies of 
1200 Hz, 1600 Hz, 2400 Hz and 4000 Hz are tested. The 

simulation data is a set of fault current, and the fitting 
results are shown in Fig. 8. It can be seen that the pro-
posed fitting method performs well when dealing with 

fault transient signals with different sampling rates. 

 
Fig. 8.  The fitting results at different sampling rates. 
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B. Validation of the Derivation of the Voltage and 

Current Distribution Through the Transmission Line 

For the deduced line model in Section III, when j ap-

proaches infinity, the calculated N ( )u t  and N ( )i t , and 

the sampled value (real value) of N-terminal are equal. 
However, it is unrealistic to take j to infinity, and there-

fore errors will inevitably occur. The effect of the value j 
on the accuracy is further studied to verify the correctness 
in steady-state, and the accuracy of the transient calcula-

tion is compared with the Bergeron model. 
1) Validation at Normal Steady States 

To verify the correctness of the derived model in the 

case of a single-phase steady state, the 1000 kV sin-
gle-phase and single-source power transmission system 

is taken as an example. 
The length of the line is 500 km, the internal im-

pedance of the power source is G 21.5 j122.6Z    , 

the load impedance is L 1500Z   , and the line pa-

rameters are: 0.013 33 /km,R    0.8473 mH/km,L   

and 0.0139 F/km.C    We sample 10 points in each 

cycle, and take 5 points to compare the sampled value 

with the calculated value. In Table Ⅲ, 
sMi  and 

sNi  are 

the sampling values of the current at both ends of M and 

N, respectively. 
cNi  is the calculated value of the current 

at the N terminal, and the absolute error is 

N Nc Nd si i i  . From (16), the relationship between the 

order r  of Δx  and j is 2 1r j  . As shown in Table Ⅲ, 

as the value of j for Δx  increases, the absolute error 
between the calculated value and the sampled value 
decreases. When Δx  is taken to be the 7th order, the 
maximum absolute error is already less than 2 A, and the 
sampled and calculated values are basically the same. 

TABLE Ⅲ 
COMPARISON OF N-TERMINAL MEASURED CURRENT AND 

CALCULATED CURRENT 

Current 

(A) 

 
Sampling value, calculated value, 

absolute error 
 

 1 2 3 4 5 

Nsi  
Sampled 

value 
726.8 765.8 729.8 622.4 454.0 

Msi  
Sampled 

value 
1373.6 669 -101.0 -861.2 -1537.1 

Nci  

1x  1373.6 669.0 -101.0 -861.2 -1537.1 

3x  
696.0 769.6 767.9 691.0 546.5 

7x  728.6 767.6 731.5 623.8 455.0 

13x  728.6 767.6 731.5 623.8 455.0 

19x  728.6 767.6 731.5 623.8 455.0 

Ndi  

1x  646.7 96.8 830.9 1483.6 1991.2 

3x  30.8 3.8 38.0 68.6 92.4 

7x  1.7 1.7 1.6 1.4 1 

13x  1.7 1.7 1.6 1.4 1 

19x  1.7 1.7 1.6 1.4 1 

2) Comparison with the Bergeron Model 

The accuracy of this proposed model and the Ber-

geron model cannot be compared through the simulation 

platform. Therefore, we use the actual fault information 

of three different out-of-area faults of a power grid in 

China to achieve a comparative analysis. The line 

length is 92.559 km, and the line parameters (zero se-

quence) are: 0 0.2013 /km,R    0 2.5035 mH/km,L   

and 0 0.0081 F/km,C    and the sampling frequency is 

1200 Hz. The instantaneous component transformation 

proposed in Section Ⅲ is used to obtain the zero se-

quence component. From the comparative results shown 

in Fig. 9, although the current values calculated by the 

proposed model and the Bergeron model are largely 

equal, the voltage values calculated by this model are 

closer to the true values than those calculated by the 

Bergeron model. In addition, the absolute squared errors 

are shown in Table Ⅳ to quantify the difference between 

the calculated values and sampled values. 

TABLE Ⅳ 

ABSOLUTE SQUARED ERRORS OF THE PROPOSED MODEL AND THE 

BERGERON MODEL 

SSE  Model Case1 Case2 Case3 

Voltage 
Bergeron 2.21×104 1.40×104 3.11×104 

Proposed 1.90×104 1.14×104 2.40×104 

Currrent 
Bergeron 0.92×104 1.55×104 1.13×104 

Proposed 0.8×104 1.33×104 1.1×104 

 

 

 

Fig. 9.  Comparative result between the proposed model and the 

Bergeron model. 
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C. Validation of the Fault Location Scheme 

1) Validation of Different Transmission Systems and 
Practical Cases 

Three transmission systems are tested with different 
parameters to verify the proposed fault location method: 
1) the traditional dual-power transmission line without 

access to renewable energy; 2) the dual-power trans-
mission line with wind farms connected to the grid; and 
3) the single-power transmission line. A simulation 

system model of 110 kV is developed as shown in Fig. 6, 
using the power supply and line parameters included in 

Subsection A of Section Ⅴ. The phase angle difference 
between the two equivalent sources is 30°.  

In addition, two practical cases from a regional power 

grid in China that occurred in 2019 are selected for 
verification. The data includes A-phase-to-ground and 
B-phase-to-ground faults, with a sampling frequency of 

1200 Hz. For fault location, 36 data points are selected 
following the fault, and the corresponding time window 

is from 0.000 83 s to 0.03 s. The line conductance is 

neglected in this analysis. 

To verify the effectiveness of the fault location 
method and its adaptability to different fault resistances, 

four types of fault resistance are shown in Table Ⅴ. 
There are three different line lengths with different 
iterative search step sizes as shown in Table Ⅵ. The 

fault recorder is installed at the M terminal. The fault 
occurrence time is 0.015 s, with a data sampling rate of 
2000 Hz, and a sampling time window of 0.015 s to 

0.045 s. Taking phase-A-to-ground fault as an example, 
the fault settings and absolute fault location errors are 

shown in Table Ⅵ. 

TABLE Ⅴ 

FAULT RESISTANCE IN SIMULATION 
Fault 

resistance 

Fault resistance 

expression 

Time 

interval (s) 

Corresponding 

value range 

1( )R t  400t 0.0150.045 618 

2 ( )R t  10+1040t 0.010.045 13.9873 

3( )R t  80-820t 0.0150.045 78.173.5 

4 ( )R t  100 0.0150.045 100 

TABLE Ⅵ 

FAULT LOCATING RESULTS OF ALL CASES 

Case Fault distance (km) Fault resistance (  ) Fuzzy interval Sf  (km) Error (%) 

System1 20 1R  [18, 22] 20.1 0.10 

100 kml   45.5 1R  [44, 48] 45.3 0.20 

1 2 kmx   60.25 2R  [60, 64] 60.3 0.05 

2 0.1 kmx   80 3R  [78, 82] 80.1 0.10 

System2 10 3R  [9, 11] 10.00 0.00 

50 kml   25.2 1 2,  R R  [24, 26] 25.05 0.30 

1 1 kmx   35.6 4R  [35, 37] 35.65 0.10 

2 0.05 kmx   40.1 3 4,  R R  [40, 42] 40.20 0.16 

System3 5.32 3R  [4, 6] 5.400 0.32 

25 kml   15.36 2 3,  ,R R 4R  [14, 16] 14.975 0.14 

1 1 kmx   20.84 1 2 3 4,  , ,  R R R R  [20, 22] 20.825 0.06 

2 0.025 kmx   10.7 4R  [10, 12] 10.665 0.14 

Practical case 40.12  [39, 41] 40.05 0.051 

134.65 kml   100.875  [100, 102] 100.85 0.018 

Because of space constraints, only the location result 
diagram of the system (1) is provided. At each detection 

point, the value of the criterion function in (26) is shown 
in Fig. 10. It can be seen that the lowest point of the 
criterion function curve is the calculated fault point. In 

all location results, the maximum relative errors do not 
exceed 1% , as shown in Table Ⅵ. The minimum value 
of the criterion function at the fault point is not strictly 

zero. Thus the instantaneous initial phases of the voltage 
and current on the fault resistance are not strictly equal, 

but are consistent. From the above validation of simu-
lated cases and practical cases, it can be concluded that 
different factors such as transmission systems, fault 

positions, fault resistance values, and time-varying 
characteristics do not affect the accuracy and effec-
tiveness of the fault location method. Also, this method  

 
Fig. 10.  Fault location results in the system (1). 
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can use a limited amount of existing fault waveform 

data for localization. It is applicable to practical fault 
scenarios. 

2) Comparison with the Existing Fault Location Method 
The fault location method is further validated by 

comparing it with the existing single-ended location 

method in [14], which is based on the simplified phasor 

based line model and uses FFT to extract the amplitude 

and phase of the measured voltage and current at the 

fundamental frequency. Based on the assumption of 

constant fault resistance, the line reactance is calculated 

to locate the fault. Since the existing methods based on 

transient data and time-domain distribution parameter 

line models all use dual-ended data, they are not con-

sidered for comparison. 

The system (2) which is a dual-power transmission 

line with wind farms connected to the grid is tested with 

four types of time-varying resistances in Table Ⅴ. Using 

the power supply and line parameters included in Sub-

section A of Section Ⅴ, the fault locations are through 

the entire length of the transmission line (16 fault loca-

tions, 300 km, 1Δ 1 kmx  , 2Δ 0.005 kmx  ). The fault 

location results are shown in Fig. 11. It can be con-

cluded that the proposed method presents higher fault 

location accuracy than the existing method based on the 

steady-state data and simplified line model. This is due 

to the fact that the FFT used in [14] for extracting the 

amplitude and phase at a certain frequency is not unique 

by periodic extension. Additionally, the method as-

sumes that the current phases at both ends are consistent, 

so the location method is not suitable for time-varying 

resistance. 

 
Fig. 11.  Absolute fault location errors with different location 

methods. 

3) The Effects of Different Factors on the Fault Loca-

tion Accuracy 
To assess the effect of different factors on the fault 

location accuracy, tests are conducted at various sam-

pling rates, data windows, fault inception angles, and 

load conditions under system (2). The power supply and 

line parameters are the same as those in Subsection A of 

Section V. Figure 12 shows the average fault location 

errors of the resistance 1( )R t  of the phase-A-to-ground 

faults with different factors. 

 
Fig. 12.  Average fault location errors with different factors. 

At the same time, errors caused by line parameters 

and measurement noise should be considered. Referring 

to [35], [36], Gaussian noise with different sig-

nal-to-noise ratios (SNR) is introduced to test the pro-

posed method. Noise levels at 20 dB, 30 dB, 40 dB, and 

50 dB are added to the voltage and current signals ac-

quired from MATLAB/Simulink. Also, referring to [10], 

[37], 0.5%, 1%, 1.5% and 2% parameter errors are 

added to  the parameter matrices of the transmission line, 

respectively. This adjustment is only for the fault loca-

tion algorithm, while the example test system in Sim-

ulink remains unchanged. 

From the results shown in Fig. 12, it can be seen that 

excessively high sampling rates do not significantly 

improve the fault localization accuracy of the proposed 

method. This is because excessively high sampling rates 

can cause overfitting of the curve and increase the cal-

culation error of voltage and current along the line. 

Meanwhile, the accuracy decreases with the extension 

of the sampling time window, because a longer sam-

pling time contains more abundant fault information. 

The fault position can be correctly identified within an 

error of 1%, and the results are not affected by fault 

inception angles and load conditions. Also, from the 

results shown in Table Ⅶ, the proposed method shows 

acceptable accuracy within 1% with different error 

settings. It also shows that the proposed fault location 

algorithm has a certain robustness. It can be concluded 

that noise level and line parameter error are not the 

dominant factors affecting fault location accuracy. In 

fact, the location accuracy is mainly affected by the 

fitting function, the accuracy of the distribution param-

eter line model, fault criteria function, etc. 
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Table Ⅶ 

LOCATION ERRORS UNDER DIFFERENT NOISE LEVELS AND 

PARAMETER ERRORS 

Factor Value 
Maximum abso-

lute errors (%) 

Average absolute 

errors (%) 

Noise 

level 

20dB 0.52 0.27 

30dB 0.44 0.21 

40dB 0.68 0.39 

50dB 0.45 0.25 

Parameter      

error 

0.50% 0.61 0.33 

1% 0.55 0.24 

1.50% 0.64 0.35 

2% 0.75 0.42 

Ⅵ.   CONCLUSION 

This paper proposes a novel single-ended 

time-domain fault location method for power systems 

with high-speed tripping techniques and extensive ap-

plication of power electronics equipment. Unlike ex-

isting methods, the proposed approach uses fault tran-

sient data from a single terminal, thus eliminating the 

need for assumptions on uncertain remote source im-

pedance and current parameters at both ends. Accurate 

fitting of discrete fault transient signals is achieved. The 

constructed fitting function model enables the extrac-

tion of crucial information such as instantaneous am-

plitude, instantaneous initial phase, and higher-order 

derivatives. This methodology allows effective analysis 

and assessment of the transient characteristics of power 

systems. Then, a numerical derivation based on math-

ematical induction and limit analysis methods is pro-

posed to accurately determine the voltage and current 

distribution through the transmission line. The fault 

location method proposed in this study exhibits superior 

accuracy compared to the model-based method relying 

on the existing Bergeron model. Extensive simulations 

have been conducted to validate the proposed theories, 

demonstrating their robust performance. The fault lo-

cation results show that the fault position can be cor-

rectly identified within an error of 1%. The method 

offers several notable advantages, including clear 

physical interpretation, simplified calculations, and 

strong practical applicability. It requires a short data 

window, operates with low sampling rate requirements, 

and exhibits a certain degree of noise resistance.  
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