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Extended Fault Location Algorithm Using the Estimated Remote Source 
Impedance for Parallel Transmission Lines

Jeong-Hun Ryu* and Sang-Hee Kang†

Abstract – This paper describes extended fault location algorithm using estimated remote source 
impedance. The method uses data only at the local end and the sequence current distribution factors for 
more accurate estimation. The proposed algorithm can respond to variation of the local and remote 
source impedance. Therefore, this method is especially useful for transmission lines interconnected to 
a wind farm that the source impedance varies continuously. The proposed algorithm is very insensitive 
to the variation in fault distance and fault resistance. The simulation results have shown the accuracy 
and effectiveness of the proposed algorithm.
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1. Introduction

Fast and accurate fault location processes are essential 
for a power system because it can either reduce the damage 
to the electrical utility equipment or maintain the power 
system stability. Parallel transmission lines provide higher 
transmission capacity and reliability than single line 
transmission systems. Therefore, it is widely used in a 
power system. The protection of parallel transmission lines 
requires special considerations due to the mutual coupling 
between the two circuits. The mutual coupling affects the 
impedance measured by the relay [1]. 

Fault location techniques are divided into two categories, 
depending on their primitives. Using travelling wave 
propagation in protection was first proposed in 1978 to 
detect transmission line faults [2]. Then other papers were 
published to employ this technique for fault location [3-6]. 
Although travelling wave based methods provide a fast 
tool for fault detection and present a solution for the fault 
location problem, there are some disadvantages in these 
methods (e.g., problems associated with wave front 
detection, timing accuracy, processing multiple reflections, 
and issues with noise filtering) [7]. The second category of 
the fault location methods is the impedance based method. 
The impedance based fault location methods are considered
the most commonly used class in practice due to its 
simplicity and low cost. The current impedance based fault 
location methods are fall into two categories, taking into 
account the measurements they use. Initially, one-terminal 
algorithms using local voltages and currents are proposed 
in [8-9], which have no requirements for communication 
channels to transmit the data from the remote end to the local
end. However, such techniques should use mathematical 

assumptions to eliminate the effect of the fault resistance, 
which can lead to a high fault location error if the assumed 
conditions are not identified. Reference [10] presents an 
approach of calculating distance to the fault on the 
transmission lines by using only phase current phasors 
from one line terminal assuming the source impedance to 
be available. However, the source impedance values are 
not available in all situations. A one-terminal fault location 
algorithm combining the information measured before and 
after the faulty phase is tripped is proposed [11]. This 
method does not require simplified assumptions such as the 
actual current distribution factor of fault current and remote 
source impedance. However, it’s only valid for only line to 
ground fault.

To improve the accuracy of impedance based methods, 
two-terminal impedance fault location approaches have 
been proposed, which use phasors of the local and remote 
terminals either synchronized [12] or not [13-15]. In 
general, the performance of two-terminal algorithms is 
better than that of one-terminal algorithm. However, most 
commercial types of fault location systems are built based 
on one-terminal algorithm [16]. That is mainly due to the 
additional requirements associated with two-terminal 
algorithms including synchronization and communication 
between both ends.

The impedance based algorithms usually use the current 
distribution factors which consist of line impedance, fault 
distance, local and remote source impedance. It is the 
reason why the impedance based algorithms can be affected
by the changing local and remote source impedance. To 
improve the accuracy of a fault location algorithm using 
the current distribution factors affected by the changing 
value of the equivalent source impedance, it is necessary to 
estimate the source impedance showing the system 
condition. 

The work published by [17] presents a fault location 
algorithm using the estimated remote source impedance at 
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local end for the parallel transmission lines. However, the 
analysis is not extended to all fault types, such as line to 
line, double line to ground, and three phase faults. This 
extension is very important because the transmission 
systems are subjected to different fault types, and a unified 
technique is crucial to increase the reliability of the fault 
location. The estimated source impedance is used for the 
sequence current distribution factor. To evaluate the 
performance of the proposed algorithm, fault signals 
generated by EMTP-RV on a 345[kV], 60.314[km] parallel 
transmission lines are used. The algorithm is tested with 
varying fault type, fault distance, fault resistance, local and 
remote source impedance. The EMTP-RV simulation 
studies have shown quite encouraging results. 

The remainder of this paper is organized as follows: 
Section 2 expatiates on a method for fault location. Section 
3 gives simulation results and demonstrates high performance
of the proposed method. The fault signals generated by 
EMTP-RV are used to verify the accuracy of the proposed 
method as well. Finally, the conclusion is summarized in 
Section 4.

2. Development of Fault Location

2.1 Basic concept

Fig. 1 shows the single line diagram of simple parallel 
transmission lines when line to ground fault occurs.

The voltage ( SaV ) at the relaying point is determined as 
follows.

0 1 2 ,Sa S S SV V V V= + +

1 0 1 0 0 ,[ ( ) ]L Sa L L S m T F Fp Z I Z Z I Z I R I= + - + +

1 0 1 0 0 2[ ( ) ] 3 .L Sa L L S m T F Fp Z I Z Z I Z I R I= + - + + (1)

The voltage equation in (1) is expressed as the sum of 
the voltage drop of the fault line from the relaying point to 
the fault point, the voltage drop of the mutual impedance in 
the healthy circuit and the voltage drop of the fault 
resistance. Unknown variables are the fractional fault 
distance p, the fault resistance FR  and the negative-
sequence fault current 2FI  in (1). 2SRK  is used to 
eliminate one unknown variable 2FI . The negative-
sequence fault current 2FI  is the sum of the local 
negative-sequence current 2SI  and negative-sequence 
current 2RI  from the remote end. But, the current 2RI

cannot be obtained at the local relaying point. Hence, 

2SRK  obtained from the system configuration is used to 
estimate the unknown fault current 2FI . 2SRK  showing 
the ratio of the negative-sequence current at local end to 
the negative-sequence fault current at a fault point consists 
of the system impedance and the unknown variable p  like 
(2).

Fig. 2. Negative-sequence impedance diagram after a fault
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2

2 2 2 2
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SR

F S R SR
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K

I I I A

+
= = =

+
(2)

where

( ) ( )2 2 2 2 2 2 2 2 ,SR L S R T S R LA Z Z Z Z Z Z Z= + + + +

( )2 2 2 2 2 ,SR L S R TB Z Z Z Z= - + +

( )2 2 2 2 2 2 2.SR L S R T T RC Z Z Z Z Z Z= + + +

(1) can be modified by replacing the fault current 2FI

with 2SRK  and the local negative-sequence current 2SI

as follows

2
1 0 1 0 0

2

3
[ ( ) ] .S

Sa L Sa L L S m T F
SR

I
V p Z I Z Z I Z I R

K
= + - + + (3)

It can be separated into a real and an imaginary part. 
Then, there are two unknown variables FR  and p. The 

Table 1. Nomenclature

Symbol Definition
ZS012 Sequence impedance of the local source
ZR012 Sequence impedance of the remote source

ZT012  ZL012 Line sequence impedance
Zm Mutual impedance between circuits
FF Fault resistance

VSabc Phase voltages at the local end
VS012 Sequence voltages at the local end
ISabc Phase currents at the local end
IS012 Sequence currents at the local end
IR012 Sequence currents at the remote end
IF012 Sequence fault currents at the fault point

P Fractional fault distance from the local end

KSR012

Sequence current distribution factors (ratio of the 
sequence current at the local end in the faulted circuit to 
the sequence current at the fault point)

KST012

Sequence current distribution factors (ratio of the 
sequence current of the faulted circuit to the sequence 
current of the healthy circuit at the local end)

Fig. 1. System diagram for line to ground fault
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fractional fault distance p can be estimated by eliminating 

FR .

2.2 Estimation of source impedance

For the protection of a transmission line interconnecting 
a wind farm to the grid power system, a method estimating 
the source impedance of a wind power plant is proposed in 
this paper. The wind farm is made up of many compact 
generators and it is usually far from the host grid area. 
Wind power generation depends on wind speed and the 
number of generators involved in power generation. 
Therefore, the system state continues to change. This 
means equivalent voltage and source impedance changes. 
For a fault location algorithm based on a current 
distribution factor that uses the fixed setting value of the 
source impedance, an error is caused by the actual source 
impedance variation.

Since the voltage ( SV ) and current ( ,S TI I ) signals are 
collected at the relaying point, the local source impedance 
can be calculated by using (6). 

( ) ( )( ) ( )1 1 1 1 1 ,S S S Pre fault T Pre fault S Pre faultE Z I I V- - -- + = (4)

( ) ( )( ) ( )1 1 1 1 1S S S Post fault T Post fault S Post faultE Z I I V- - -- + = , (5)

1
1

1 1

.S
S

S T

V
Z

I I

D
= -

D + D
(6)

However, both the pre-fault data and the post-fault data 
are needed to obtain the local source impedance by using 
(6). To avoid this inconvenience, the negative-sequence 
source impedance can be calculated directly by using (7). 
This is because there is no source behind the local relaying 
point in negative-sequence network in Fig. 2. The negative-
sequence current distribution factor can be used for all 
kinds of fault except for three phase fault. The positive-
sequence source impedance should be used in case of 
three phase fault because there is only positive-sequence 
component.

( )

( ) ( )

2

2
2 2

.
S Post fault

S
S Post fault T Post fault

V
Z

I I

-

- -

= -
+

(7)

The negative-sequence current distribution factor 
( 2STK ), showing the ratio of 2SI  to 2TI  can be 
expressed as follows.

2 2 2
2

2 2 2

,S ST ST
ST

T ST ST

I pA B
K

I pC D

+
= =

+
(8)

where

( )2 2 2 2 2 ,ST L S R TA Z Z Z Z= - + +

( ) ( )2 2 2 2 2 2 2 ,ST L S R T R LB Z Z Z Z Z Z= + + +

( )2 2 2 2 ,ST L S RC Z Z Z= +

2 2 2 .ST L SD Z Z= -

In case of three phase fault, the positive-sequence 
distribution factor should be used.

( ) ( )

( ) ( )

1 11
1

1 1 1

.
S Post fault S Pre faultS

ST
T T Post fault T Pre fault

I II
K

I I I

- -

- -

-D
= =
D -

(9)

2STK can be determined by the fractional fault location, 
the negative-sequence line impedance of the faulted line, 
the local negative-sequence source impedance, the remote 
negative-sequence source impedance, and the negative-
sequence line impedance of the healthy line. 2STK can 
also be determined by the ratio of 2SI  to 2TI , the local 
end negative-sequence currents. Therefore, the remote 
negative-sequence source impedance can be calculated by 
rearranging (8) as follows.

( )
( )

( ) ( )

2 2 2 2 2

2 2 2 2 2
2

2 2 2 2

 ( )

  
 

1

L ST S S T

L ST S S T
R

L ST L T

p Z K Z Z Z

Z Z Z Z Z
Z

pZ K Z Z

æ ö- + +
ç ÷ç ÷+ + +è ø=

+ - +

(10)

Since 2SI and 2TI are obtained from the relaying 
point, 2STK  can be calculated immediately. Because 

2SZ  is computable and 2LZ and 2TZ  are known values, 
the unknown value in (10) is only the fault distance. An 
iterative method was used to get the correct remote 
negative-sequence source impedance. Because the remote 
negative-sequence source impedance consists of functions 
for the fractional fault location, and the fractional fault 
location consists of functions for the remote negative-
sequence source impedance sequentially. If the remote 
negative-sequence source impedance converges through 
the iterative method, the correct the fractional fault location 
can be calculated.

2.3 Extended fault location equations

In a same manner as line to ground fault, when double 
line-to-ground fault occurs, the line-to-line voltage at the 
relaying point is given like (11) and it can be modified like 
(12). The estimated negative-sequence source impedance is 
used for 2SRK .

( ) ( )1 ,Sb Sc L Sb Sc F Fb FcV V pZ I I R I I- = - + - (11)

2 2
1 1 2

2

( ) ( ) ,F
Sbc L Sbc S S

SR

R
V pZ I I I

K
a a a aé ù= + - + -ë û (12)

where 2 /3.je pa -=
(12) is valid for a line-to-line fault also. (12) can be 

expressed like (14) by using (13) to avoid using the 
positive-sequence component.
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( )2
2 1 2

1
, ,

3 3
F

F F F F

I
I I I I j= - = - = -a a (13)

2
1

2

3
 .S

Sbc L Sbc F
SR

j I
V pZ I R

K
= + (14)

In the case of three phase fault the voltage is shown as 
(15). And it can be modified by using the current 2SI and 

2SRK  like (16).

1 , Sa L Sa F FV pZ I R I= + (15)

      
1

1
2

 .S
L Sa F

SR

I
pZ I R

K
= + (16)

Substituting (2) for (3), (12), (14) and (16) can be 
expressed as (17). The fractional fault distance p  and FR

can be estimated by solving the two equations obtained by 
separating complex equation into the real and the 
imaginary part equation.

( ) ( ) ( )

( )

2
1 1 2 2 3 3

4 4 0F

a jb p a jb p a jb

a jb R

+ + + + +

+ + =
(17)

The above (17) has two unknown variables (the 
fractional fault distance p , the fault resistance FR ). The 
equation can be divided into real and imaginary parts to 
calculate the two variables.

2
1 2 3 4 0,Fa p a p a a R+ + + =

2
1 2 3 4 0.Fb p b p b b R+ + + = (18)

(19) having only one unknown variable is obtained by 
eliminating the fault resistance. The only unknown variable 
has the information of the fault location.

2
1 2 3 0p pb b b+ + = (19)

where

( )1 1 1 4 4 / ,a b a bb = -

( )2 2 2 4 4 / ,a b a bb = -

( )3 3 3 4 4 / .a b a bb = -

The fault location can be obtained by solving (19).

2.4 Flowchart of the proposed algorithm

The proposed fault location algorithm was implemented 
in MATLAB. The algorithm starts by measuring all the 
phase voltage and current signals at the relaying point and 
then their respective magnitudes are calculated using each 
data passed through a low-pass and finite impulse response 

(FIR) filter. A 2nd-order Butterworth low-pass filter is used 
for preventing aliasing error. The stop-band cutoff 
frequency of low-pass filter is 960 Hz. A FIR filter is used 
to remove DC-offset component. One cycle discrete fourier 
transformation (DFT) is applied to extract the phasor of the 
power frequency component. If the measured phase current 
magnitude is larger than 1TH , then the algorithm detects 
the fault and calculates the local source impedance using 
the negative-sequence voltage and current. Once the 
fractional fault location is calculated, it is possible to 
calculate remote negative-sequence source impedance. 
Where, the value of remote negative-sequence source 
impedance used for the calculation of initial the fractional
fault location is assumed to be a random value. If the 
amount of the estimated remote negative-sequence source 
impedance variation is less than TH2 , then, the iteration 
is stopped and the final estimated fault location can be 
obtained.

3. Performance Evaluation

To evaluate the performance of the proposed algorithm, 
several signals which are acquired in the 345 kV parallel 
transmission system model by EMTP-RV under fault 
conditions are used.

3.1 Parallel transmission system modeling

The fault location system was simulated using fault 
signals produced by EMTP-RV. In Fig. 4, the one line 
diagram of parallel transmission system is presented. 
Based on data of a real Korean parallel transmission 
system, a distributed parameter line with a length of 60.314 
km is modeled to test the performance of the proposed 

Fig. 3. Flowchart of the proposed algorithm
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algorithm. The system data for the transmission system 
model are given in Table 2. The proposed algorithm is 
tested with varying fault location (from 0.1 to 0.9 pu), fault 
resistance (from 0 to 60 Ω) and source impedance (from -
40 to 40 %). and a 4.04  °  phase angle difference is applied 
between the sources to consider the impact of load current.

The sampling frequency of the algorithm is 1,920 Hz 
which is equal to 32 samples per cycle in 60 Hz systems. 
The error of the fault location is expressed as a percentage 
of the total line length.

                       
 
                       

%Error 100.
  

estimated fault location

actual fault location

total linelength

-
= ´

(20)

3.2 Varying fault distance and fault resistance

Figs. 5-8 show the location errors according to each fault 
type, fault distance and fault resistance. In these cases, the 
local and remote source impedance set in the algorithm are 
equal to the system values. The maximum error is less than 
0.42% in all cases. 

3.3 Results of the source impedance estimation

Table 3, 4 show the comparison between actual and 
estimated source impedance when line to ground fault 
(fault distance is 0.1 pu and fault resistance is equal to 20 
Ω) occurs on the parallel transmission line system.

Despite the source impedance variation, the actual and 
estimated source impedance are almost same. The local 
source impedance calculation is unaffected by the fault 
resistance and fault location. Otherwise, the larger the fault 
resistance and fault location, the larger the error of 
estimated remote source impedance.

Fig. 4. Parallel transmission system model

Table 2. Transmission system data

Zero-sequence Imp.
Separation

Positive
(Negative)-

sequence Imp. Self Mutual

SZ 0.3214+j6.9154 1.7735+j12.6286 -Source
impedance

[Ω] RZ 0.1190+j5.1300 0.4404+j7.7961 -

Line impedance
[Ω/km]

0.01756+j0.3044 0.1458+j0.8811 0.1282+j0.4610

Fig. 6. Fault location errors according to each fault 
distance and fault resistance in case of line to line 
fault

Fig. 7. Fault location errors according to each fault 
distance and fault resistance in case of double line 
to ground fault

Fig. 8. Fault location errors according to each fault 
distance and fault resistance in case of three phase 
fault

Fig. 5. Fault location errors according to each fault 
distance and fault resistance in case of line to 
ground fault
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Table 3. The comparison between actual and calculated 
local source impedance

Local negative-sequence impedance
Separation

Actual calculated

-40 % 0.1928+4.1492i 0.1926 + 4.1494i

-30 % 0.2250+4.8407i 0.2253 + 4.8409i

-20 % 0.2571+5.5323i 0.2576 + 5.5325i

-10 % 0.2892+6.2238i 0.2885 + 6.2238i

0 % 0.3214+6.9154i 0.3201 + 6.9151i

10 % 0.3535+7.6069i 0.3533 + 7.6070i

20 % 0.3856+8.2984i 0.3864 + 8.2989i

30 % 0.4178+8.9900i 0.4175 + 8.9902i

40 % 0.4499+9.6815i 0.4492 + 9.6814i

Table 4. The comparison between actual and estimated 
remote source impedance

Remote negative-sequence impedance
Separation

Actual Estimated

-40 % 0.0714+3.0780i 0.0717 + 3.0426i

-30 % 0.0833+3.5910i 0.0827 + 3.5611i

-20 % 0.0952+4.1040i 0.0947 + 4.0716i

-10 % 0.1071+4.6170i 0.1082 + 4.5806i

0 % 0.1190+5.1300i 0.1202 + 5.0910i

10 % 0.1309+5.6430i 0.1314 + 5.5985i

20 % 0.1428+6.1560i 0.1423 + 6.1072i

30 % 0.1547+6.6690i 0.1549 + 6.6195i

40 % 0.1666+7.1820i 0.1681 + 7.1387i

3.4 Varying local and remote source impedance

In practical point of view, the equivalent source impedance
behind the relaying point as well as remote source 
change almost continuously. To investigate the effect of 
this kind of source impedance variation, the proposed fault 
location algorithm is tested with the data generated by 
changing the local and remote source impedance in the 
parallel transmission system model from -40 to +40 %. 
To show accuracy of the proposed algorithm, errors of all 
cases are compared with the errors of the previously 
published algorithm [18] which uses only the estimated 
local source impedance. The compared algorithm cannot 
estimate the remote source impedance. If there is no 
source impedance variation, the results of the two 
algorithms are same.

Figs. 9-12 show the location errors where the local and 
remote source impedance change according to various 
fault types. The maximum error of the proposed algorithm 
is less than 0.13% in all cases. On the other hand, the 
error of the algorithm using only the estimated local 
source impedance are larger than the error of the proposed 
algorithm.

Fig. 9. Fault location errors according to varying local and 
remote source impedance in case of line to ground 
fault

Fig. 10. Fault location errors according to varying local 
and remote source impedance in case of line to 
line fault

Fig. 11. Fault location errors according to varying local 
and remote source impedance in case of double 
line to ground fault
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Fig. 12. Fault location errors according to varying local 
and remote source impedance in case of three 
phase fault

4. Conclusion

An accurate fault location algorithm for parallel 
transmission lines is presented in this paper. The algorithm 
uses only the data collected at the local end and current 
distribution factors. Especially, the proposed algorithm is 
immune to the variation of the local and remote source 
impedance behind the bus. The algorithm uses an iteration 
method to estimate the remote source impedance after a 
fault. The proposed algorithm can accurately estimate the 
remote source impedance. It should be relatively 
economical and easy to implement because only local end 
data are needed. The algorithm is tested with varying local 
and remote source impedance. A series of test results using 
EMTP-RV simulation data show the v performance of the 
proposed algorithm. The algorithm shows accurate and 
reliable results even though the source impedance is highly 
varied. The algorithm is effective for parallel transmission 
lines where the source impedance changes continuously 
such as transmission lines interconnected to a wind farm. 
The proposed method also can be applied not only to two 
parallel lines but also to more parallel lines if all voltage 
and current signals at the relaying point can be measured.
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