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Abstract

This paper presents an impedance differential protection scheme for a double-circuit transmission line. Current and voltage

measurements at both line ends enable the formulation of a differential impedance that serves as an effective protection standard

for transmission lines. The proposed method takes into consideration the effects of the line’s shunt capacitance since it is based

on the distributed parameter line model. The proposed protection system is able to detect the faults and also has the ability

to determine the fault location. In addition, the relay offers dependability, and selectivity for differentiating between internal

and external faults, thereby stays steady against external faults. The proposed method has been tested with varying fault

resistances and under various fault conditions. The effectiveness, security, and dependability of the method are verified by the

simulation results.
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I. INTRODUCTION 

n today's power networks, double-circuit 

transmission lines play an essential role [1]. 

Double-circuit transmission lines are widely 

used in modern power systems to improve the reliability 
and security of electrical energy transmission. They are 

frequently hundreds of kilometers long and serve as 

essential interconnections between energy production and 

consumption hubs. The mutual coupling effect, together 

with the various topologies of double-circuit lines, results 

in a wide number of probable fault types on double-circuit 

lines. Therefore, protection of double circuit lines and 

estimation of fault location are regularly challenging tasks 

[2]. Techniques for detecting, classifying, and locating 

faults in power systems have advanced rapidly over the 

last two decades. Communication systems, signal 
processing techniques, global positioning systems (GPS), 

artificial intelligence systems, and machine learning have 

all advanced, allowing more in-depth studies into fault 

protection approaches to be conducted. Due to 

technological and procedural limitations in identifying 

and finding defects in real-time monitoring, the locations 

of faults were previously difficult to ascertain. The 

precision and dependability of the suggested method were 

important factors in determining the location of a defect 

[3]. Thus far, various protection schemes for the double-

circuit line have been proposed. [4] presents one form of 

protection based on the dynamic state estimation method. 
Another approach to double circuit transmission line 

protection based on system impedance, varying power 

swing slip frequency, and infeed effect is presented in [5]. 

Double circuit transmission line protection based on the 

current differential method is one of the oldest methods 

of protection and continues to be used and even, in the 

case of short lines, dominates other protection schemes, 

since it is considered superior with respect to selectivity, 

sensitivity, stability and speed of operation as compared 

with other forms of protection. In [6] , a current 

differential protection method has been presented based 

on modal transformation matrix and using the sum of 

ratios of modal currents given in [7]. In [8] the differential 
protection methodology based on superimposed 

component of current, while [9] proposes transverse 

differential protection based on impedance comparison of 

the parallel circuits measured at one end. However, cross 

protection alone cannot operate if one of the transmission 

line is out of service. In [10] a new backup protection 

scheme has been proposed by computing and comparing 

the absolute difference of superimposed voltages (ADSV) 

at the tap-point (T-point). A differential relaying 

technique based on the DWT (Discrete Wavelet 

Transform) approach is employed to identify and 

categorize transmission line fault patterns in [11]. [12] 
presents one form of protection based on cutting-edge 

Cos-Sin features. In [13] another method of the protection 

scheme for double-circuit transmission lines uses a 

Convolutional Neural Network (CNN). Interestingly, 

[14] presents novel fuzzy distance protection, while Ref. 

[15] mentioned that, most of the presented parallel 

transmission line protection can be categorized into non- 

communication impedance techniques. The authors of 

[16] propose a new fault-loop impedance measurement 

algorithm for inter-circuit faults on double-circuit lines. 

In [17] a new standby relay protection scheme based on 
overcurrent and directional elements is proposed. But the 

application of the method is limited to radial power flow 

networks with pre-fault current direction known. [18] also 

presents a protection scheme for double circuit 

transmission line based on traveling wave protection. 

Another form of protection method based on the Wavelet 

transform technique is presented by [19]. The protective 

relaying functions of the SCCDCTL is proposed [20] 

based on DWT and K-nearest neighbor (KNN) algorithm. 

[21] has described other methods of protection schemes 
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based on Artificial Neural Networks (ANN). Artificial-

neural-network based approach is used for fault detection, 

fault phase selection and fault classification in [22] as 

well. The longitudinal current differential protection 

algorithm is commonly used for parallel lines installed on 

one tower [23]. However, such a protective relay depends 

on a communication route and is affected by dispersed 
capacitance [24]. The distance protection intended for 

parallel lines presented in [25] faces some problems, 

mostly due to mutual coupling between the circuits. It 

causes the relay become overreached or under-reached 

depending on the network parameters, operating state, 

and location of the fault [26]. To improve the relay 

performance an application of adaptive protection 

techniques is proposed in [27]. Other available protection 

options for double-circuit lines are related current 

transverse differential protection including directional 

transverse differential protection [28]. Their operation is 
not dependent on channels of communication but exit a 

long successive operating zone. This study provides a 

negative sequence current-based scheme for finding 

faults and identifying problematic circuit lines. However, 

it has the shortcoming of not being able to compute the 

fault location in balanced three-phase failures [29]. 

This article deals with the impedance-

differential protection methods providing effective 

protection of transmission lines [30]. The traditional 

current differential relays use measurements of three-

phase currents at the line ends, while the impedance-

differential protection method, first introduced in [30] 

applies the measurements of both currents and voltages 

from the line ends. Thus, more information on the fault is 

provided. Based on the voltage and current measurements 
from both line ends, the differential impedance is 

calculated. This method is able to detect reliably internal 

faults regardless of the transmission line length. In 

addition, the impedance-differential protection method 

provides the fault location with high accuracy. This 

method was precisely described in [30] and improved in 

[31]. However, the original impedance-differential 

protection scheme is based on the lumped parameters 

model of the transmission lines. Therefore, in the case of 

long transmission lines, the accuracy of original method 

is affected by the capacitive charging currents. In this 

paper, it has been tried to enhance the accuracy of 
impedance-differential protection method by applying the 

distributed parameter line model. Furthermore, the new 

method takes into account the mutual coupling effect of 

double circuit transmission line, while the original 

method has only been applied to the single circuit lines. 

II. IMPEDANCE DIFFERENTIAL 

PROTECTION FOR DOUBLE-CIRCUIT 

TRANSMISSION LINE 

The equivalent double circuit line model shown 

in Fig. 1 is used for the analysis of transmission line fault 

during symmetrical and asymmetrical faults. The effect of 

mutual coupling should be considered for incisive 

analysis of double circuit lines, since the dominant zero 

sequence mutual impedance has the main role to play in 

asymmetrical fault case. 

LZ

NZ
MZME NE

M N

0mZ
F

LZ
 

Fig. 1 The schematic diagram of the double-circuit line. 

             For this purpose, in this study, the 

analysis of the symmetrical components is utilized. Here, 

the subscripts 1, 2, and 0 denote the positive, negative, 

and zero sequence components, respectively. Fig. 2 

represents the positive, negative, and zero sequence 

network for a double-circuit line. Using Fig. 2, the 

positive, negative and zero sequence voltages of the fault 

point are calculated from both M and N terminals. Then, 
the corresponding values are set equal to each other. The 

results are presented in (1): 

 

( ) ( ) ( )

( )( ) ( ) ( )( )

( ) ( ) ( )

( )( ) ( ) ( )( )

( ) ( ) ( ) ( )

( )( ) ( ) ( )( ) ( ) ( )

1 1 1 1 1 1

1 1 1 1 1

2 2 1 1 2 1

2 1 1 2 1

0 0 0 0 0 0 0 0

0 0 0 0 0 0 0

cosh sinh

cosh sinh

cosh sinh

cosh sinh

cosh sinh

cosh sinh

 

 

 

 

 

 

= − =

− − −

= − =

− − −

= − − =

− − − − −

f m c m

n c n

f m c m

n c n

h

f m c m m m

h

n c n m n

U U d z I d

U D d z I D d

U U d z I d

U D d z I D d

U U d z I d z d I

U D d z I D d z D d I

 (1) 

 

where: 

𝑈̅𝑚1 , 𝑈̅𝑚2 , 𝑈̅𝑚0– symmetrical components of voltage 

from the joint bus M, 

𝑈̅𝑛1 , 𝑈̅𝑛2 , 𝑈̅𝑛0– symmetrical components of voltage from 

the joint bus N, 

𝐼𝑚̅1 , 𝐼𝑚̅2 , 𝐼𝑚̅0– symmetrical components of current at bus 

M, 

𝐼𝑛̅1 , 𝐼𝑛̅2 , 𝐼𝑛̅0 – symmetrical components of current at bus 

N, 

𝐷 – length of the line (km), 

d – unknown distance, counted from bus M to fault F 

𝛾1= √𝑍1𝑌1– propagation constant of the line for the 

positive-sequence (negative-sequence), 

𝛾0= √𝑍0𝑌0– propagation constant of the line for the zero-

sequence, 



𝑍𝑐1 =√𝑍1 𝑌1⁄ – characteristic impedance of the line for the 

positive-sequence (negative-sequence), 

𝑍𝑐0 =√𝑍0 𝑌0⁄  – characteristic impedance of the line for 

the zero-sequence, 

𝑍1 =  𝑅1 + jω1𝐿1– impedance of the line for the positive-

sequence (negative-sequence) (Ω/km), 

𝑍0 =  𝑅0 + jω1𝐿0 – impedance of the line for the zero-

sequence (Ω/km), 

𝑌1 =  𝐺1 + jω1𝐶1– admittance of the line for the positive-

sequence (negative-sequence) (S/km), 

𝑌0 =  𝐺0 + jω1𝐶0 – admittance of the line for the zero-

sequence (S/km), 

𝑅1 , 𝐿1 , 𝐺1 , 𝐶1– resistance, inductance, conductance and 

capacitance of the line for the positive-sequence 

(negative-sequence) per km length, 

𝑅0 , 𝐿0 , 𝐺0 , 𝐶0 – resistance, inductance, conductance and 

capacitance of the line for the zero-sequence per km 

length, 

𝐼𝑚̅0
ℎ  , 𝐼𝑛̅0 

ℎ – zero-sequence currents of the healthy line at the 

terminals M and N, respectively. 

𝑍0𝑚– zero sequence mutual coupling line impedance. 

 

Assuming that phase-a is exposed to the fault, 

and after implementation of symmetrical component 
properties, which can be obtained from (1). The equation 

(2) can be defined as 
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Fig. 2 Equivalent circuit diagram of double-circuit line for: positive, 

negative and zero-sequence components 

 

In view of zero-sequence circuit presented in 

Fig. 2, the equation (2) can be defined as: 
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The unknown variables 𝑑1, 𝑑2 for symmetrical 

and asymmetrical faults, can be derived from positive-

sequence and zero-sequence components analysis 

respectively, and can be expressed as:  
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From Equations (3), (4), and (5), the impedance 

difference Z'diff can be defined in single phase faults as:  
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(6) 

In the first stage, information related to each 

phase (ϕ) voltages and currents from both line ends is 

gathered and the fault detection criterion is checked. This 
step allows to discriminate normal and faulty conditions 

in the protected line. The criterion is expressed as: 

m n comI I I +                                                          (7) 

Where 𝐼𝑐𝑜𝑚 is a threshold value. If the fault condition is 

fulfilled, in the next step, the compensated differential 

impedance in (6) is computed. It is assumed that the fault 

(F) is on the line M-N, at the relative distance FD, counted 

from the bus M, being calculated by the proposed method 

and it is more accurate than d (𝑑1, 𝑑2), which also 

represents the location of the fault, which was calculated 

with positive and zero sequence components. Thereafter, 

the fault location can be determined using: 

( )
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where ZLp is calculated from: 

2
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I IzD
Z Z
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                                         (9) 

The algorithm checks whether the fault is 

internal or external based on (10), where 𝐷𝑐𝑜𝑚 is set to 

0.05D in this study. 

0.5−  comFD D D                                                         (10) 

 

                                                                                                                                                          

 

Fig. 3 Flowchart of the proposed protection scheme 

 

III. SIMULATION RESULTS 

For evaluating the presented algorithm, it has 

been tested on a 500 kV, 50 Hz, two-machine system, as 

shown in Figure 3 1. The system data are given in Table 

1 and Table 2. Moreover, the simulation is performed in 

MATLAB SIMULINK. The sampling frequency is 2 kHz 

and phasor estimation is performed by the full cycle 

Fourier filtering. In order to test the proposed protection 
algorithm, short-circuit simulations have been conducted 

inside the line. Different line lengths 80 km, 240 km, and 

400 km have been taken under consideration whereas the 

faults have been applied inside the protected zone. 

Moreover, P1, P2, P3, P4, and P5 are located inside the 

protected line at d=0, d=D/4, d=D/2, d=3D/4, and d=D, 

respectively, where D is the total length of the protected 

line. The studies included four different short-circuit 

types: three-phase fault (ABCG) and different types of 

asymmetrical faults, phase-to-earth (AG), phase-to-phase 

(AB), and phase-to-phase-to-earth (BCG) faults. By 
analyzing the results obtained for all types of faults, it was 

found that they are more accurate compared to the results 

in [30], where the average accuracy of the results reaches 

99.870, while the average results in [30] were 99.803, 

according to the results presented and for all types of 

faults as well. 
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Table 1: Impedance Sources in The Simulated System 

System element Parameter 

 

 

 

Equivalent 

system-N 

𝑍𝑁1 (2.615+ j14.829)Ω 

𝑍𝑁2 (4.637 + j26.297)Ω 

Voltage phase 

angle 
00 

 

 

 

Equivalent 

system-M 

𝑍𝑀1 = 2𝑍𝑁1 

𝑍𝑀2 = 2𝑍𝑁0 

Voltage phase 

angle 
−300 

 

Table 2: Transmission Line Impedance Parameters 

System 

element 
Parameter 

 

 

 

Transmission 

line 

𝑍1 (0.0276 + j0.315) Ω/km 

𝑍0 (0.275 + j1.0265) Ω/km 

𝑍0𝑚 (0.21 + j0.628) Ω/km 

𝐶1 13 nF/km 

𝐶0 8.5 nF/km 

𝐶0𝑚 5 nF/km 

 

A. Effects of Line Length 

These effects have been investigated using three 

different lengths encompassing short, medium, and long 

transmission lines. In order to evaluate the effect of the 

length of lines on the impedance differential protection. 

Table 3 and Table 4 show the simulation results obtained 

by applying the proposed method to different fault types 

at different locations. As shown in Tables 3, 4 the 

proposed scheme has a reliable performance regardless of 

line length. In addition to the tabular results, the dynamic 

performance of the proposed scheme is shown for some 

operational conditions in Fig. 4 to Fig. 6. For example, 

Fig. 4 and Fig. 5 show the voltage and current of three-
phase in the case of AB fault at 200km, respectively. Fig. 

6 represents the FD for a three-phase fault at 200 km of 

line MN at the instant of 0.1s.  After 0.2s from the fault 

inception, the calculated FD is close to the steady-state 

value of 200 km. 

In the following tables, the percentage error of 

computed fault location is defined as 

( )
Computed location - Actual location

% 100
Line length

= Error
        (11) 

Table 3: Effects of Line Length at symmetrical faults 
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(F
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) 
(k

m
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Error 

(%) 

4
0
0
 (

k
m

) 

0D ABCG 0 0.04 0.009 

0.25D ABCG 100 101.83 0.459 

0.50D ABCG 200 200.15 0.037 

0.75D ABCG 300 298.91 0.272 

D ABCG 400 399.32 0.170 

2
4
0

 (
k

m
) 

0D ABCG 0 0.63 0.263 

0.25D ABCG 60 60.53 0.219 

0.50D ABCG 120 120.03 0.012 

0.75D ABCG 180 179.93 0.028 

D ABCG 240 239.97 0.014 

8
0
 (

k
m

) 

0D ABCG 0 0.04 0.044 

0.25D ABCG 20 20.02 0.029 

0.50D ABCG 40 40.00 0.006 

0.75D ABCG 60 59.99 0.014 

D ABCG 80 79.98 0.019 

 

Table 4: Effects of Line Length at symmetrical faults 
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0D AB 0 1.51 0.378 

0.25D AB 100 101.51 0.379 

0.50D AB 200 199.94 0.015 

0.75D AB 300 298.94 0.264 

D AB 400 399.39 0.152 

2
4
0
 (

k
m

) 

0D BCG 0 0.85 0.356 

0.25D BCG 60 60.69 0.289 

0.50D BCG 120 119.97 0.011 

0.75D BCG 180 180.02 0.007 

D BCG 240 240.00 0.001 

8
0
 (

k
m

) 

0D AG 0 0.07 0.091 

0.25D AG 20 20.04 0.052 

0.50D AG 40 40.00 0.000 

0.75D AG 60 59.96 0.046 

D AG 80 79.95 0.063 



B. Effect of The Network Impedance 

The proposed method has been tested in the 

event of network changes. Several short-circuit cases 

have been simulated by changing the impedance of the 

equivalent network-the remote side source to 50% and 

150% of the actual value. Based on the obtained results 
shown in Table 5, the performance of the proposed 

method is proven against topological changes. 

Table 5:  B. Effect of The Network Impedance 
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50% 

ABCG 

400 300 298.96 0.259  

240 180 179.89 0.046  

80 60 59.99 0.009  

AB 400 200 200.00 0.000  

BCG 240 120 120.00 0.001  

AG 80 40 40.00 0.001  

150% 

ABCG 

400 300 298.68 0.331  

240 180 179.69 0.129  

80 60 59.99 0.013  

AB 400 200 200.34 0.086  

BCG 240 120 120.01 0.002  

AG 80 40 40.00 0.000  

 

  

Fig. 4: Three Phase Voltage at Terminal M for an AB Fault 

  

Fig. 5: Three Phase Current at Terminal M for an AB Fault 

  

Fig. 6: Computed Fault Location (FD) for an Internal Fault at 200 km 

C. Effect of Fault Resistance  

In order to check the performance of the 

proposed method in the resistive earth faults, various 

faults have been tested with resistance values applied 

between 0 to 50 Ω. The obtained results are shown in 

Table 6. it can be concluded that the impedance-based 

protection algorithm works correctly and is not sensitive 
to fault resistance. Moreover, the accuracy of the fault 

location computation remains on the same level and is not 

influenced by fault resistance. 

Table 6: Effects of Fault Resistance 
L

en
g
th

 L
in

e 

F
a
u

lt
 T

y
p

e 

A
ct

u
a
l 

L
o
ca

ti
o
n

 (
k

m
) Fault Resistance 

(Ω) 
Error (%) 

0 10 50 0 10 50 

4
0
0
 (

k
m

) ABCG 200 199.5 199.5 199.6 0.117 0.114 0.109 

AB 200 200.0 200.3 200.7 0.001 0.067 0.183 

ABCG 300 299.0 298.8 299.3 0.251 0.292 0.172 

AB 300 299.0 299.2 299.6 0.257 0.209 0.095 

2
4
0
 (

k
m

) ABCG 120 120.0 119.9 120.0 0.018 0.022 0.007 

BCG 120 120.0 120.1 120.2 0.008 0.040 0.098 

ABCG 180 179.9 179.9 179.8 0.059 0.050 0.088 

BCG 180 179.8 179.9 180.1 0.072 0.051 0.053 

8
0
 (

k
m

) ABCG 40 39.9 39.9 39.9 0.075 0.186 0.067 

AG 40 40.0 39.9 40.3 0.024 0.113 0.363 

ABCG 60 60.1 60.1 60.1 0.123 0.155 0.136 

AG 60 59.9 60.0 60.0 0.098 0.051 0.034 

 

IV. CONCLUSION 

In this paper, concepts and features of 

impedance differential protection for the double-circuit 

transmission line were introduced. The demonstrated 

protection algorithm enables not only for internal fault 

detection, but can be applied also as a fault locator. The 

method is not affected by the distributed capacitance 
current because they are based on a distributed parameter 

line model. Therefore, it does not need to be compensated 



for the capacitive current in high voltage long 

transmission lines. The proposed approach works well for 

double-circuit lines of various lengths and is unaffected 

by variations in fault resistance. The selectivity is further 

confirmed because the discussed protection does not 

function when there are external defects. 
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