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Abstract. Power transmission system stability can be significantly affected due to faults. The fault location accuracy in the transmission 

lines can make many benefits such as acceleration of the line restoration, reduction in cost, breakdown time, maintenance, and time 

searching. The methods based on the impedance, including the simple reactance, Takagi, modified Takagi, and double-end, are very much 

appreciated for locating the fault in transmission lines and especially by estimating the fault distance. This study proposes a comparative 

case study between these methods. The theoretical basis and the analysis, calculation, and estimation of each method are specifically re-

established. To observe the performance of each method, a practical 220kV Quy Nhon - Tuy Hoa transmission line in Vietnam is used to 

simulate, calculate, evaluate, and compare under the various fault types and resistances. The power system is modeled and simulated in 

the MATLAB/Simulink software via the time domain. The voltage and current measurements at two ends of the line are used to determine 

the fault location on the Quy Nhon - Tuy Hoa transmission line. The simulation results show clearly the effectiveness of each fault location 

method. 
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1. Introduction 

Electric transmission line plays a vital role in a power 

system to deliver electrical energy from generating sites, 

such as power substations or power plants, to electrical 

substations where voltage is transformed and distributed 

to consumers or other substations (Blume 2016; Daza 

2016). It can be assumed that the electric transmission line 

is the backbones or the highways of the power system for 

moving electrical energy efficiency and safety over long 

distances. The faults in transmission lines due to some 

possible causes, including lightning, wind, apparatus 

failure, etc., are major causes of power outages. The fault 

location accuracy in the transmission lines can make many 

benefits such as acceleration of the line restoration, 

reduction in cost, breakdown time, maintenance, and time 

searching (Saha et al. 2009; Zimmerman et al. 2003). 

In general, the overall process of automatically locating 

faults in electric transmission lines is described in Fig. 1 

(Farhangi 2014). In which, the COMTRADE data, recorded 

by the relays when a short-circuit occurred on the 

transmission line (Phadke et al. 1992), is obtained at the 

centralized control system after the fault is tripped by the 

relays (Das et al. 2017; Gururajapathy et al. 2017). The 

signal processing methods depending on the selected fault 

location method are applied to obtain data, extract the 

significant features, and determine the fault location. In 

this stage, several signal processing methods, consisting of 
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the modal analysis and the wavelet transform, are used for 

the travelling wave-based method (Mosavi et al. 2016; Reis 

et al. 2021; Sawai et al. 2020; Fedorov et al. 2020), and the 

time domain and the frequency domain methods are 

applied to the impedance-based method (Han et al. 2020; 

Takagi et al. 1982; Namas and Džafić 2020; Barati and 

Doroudi 2018; Khoa and Tung 2018). The outputs of the 

signal process are considered as the inputs of the executed 

analytics to calculate the fault distance. The obtained 

results, including the fault type, location, duration, and 

current, etc., are stored in the database for further 

purposes like presentation, notification, and integration. 
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Recently, many approaches have been developed to 

locate the fault in electric transmission lines. The 

algorithm based on reactance measurements has been 

proposed to locate a fault on overhead lines of alternating 

current electrified railway (Han et al. 2020). A new fault 

locator was developed using the single-end measurements 

of voltage and current to determine the fault location 

(Takagi et al. 1982). The least-square method was applied 

in the method based on impedance to locate a fault in 

ungrounded networks (Namas and Džafić 2020). In Ref. 

(Barati and Doroudi 2018), the authors modified the 

impedance-based method for estimating the distance of 

fault in transmission lines in the presence of the fault 

current limiting. On the other hand, the travelling-based 

fault location methods have been proposed for estimating 

the fault location in the distribution network, such as the 

unsynchronized- and synchronized-based methods (Kalita 

et al. 2021; Chafi et al. 2021; Han et al. 2020), the adaptive 

convolution neural network-based method (Liang et al. 

2020), and the single-end travelling wave fault location 

method (Xu et al. 2014). 

The performance of the impedance-based fault location 

methods was comprehensively studied in Khoa, Cuong, 

Cuong and Hieu (2022). The single-ended fault location for 

hybrid distribution lines was based on the characteristic 

distribution of traveling wave along the line (Shu et al. 

2003). The approach based on the ensemble Kalman filter 

was established to minimize outage time, labor, and costs 

of faults on transmission lines (Fan et al. 2018). The new 

technique for online tracking of fault location in 

distribution networks was introduced in Ahmed et al. 

(2021) to enhance system reliability and continuity of 

supply. Based on two-end measurements, Christos et al. 

(2022) proposed the two formulations of fault location 

algorithm which was appropriate for unbalanced medium 

voltage overhead distribution systems of radial network 

with or without distributed generations (Khoa, Van, Hung 

and Tuan, 2022; Saad et al. 2018). The fault location 

algorithm based on synchronous phasor measurement for 

shunt-compensated lines under dynamic conditions was 

proposed to overcome the uncertainties in the controller 

parameters of the shunt compensator device (Deng et al. 

2022; Khoa et al. 2017). The novel fault location approach 

based on the exact distributed parameter line model and 

sparse estimation was proposed for transmission lines (Jia 

et al. 2022). The fault location method based on single-

ended phasor measurements was developed from the real 

digital fault recorder (Felipe et al. 2022; Xie et al. 2022). 

The artificial intelligence (AI)-based fault location 

estimation method was developed for transmission lines 

only using the measurement from one end of the line 

(Swetapadma et al. 2021). 

In general, all of the above-mentioned methods give 

good results for locating the fault in the transmission line, 

especially the impedance-based methods, in which the 

most significant is the simple reactance, the Takagi, 

modified Takagi, and double-end methods. In order to see 

the superiority of each method, this paper proposed a 

comparative case study to estimate the distance to fault in 

electric transmission lines. All related contents of these 

methods have been summarized and analyzed. A practical 

220kV Quy Nhon - Tuy Hoa transmission line of Vietnam 

is used to simulate, calculate, evaluate, and compare under 

the fault conditions. In this paper, four types of fault, 

consisting of the single-phase to ground (SLG), phase-to-

phase to ground (LLG), phase-to-phase (LL), and three-

phase to ground (LLLG) with the different fault resistance 

are considered to occur at various locations in the electric 

transmission line corresponding to different operating 

modes. The Matlab/Simulink software is a tool to simulate. 

The contributions of this paper are: (i) to establish the 

theoretical basis and the analysis, calculation, and 

estimation of four methods for locating faults in the high 

voltage transmission line based on the impedance between 

the sending and receiving ends, (ii) to analyze the accuracy 

of methods depending on the measured voltage and current 

signals, the fault resistance, and the fault location along 

the transmission line. 

The remaining of this paper includes: Section 2 

presents the background and methodology of the methods 

for locating the fault in the transmission lines. Section 3 

demonstrates the simulation results and discussion for 

comparing the performance of the methods by simulation 

of the practical 220kV Vietnamese transmission line from 

the Quy Nhon (QN) substation to the Tuy Hoa (TH) 

substation. Finally, Section 4 concludes the paper. 

2. Methods to locate the fault 

Several methods to locate the fault in the transmission 

lines based on the impedance have been introduced to 

determine the fault distance in the transmission line. Each 

method has its peculiarities the require specific input data 

and make certain suppositions, which may or may not be 

true in a particular fault location situation. This study 

specifically re-establishes the theoretical basis and the 

analysis, calculation, and estimation of the simple 

reactance, Takagi, modified Takagi, and double-end 

methods based on the impedance. That is for comparative 

study of their performance. 

The two-end transmission line is considered for the 

simulation modeling, as shown in Fig. 2, which is used to 

establish the fault location equations—assuming that a 

fault occurs on the transmission line at position F having 

a distance m per unit of the line length from the sending 

end and (1–m) per unit of the line length from the receiving 

end. The impedance value of the line segment from the 

sending end to the fault position F is mZL and the 

impedance value of the line segment from the fault position 

F to the receiving is (1–m)ZL. The fault resistance is RF. 

The measured voltage and current of the sending and the 

receiving ends are VS, IS and VR, IR, respectively. 

2.1. Single-end method 

The single-end method uses a simple algorithm and for 

locating the fault in the transmission line with a standard 

for the numerical relays. For this method, the 

communication channels and remote data are not 

considered; The impedance value of the line segment seen 

by looking into the line from one end is calculated (Saha et 

al. 2009). 

ZS
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VS VR

RF IF
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Fig. 2 Two-end transmission line. 
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Table 1 

The measurements for different fault types. 

Fault type VS IS IS 

AG VA IA + kIS0 IA – IApre 

BG VB IB + kIS0 IB – IBpre 

CG VC IC + kIS0 IC – ICpre 

AB, ABG, ABCG VA – VB IA – IB (IA – IApre) – (IB – IBpre) 

BC, BCG, ABCG VB – VC IB – IC (IB – IBpre) – (IC – ICpre) 

CA, CAG, ABCG VC – VA IC – IA (IC – ICpre) – (IA – IApre) 

where k = ZL0/ZL1 – 1 

 

The measures phase voltages and currents from the 

sending end are considered. Therefore, from Fig. 2, the 

sending end voltage is calculated as follows: 

 ( )1S S L F FV I mZ I R= +  (1) 

where m is the fault distance, RF is the fault resistance, IF 

is the fault current, VS and IS are the sending end voltage 

and current, respectively depending on the fault type and 

are calculated as listed in Table 1. Whereas VA, VB, and VC 

are the A, B, and C phase voltages, respectively; IA, IB, and 

IC are the A, B, and C phase fault currents, respectively; 

IApre, IBpre, and ICpre are the A, B, and C phases pre-fault 

currents, respectively; ZL1 and ZL0 are the positive- and 

zero-sequence impedances of the transmission line, 

respectively. 

The impedance from the sending end to the fault 

position is calculated as follows: 

 1

S F

L F

S S

V I
Z mZ R

I I
= = +  (2) 

As known, Eq. (2) is the condition to develop the single-

end methods that are used to determine the distance to the 

fault, in which m, RF, and IF are the variables to be 

determined. The impacts of RF and IF are eliminated on the 

accuracy of fault location results. Therefore, this method 

has been developed based on the line impedance and 

divided into three methods with the following procedures. 

a) Simple reactance method 

This method is developed based on the comparative of 

the line impedance of positive-sequence ZL1 and the 

impedance is calculated in Eq. (2) to determine the fault 

location. The accuracy of this method depends on the 

difference between the phase angle of IS and IF. If the RF is 

ignored, the fault distance can be obtained as follows: 
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where VS and IS are considered as listed in Table 1. 

b) Takagi method 

For this method, the fault distance can be obtained as 

follows 

 
( )

( )

*

*

1

Im

Im
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m
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 
=
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 (4) 

where 𝛥𝐼𝑆
∗ denotes the conjugate of 𝛥𝐼𝑆 is the deviation 

between the pre-fault and fault currents and can be 

considered as listed in Table 1.  

Algorithm 1: Fault Identification Algorithm 

Initialize  The phase current phasors [IA, IB, IC] 

 The pick-up current setting Ipickup 

 The initial fault type Type = “Normal” 

Calculate The zero-sequence current phasor I0=(IA+IB+IC)/3 

If (|IA|Ipickup) & (|IB|<Ipickup)&(|IC|<Ipickup)&(|I0|Ipickup) 

      Then Type = “AG” 

If (|IA|<Ipickup)&(|IB|Ipickup)&(|IC|<Ipickup)&(|I0|Ipickup) 

      Then Type = “BG” 

If (|IA|<Ipickup)&(|IB|<Ipickup)&(|IC|Ipickup)&(|I0|Ipickup) 

      Then Type = “CG” 

If (|IA|Ipickup)&(|IB|Ipickup)&(|IC|<Ipickup)&(|I0|Ipickup) 

     Then Type = “ABG” 

If (|IA|<Ipickup)&(|IB|Ipickup)&(|IC|Ipickup)&(|I0|Ipickup) 

      Then Type = “BCG” 

If (|IA|Ipickup)&(|IB|<Ipickup)&(|IC|Ipickup)&(|I0|Ipickup) 

      Then Type = “CAG” 

If (|IA|Ipickup)&(|IB|Ipickup)&(|IC|<Ipickup)&(|I0|<Ipickup) 

      Then Type = “AB” 

If (|IA|<Ipickup)&(|IB|Ipickup)&(|IC|Ipickup)&(|I0|<Ipickup) 

      Then Type = “BC” 

If (|IA|Ipickup)&(|IB|<Ipickup)&(|IC|Ipickup)&(|I0|<Ipickup) 

      Then Type = “CA” 

If (|IA|Ipickup)&(|IB|Ipickup)&(|IC|Ipickup) 

      Then Type = “ABC” 

 

This method is improved compared to the simple reactance 

one by reducing the effect of load flow and minimizing the 

effect of fault resistance. 
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Fig. 3 The flowchart of the single-end methods 
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c) Modified Takagi method 

The fault distance of this method can be obtained as 

follows 

 
( )

( )

*

0

*

1 0

Im 3

Im 3

S S

L S S

V I
m

Z I I


=

 
 (5) 

where IS0 is the zero-sequence fault current measured at 

the sending end. This method was modified from the 

Takagi method by replacing the superposition current with 

the zero-sequence current of the sending end. This 

modification, it can limit ground faults since zero-sequence 

current exists for ground faults. 

Therefore, the flowchart of the three above-mentioned 

methods shows in Fig. 3, and the fault identification is 

shown in Algorithm 1. 

2.2. Double-end method 

The fault distance of this method can be calculated as 

follows: 

 
( )
1 1 1 1

1 1 1

S R L R

S R L

V V Z I
m

I I Z

− +
=

+
 (6) 

where VS1 and VR1 are the positive-sequence voltages of the 

sending and the receiving ends, respectively. IS1 and IR1 are 

the positive-sequence currents of the sending and the 

receiving ends, respectively. 

For the three above-mentioned methods, it can 

conclude that the double-end method can be more accurate 

for locating the fault in the transmission line, but it 

requires data from both ends. The data must be captured 

from both ends before an algorithm can be applied. The 

double-end fault location algorithms calculate the fault 

location from the impedance seen from both ends of the 

line. Because of their accuracy in detecting fault location, 

these algorithms are usually better than one-end fault 

location algorithms. 

3. Simulation Results and Discussion 

3.1. Description of the test case 

In this paper, to perform the comparative analysis of 

impedance-based methods for locating fault in power 

transmission lines, a practical Vietnamese electric 

transmission line (Khoa, Van, Hung and Tuan 2022) which 

is the 220kV overhead transmission line from the QN 

substation to the TH substation is modeled and simulated 

in the Matlab/Simulink software. The transmission line 

has the length L = 92.5 km with the positive-sequence line 

impedance ZL1 = 38.47180.31o Ω, the zero-sequence line 

impedance ZL0 = 129.20481.10o Ω. The transmission line 

is modeled as the distributed parameter model in the well-

known Matlab/Simulink software (Gopalakrishnan et al. 

2000). The two ends of the transmission line are connected 

to two grid sources which are represented as an ideal 

constant voltage source behind its inner equivalent 

impedance. For the tested system, both grid sources have 

the nominal frequency f = 50 Hz and the nominal voltage 

V = 220kV. Whereas the QN sending source is represented 

by an ideal voltage source with ES = 1.010.0o pu behind 

an equivalent positive- and zero-sequence impedance of 

ZS1 = 3.7571.0o Ω and ZS0 = 11.2565.0o Ω, respectively.  

 

 

QN TH
QQN

PQN

QTH

PTH

Satelite

SEL-441L
SEL-24 07 SEL-24 07

Fault 

locator

m

m (pu) 1-m (pu)

RF 

SEL-441L

 
Fig. 4 The single-line diagram of the QN-TH 220kV transmission 

line of Vietnam. 

 

Similarly, the TH receiving source is represented by an 

ideal voltage source with ER = 1.00.0o pu behind an 

equivalent positive- and zero-sequence impedance of ZR1 = 

12.071.0o Ω and ZR0 = 30.065.0o Ω, respectively. In 

addition, the SEL-441L protection relays of the two ends 

receive the current and voltage signals from the current 

and voltage transformers, respectively to trip the fault 

current. Besides, the protection relays can communicate 

with the centralized control system via the private Wide 

Area Network (WAN) network or the Global Positioning 

System (GPS). The single-line diagram of the test system 

is shown in Fig. 4. 
The fundamental components of voltage and current at 

the two ends of the transmission line are used to calculate 

the fault location. Thus, some filtering techniques should 

be applied to remove the DC offset and sub-harmonics in 

the voltage and current signals. Then, using the fast 

Fourier transform (FFT) is to determine the fundamental 

voltage and current (Han et al. 2020). Four types of fault 

consisting of SLG, LLG, LL, and LLLG faults are created 

at various locations on the transmission line to record the 

voltage and current signals at the two ends of the 

transmission line. In order to evaluate the accuracy of the 

impedance-based fault location methods, the location error 

is calculated the following terms: 

 ( )% 100calculated actualL L
Error

L

−
=  (7) 

where Lactual is the actual length from the sending end to 

the fault location and Lcalculated = mL is the calculated 

length from the sending end to the fault location, in which 

L is the length of the line and m is the line length from the 

sending end to the fault location calculating per unit. 

3.2. Simulation results 

To estimate the distance to the fault in the electric 

transmission line, the impedance-based fault location 

methods are applied to calculate phasor quantities of 

voltage and current via the fast Fourier transform (FFT) 

(Das et al. 2017). However, when a fault occurs in a 

transmission line, there is an exponentially decaying DC 

offset in the fault current during the first few cycles as 

shown in Fig. 5, plotting the voltage and current 

waveforms of solid single-phase to ground fault on the line 

at the location of 0.6 pu far from the sending end. This DC 

offset will impact the estimation results of voltage and 

current phasor. To remove out the DC offset and extract 
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the voltage and current phasors, therefore, the FFT is 

applied with a one-cycle window length of the fundamental 

frequency and is performed repeatedly across the entire 

waveform (Fan et al. 2018). 

From Fig. 5, when the phase A to ground fault occurred 

at 0.1 sec, the phase A current dramatically increases at 

that time, whereas the phase B and C currents are not 

varied during the fault. Besides, the three-phase voltages 

are almost unchanged during the fault excepting the 

voltage of the faulty phase is slightly decreased. 

The fault voltage and current signals are recorded by 

the protection relays at two ends of the transmission line, 

and then they are transmitted to the centralized fault 

location system to estimate the distance to the fault. The 

phasors of the voltage and current are extracted by 

applying the FFT over one-cycle window length in the pre-

fault and fault stages as shown in Fig. 5. These obtained 

phasor results are used to calculate the distance to fault 

based on the fault location methods. The current harmonic 

spectrum of the pre-fault and fault of phase A is shown in 

Fig. 6a and Fig. 6b, respectively. Observing Fig. 6a, the 

pre-fault current has no decaying DC offset with the total 

harmonic distortion THD = 0.0% and there are only the 

fundamental frequency currents of IA = 416.121.1o A, IB = 

416.1261.1o A, and IC = 416.1141.1o A. These pre-fault 

currents represent the steady-state power flow of the 

transmission line. 

When the fault occurs on phase A, the phase A current 

dramatically increases starting at the time of the fault and 

the decaying DC offset appears in the phase A current as 

shown in Fig. 6b. Applying the FFT over one-cycle window 

shown in Fig. 5, the THD of the phase A fault current is 

THD = 1.8% and the fundamental frequency currents of 

three phases are IA = 2941.0-65.7o A, IB = 297.2251.6o A, 

and IC = 526.5132.2o A. 

For the test case in this paper, the practical Vietnam 

220kV transmission line between the two QN and TH 

substations with 92.5 km in length is carried out to 

perform the comparative study to the above impedance-

based fault location methods. The Matlab/Simulink 

software is used to make the simulation. It is supposed 

that a short-circuit occurs at various locations on the 

transmission line with the condition of m varied from 0.1 

pu to 0.9 pu. The fault resistance depending on several 

specific fault conditions is unknown and uncertain. The 

fault location result of the impedance-based methods can 

also impact due to the fault resistance; therefore, this 

study investigates five fault resistances consisting of 0, 5, 

10, 15, and 20 Ω at every fault location to simulate and 

evaluate the performance of the fault location methods. 

Fig. 7 shows the studied results of four methods for 

estimating the distance to fault for the SLG fault.  

 
Fig. 5 The voltage and current waveforms at the sending end for 

the LG fault at m = 0.6 pu. 

The location error defined in Eq. (7) is applied to show the 

effectiveness in Fig. 7. On the other hand, the location 

errors of the simple reactance method, the Takagi method, 

the modified Takagi method, and the double-end method 

are shown in Figs. 7 (a)-(d), respectively. It is clear that the 

location errors when using the simple reactance and the 

Takagi methods are higher than compared to the use of the 

modified Takagi and the double-end methods. Especially, 

the resistance value of fault is high, which will have more 

effects on the performance of the simple reactance and the 

Takagi methods. This problem is illustrated from the 

resistance and zero-sequence current values of fault in 

Eqs. (3) and (4), respectively. The modified Takagi and the 

double-end methods have small location errors as shown in 

Figs. 7(c) and (d), respectively. Their fault location results 

are not almost impacted by the fault resistance. This can 

ratiocinate from Eqs. (5) and (6). Observing Fig. 7, we can 

see that the double-end method has the smallest location 

error, which can be 0.00%. It can conclude that the fault 

resistance is not almost impacted.  However, the errors are 

caused due to the shunt capacitance of the transmission 

line modeling. 

In order to compare the performances of the methods 

based on the distance to fault, four locations corresponding 

to m values of 0.3, 0.5, 0.7, and 0.9 pu are carried to apply 

each method. The obtained results show in Fig. 8a-d, 

respectively. Observing Fig. 8, it is clear that the location 

errors are approximated zero to each method. However, 

the errors increase for the high resistance faults excepting 

the double-end method. 

 

 
(a) 

 
(b) 

Fig. 6 The current harmonic spectrum of phase A: (a) the pre-

fault and (b) the fault. 
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Fig. 7 The estimation result of the error between the methods: (a) 

Simple reactance method, (b) Takagi method, (c) Modified Takagi 

method, (d) Double-end method. 
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Fig. 8 The comparative results between the methods for different 

fault locations: (a)m = 0.3 pu, (b)m = 0.5 pu, (c)m = 0.7 pu, (d)m=0.9 

pu. 
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4. Conclusion 

This paper performed a comparative study of the 

effectiveness of the impedance-based fault location 

methods used to estimate the distance to fault in electric 

transmission lines, including the simple reactance method, 

the Takagi method, the modified Takagi method, and the 

double-end method. All background and methodology of 

the methods were summarized and analyzed, and both 

their advantages and disadvantages were also discussed in 

this paper. The practical Vietnam 220kV overhead 

transmission line, having 92.5 kilometres long from the 

Quy Nhon substation to the Tuy Hoa substation, was 

modelled and simulated in the Matlab/Simulink software 

to verify the effectiveness of the fault location methods. We 

established four fault types consisting of the single-phase 

to ground (SLG), the phase-to-phase to ground (LLG), the 

phase-to-phase (LL), and the three-phase to ground 

(LLLG) faults with different fault resistances and locations 

along the line. The simulation results confirm that the 

accuracy of the methods only used voltage and current 

measurements of a single end depending on the fault 

resistance and location. Whereas the double-end method 

uses voltage and current measurements of two ends of the 

line to estimate the distance to fault, so its accuracy does 

not depend on the fault resistance and location. However, 

the double-end method needs good communication 

between two ends with the centralized control system via 

the private Wide Area Network (WAN) network or the 

Global Positioning System (GPS). 
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