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A B S T R A C T   

In order to estimate the fault location on three-terminal multi-section mixed nonhomogeneous transmission lines, 
all the previously published algorithms utilize the synchronized voltage and current measurements at all ends. In 
this article, a fault location algorithm for three-terminal multi-section mixed double-circuit untransposed 
transmission lines is presented utilizing only unsynchronized current measurements. Considering issues related 
to the shunt capacitance, un-transposition of the line, and mutual couplings between all phases, a threshold free 
identification algorithm is developed to differentiate the faulted line branch. In addition, analytical fault location 
equation is deduced independent of fault resistance and fault type. The three-terminal power system is modeled 
using MATLAB environment, and several fault cases are conducted, including all fault types, different fault re
sistances and locations, as well as different fault inception angles. The introduced work shows high accuracy 
under the effect of measurement and synchronization errors as well as line parameters errors.   

1. Introduction 

Tapped and multi-terminal transmission lines are reasonably 
economical solution to overcome right of way limitations. These lines 
can be constructed without installing a substation at the tee-node [1]. As 
there are absorbed or injected currents at the tee-node, identification of 
fault point for tapped and multi-terminal transmission lines is more 
complicated than that for two-end transmission lines. Several algorithms 
have been presented to resolve the issue of fault location for tapped [2,3] 
and multi-terminal [3–17] single-circuit homogeneous transmission 
lines. In addition, few algorithms have discussed the issue of fault 
location for multi-terminal double-circuit homogeneous transmission 
lines [18–23]. Due to cross-circuit faults and influence of potential 
couplings between parallel circuits, identification of fault point for 
tapped double-circuit transmission lines is more complicated than that 
of tapped single-circuit transmission lines. In [18], wavelet transform 
and travelling waves are integrated to determine the fault location on 
tapped parallel transmission lines employing the three ends measure
ments. In this algorithm, the fault resistance above 100 Ω and the mutual 
couplings between lines have a significant impact on the precision of the 
algorithm and it is not effective for cross-circuit faults. In [19], a fault 
location algorithm has been introduced for three-end parallel 

transmission lines. Though the said algorithm is not affected by fault 
type or fault resistance, the three ends synchronized voltage and current 
measurements are required. Also, its performance is highly affected by 
errors in line parameters. Afterwards, to obtain the faulted branch and 
the fault location, an algorithm based on three-end synchronized 
sequence components of voltages and currents is presented for three-end 
double-circuit transmission lines [20]. However, the mutual coupling 
between the two circuits is not considered in fault location calculations. 
In addition, the above method is not applicable for ungrounded faults. In 
[21], a fault location scheme based on negative-sequence network has 
been presented for three-end parallel transmission line utilizing one- 
terminal measurements. In addition, the mutual coupling between the 
two circuits has a limited effect on fault location accuracy. However, the 
said scheme is not applicable for cross-circuit faults. Thereafter, two 
fault location schemes are formulated, which utilize lumped parameters 
of transmission lines [22,23]. Nevertheless, the aforementioned 
methods are not applicable for long transmission line due to non- 
consideration of the line shunt capacitance. 

To summarize, the algorithms mentioned in [2–23] are not appli
cable for estimation of fault location on multi-section nonhomogeneous 
transmission lines. Subsequently, several other algorithms have dis
cussed the issue of fault location for two-end multi-section mixed 
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transmission lines [24–33]. These algorithms are based on soft 
computing technique [24], travelling waves [25–28], and impedance 
[29–33]. The soft computing based algorithms cannot be applied to new 
transmission lines configurations as manual training data are needed 
initially. Travelling waves algorithms require high sampling rate and the 
detection of wave head is highly affected by the fault resistance and 
errors in line parameters. Due to variation in the value of propagation 
velocity because of different frequencies of travelling waves, it is diffi
cult to determine the propagation velocity at a certain frequency. 
Conversely, impedance based algorithms have discussed the issue of 
fault location for three-end multi-section mixed transmission lines 
[34,35] and multi-end mixed transmission lines [36–38]. In [34], syn
chronized positive-sequence components data are utilized to obtain the 
faulted branch and fault location on three-end hybrid parallel trans
mission lines. Though the said method is independent of fault resistance, 
fault type, and source impedance, line un-transposition and the potential 
couplings among the circuits are ignored as both circuits are treated as 
two separate circuits. Thereafter, a fault location impedance-based al
gorithm has been presented for three-end hybrid parallel transmission 
lines [35]. However, this algorithm requires synchronized three-end 
voltage and current measurements. In [36–38], positive-sequence 
components are utilized to determine the faulted branch and fault 
location on multi-end hybrid transmission lines. However, the afore
mentioned algorithms require the multi-end synchronized voltage and 
current data. 

In order to rectify the said problems, a new fault location algorithm is 
introduced in this article for three-end mixed double-circuit multi-sec
tion transmission lines. Three main contributions of the proposed 
approach are as under.  

• Unlike other previous algorithms [34–38], the suggested scheme 
does not require time synchronization. Therefore, the problems 
associated with time synchronization errors are avoided.  

• The introduced work utilizes only the current measurements at the 
three ends unlike previous algorithms [34–38] that use both voltage 
and current measurements.  

• The proposed algorithm provides higher fault distance estimation 
accuracy considering errors in line parameters compare to previously 
published algorithms [34–38]. 

The work is organized as follows. The introduced algorithm is dis
cussed in Section 2. The simulation studies are presented in Sections 3 
and 4 summarizes the proposed work. 

2. Proposed fault location algorithm 

2.1. Studied power system 

The studied system is presented in Fig. 1 for three-end multi-section 
mixed parallel untransposed transmission lines composing of three line 

branches (S-Q), (R-Q), and (T-Q). The line branches (S-Q), (R-Q), and (T- 
Q) compose of three, two, and two line sections with line lengths (LS, LS1, 
and LS2), (LR and LR1), and (LT and LT1), respectively. In addition, three 
loads are installed at S, R, and T buses. 

The proposed fault location algorithm consists of two steps. The 1st 
step is to recognize the faulted line branch as explained in the following 
Section 2.2. The 2nd step is to determine the faulted section and fault 
location as explained in the following Section 2.3. 

2.2. Faulted branch recognition 

Firstly, the faulted branch is distinguished to minimize the three-end 
network to two-end network. The PI line model is used to represent the 
line shunt capacitance. The voltage and current phasors at the end of line 
section (S-S1) are given by (1) [39]. 
[

VS1
IS1

]

=

[
1 + 0.5 × AS ZSLS

BS 1 + 0.5 × AS

][
VS
− IS

]

(1)  

where VS, VS1, IS, and IS1 are, respectively, 6 × 1 voltage and current 
phasors at S and S1 ends. ZS and YS are, respectively, 6 × 6 impedance 
and admittance of section (S-S1) per-unit length. The matrices AS and BS 
are given by (2). 

AS = (LS)
2YSZS&BS = YSLS(1+ 0.25 × AS) (2) 

As the elements of VS in both circuits are equal for similar phases, the 
voltage difference between similar phases in both circuits is given by (3). 

ΔVS =

⎡

⎣
VS,a1 − VS,a2
VS,b1 − VS,b2
VS,c1 − VS,c2

⎤

⎦ =

⎡

⎣
0
0
0

⎤

⎦ (3)  

where a, b, and c represent the phases of circuit-1 or circuit-2. Accord
ingly, (1) is rewritten as: 
[

ΔVS1
ΔIS1

]

= −

[
ΔZSLS

1 + 0.5 × ΔAS

]

ΔIS (4)  

where 

ΔIS =

⎡

⎣
IS,a1 − IS,a2
IS,b1 − IS,b2
IS,c1 − IS,c2

⎤

⎦&ΔIS1 =

⎡

⎣
IS1,a1 − IS1,a2
IS1,b1 − IS1,b2
IS1,c2 − IS1,c2

⎤

⎦ (5) 

ΔZS and ΔAS are, respectively, shown in (6) and (7). 

ΔZS =

⎡

⎣
ZS(a1,a1)− ZS(a2,a1) ZS(a1,b1)− ZS(a2,b1) ZS(a1,c1)− ZS(a2,c1)

ZS(b1,a1)− ZS(b2,a1) ZS(b1,b1)− ZS(b2,b1) ZS(b1,c1)− ZS(b2,c1)

ZS(c1,a1)− ZS(c2,a1) ZS(c1,b1)− ZS(c2,b1) ZS(c1,c1)− ZS(c2,c1)

⎤

⎦

(6)  

ΔAS =

⎡

⎣
AS(a1,a1)− AS(a2,a1) AS(a1,b1)− AS(a2,b1) AS(a1,c1)− AS(a2,c1)

AS(b1,a1)− AS(b2,a1) AS(b1,b1)− AS(b2,b1) AS(b1,c1)− AS(b2,c1)

AS(c1,a1)− AS(c2,a1) AS(c1,b1)− AS(c2,b1) AS(c1,c1)− AS(c2,c1)

⎤

⎦

(7) 

Similarly, the voltage and current phasors at the end of line section 
(S1-S2) are given by (8). 
[

ΔVS2
ΔIS2

]

=

[
1 + 0.5 × ΔAS1 ΔZS1LS1

ΔBS1 1 + 0.5 × ΔAS1

][
ΔVS1
ΔIS1

]

(8)  

where ΔZS1, ΔAS1, and ΔBS1 are written similar to ΔZS and ΔAS in (6) 
and (7). Similarly, the voltage and current phasors at the end of line 
section (S2-Q) are given by (9). 
[

ΔVQS
ΔIQS

]

=

[
1 + 0.5 × ΔAS2 ΔZS2LS2

ΔBS2 1 + 0.5 × ΔAS2

][
ΔVS2
ΔIS2

]

(9) 

Following the same procedure for line branch (R-Q), the equations 
are given by (10)–(13). 

S R

T

Q

Load S

S1

Load R

Load T

R1

T1

S2

Fig. 1. Studied power system.  
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[
ΔVR1
ΔIR1

]

= −

[
ΔZRLR

1 + 0.5 × ΔAR

]

ΔIRejδRS (10)  

[
ΔVQR
ΔIQR

]

=

[
1 + 0.5 × ΔAR1 ΔZR1LR1

ΔBR1 1 + 0.5 × ΔAR1

][
ΔVR1
ΔIR1

]

ejδRS (11)  

where δRS is the phase difference angle between both ends R and S as end 
S is selected as a time reference. IR is the current phasor at end R. VR1, 
VQR, IR1, and IQR are, respectively, 6 × 1 voltage and current phasors at 
end R1 and tapping-node Q. ZR, ZR1, YR, and YR1 are, respectively, 6 × 6 
impedances and admittances of sections (R-R1) and (R1-Q) in per-unit 
length. AR, AR1, BR, and BR1 are equal: 

AR = (LR)
2YRZR&BR = YRLR(1+ 0.25 × AR) (12)  

AR1 = (LR1)
2YR1ZR1&BR1 = YR1LR1(1+ 0.25 × AR1) (13) 

Likewise, for line branch (T-Q), the equations are given by (14) and 
(15). 
[

ΔVT1
ΔIT1

]

= −

[
ΔZT LT

1 + 0.5 × ΔAT

]

ΔIT ejδTS (14)  

[
ΔVQT
ΔIQT

]

=

[
1 + 0.5 × ΔAT1 ΔZT1LT1

ΔBT1 1 + 0.5 × ΔAT1

][
ΔVT1
ΔIT1

]

ejδTS (15)  

where δTS is the phase angle difference between T and S ends. IT is the 
current phasor at end T. VT1, VQT, IT1, and IQT are, respectively, 6 × 1 
voltage and current phasors at end T1 and tapping-node Q. ZT, ZT1, YT , 
and YT1 are, respectively, 6 × 6 impedances and admittances of sections 
(T-T1) and (T1-Q) in per-unit length. AT , AT1, BT, and BT1 are given by 
(16) and (17). 

AT = (LT)
2YT ZT &BT = YT LT(1+ 0.25 × AT) (16)  

AT1 = (LT1)
2YT1ZT1&BT1 = YT1LT1(1+ 0.25 × AT1) (17) 

It is clear that the differential components (ΔVQS, ΔVQR, ΔVQT, ΔIQS, 
ΔIQR, and ΔIQT) can only be calculated utilizing the currents phasors (IS, 
IR, and IT). The three values (ΔVQS, ΔVQR, and ΔVQT) are approximately 
equal in normal conditions based on Kirchhoff voltage law (KVL). In 
addition, two of them are approximately equal in case of line faults and 
those are corresponding to the non-faulty branches. Now, assume that: 

ΔVSR = maximum{|{|ΔVQS| − |ΔVQR| } | } (18)  

ΔVRT = maximum{|{|ΔVQR| − |ΔVQT | } | } (19)  

ΔVST = maximum{|{|ΔVQS| − |ΔVQT | } | } (20)  

where “| |” represents the absolute value. Here, only the absolute values 
of ΔVQS, ΔVQR, and ΔVQT are utilized as both phase difference angles 
(δRS and δTS) are unknown. Mathematically, the minimum value of ΔVSR, 
ΔVRT , and ΔVST is equal to the differential component of both healthy 
line branches. For example, if the minimum value is ΔVRT, this denotes 
that both ΔVQR and ΔVQT are approximately equal. Accordingly, both 
branches (R-Q) and (T-Q) are healthy and the line branch (S-Q) is faul
ted. As a result, the faulted branch is recognized employing (18), (19), 
and (20) and only the unsynchronized current phasors are used. 

2.3. Proposed fault location 

After distinguishing the faulted branch, the final step is to differen
tiate the faulted section and find the fault point. In Fig. 2, assume that a 
fault occurs in section (R1-Q) at a distance of DFR1 per-unit from node 
R1. As both branches (S-Q) and (T-Q) are not faulted, both values ΔVQS 

and ΔVQT can be computed from (9) and (15), respectively. In order to 
calculate the phase difference angle (δTS), ΔVQS and ΔVQT are equal 
based on KVL and given by (21). 

Arg(ΔVQS) = Arg(ΔVQT) (21)  

where Arg (•) represents the phase angle. Accordingly, both ends S and T 
can be synchronized with each other solving (21) and the value (ΔIQR) 
can also be calculated from (22). 

ΔIQR = − (ΔIQS +ΔIQT) (22) 

At this stage, the fault location problem is minimized to two-end 
multi-section mixed lines and the unsynchronized differential compo
nents at both ends (ΔVS = 0, ΔVQR, ΔIS, and ΔIQR) are known. To 
differentiate the faulted section and find the fault distance, suppose that 
each section is the faulted section and the corresponding fault distance is 
calculated [34–38]. For example, to find the fault distance for section 
(R1-Q), the differential components (ΔVR1 and ΔIR1) are calculated from 
(10). ΔVFR1 at point F is given by (23). 

[ΔVFR1] = [ 1 + 0.5 × ΔAFR1 ΔZFR1 ]

[
ΔVR1
ΔIR1

]

ejδRS (23)  

AFR1 = (DFR1 × LR1)
2YR1ZR1 (24)  

ZFR1 = DFR1 × LR1 × ZR1 (25) 

The differential component (ΔVFQ) at point F is given by (26). 

[ΔVFQ] = [ 1 + 0.5 × ΔAFQ ΔZFQ ]

[
ΔVQR
− ΔIQR

]

(26)  

AFQ = ((1 − DFR1) × LR1 )
2YR1ZR1 (27)  

ZFQ = (1 − DFR1) × LR1 × ZR1 (28) 

Based on KVL, both values (ΔVFR1 and ΔVFQ) are equal: 

|ΔVFR1| = |ΔVFQ| (29) 

Only the absolute values of (ΔVFR1 and ΔVFQ) are utilized as the 
phase difference angle (δRS) is unknown. As a result, the only unknown 
variable in (29) is DFR1 and this equation is accordingly solved to 
determine the value of DFR1. Similarly, the fault distance (DFR) can be 
obtained for section (R-R1). As expected, if the section (R-R1) is faulted, 
the value of DFR will be between 0 and 1 per-unit and the other value of 
DFR1 will be negative. On the other hand, if the section (R1-Q) is faulted, 
the value of DFR will exceed 1 per-unit and the other value of DFR1 will be 
between 0 and 1 per-unit. Similarly, the faulted section and the fault 
location can be obtained, if the fault occurs in branch (S-Q) or branch (T- 
Q). The detailed flowchart of the proposed algorithm is presented in 
Fig. 3. 

3. Results and discussions 

With reference to Fig. 1, Loads of 100 MVA are installed at S, R, and T 
buses and all lines lengths along with lines parameters data are shown in 
Appendix A, whereas all generators data are obtained from [35]. The 
current signals are passed through a low-pass 2nd order Butterworth 
filter with a cut-off frequency of 400 Hz. In addition, the data are 
sampled at a sampling frequency of 2.5 kHz and a digital mimic filter is 
employed to minimize the dc components. Consequently, one-cycle 

End R Tapping-node QR1

Fig. 2. Fault in line section (R1-Q).  
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discrete Fourier transform algorithm is used to estimate the three-end 
50 Hz current phasors (IS, IR, and IT) in the phase-domain. 

Several fault cases are conducted on MATLAB program. Each line 
branch and each section is investigated by varying the fault resistance 
(RF), fault location (DF), and fault inception angle (δF). In addition, 
normal-shunt faults and cross-circuit faults are considered. Further, the 
system is examined under the influence of measurement and synchro
nization errors, as well line parameters estimation errors. The fault 
location error is calculated as per (30). 

Error (%) =
|Calculated DF(p.u.) − Actual DF(p.u.)| × Line Section length

Total length of line branch
(30)  

3.1. Normal-shunt faults and cross-circuit faults in different phases 

The introduced algorithm is tested for normal-shunt and cross-circuit 
faults in different phases, and the results are depicted in Table 1. Three 
fault cases are conducted for each section, and the phase difference 
angles (δSR, δRT, and δST) between the three ends are, respectively, 
considered at 60◦, 60◦, and 120◦. In addition, the calculated synchro
nization angles are also depicted in Table 1. To distinguish the faulted 
branch and the fault distance for each line section, the values of (ΔVSR, 
ΔVRT , and ΔVST) are calculated and illustrated in Table 1. Also, the fault 
location errors are indicated in Table 1. For instance, in the 3rd case, 
inter-circuit fault is simulated on section (S-S1) in phases b and c of 
circuit-1 and phases a and b of circuit-2 at DF of 0.9 per-unit, δF of 90◦, 
and RF of 0.01 Ω. To distinguish the faulted branch, the minimum value 

of three differential components (ΔVSR, ΔVRT, and ΔVST) are estimated. 
Accordingly, the two branches (R-Q) and (T-Q) are healthy and the 
branch (S-Q) is faulted. In addition, the phase difference angle (δRT) 
between both ends R and T is obtained and its value is 60.37◦. Finally, 
the corresponding fault distance (DF) for each line section between end S 
and tapping-node Q is estimated. The values of DF are equal to 0.9048, 
− 0.072, and − 0.620 per-unit for sections (S-S1), (S1-S2), and (S2-Q), 
respectively. As the value of DF for section (S-S1) is between 0 and 1 per- 
unit and the values of DF for sections (S1-S2) and (S2-Q) are negative, 
the faulted line section is (S-S1) and the percentage error of fault loca
tion is 0.096%. As recorded in Table 1, the maximum percentage error is 
limited to 0.369%. 

3.2. Inter-circuit faults in similar phases 

The simulation results during inter-circuit faults with varying RFand 
δF are shown in Table 2. As an example, case 7 is double-phase fault in 
both circuits “a1b1-a2b2” in section (R-R1) at DF of 0.7 per-unit and δF of 
135◦. The values of RF are set at 74 Ω and 75 Ω for circuit-1 and circuit-2, 
respectively. To distinguish the faulted branch, the three values (ΔVSR, 
ΔVRT, and ΔVST) are estimated and the value of ΔVST is found to be 
minimum. Accordingly, the two branches (S-Q) and (T-Q) are considered 
as healthy whereas the branch (R-Q) is treated as faulted. In addition, δST 
between both ends S and T is obtained and it is equal to 119.98◦. Finally, 
the corresponding fault distance (DF) for each section between end R and 
tapping-node Q is estimated. The values of DF are equal to 0.697 and 
− 0.091 per unit for sections (R-R1) and (R1-Q), respectively. As the 
value of DF for section (R-R1) is between 0 and 1 per-unit and the value 

start

, , and 

,  and  using 
(18), (19), and (20), respectively 

 the lowest value? 
Yes

No

end

Faulted branch (R-Q)

and using 
similar equation to (29) 

Faulted section corresponding to fault
distance lies between 0 and 1 p.u.

Faulted branch (S-Q)

, and 
using similar equation to (29)

Faulted branch (T-Q)

and using 
similar equation to (29) 

Yes No the lowest value? 

Fig. 3. The steps of the proposed algorithm.  
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of DF for section (R1-Q) is negative, the faulted line section is (R-R1) and 
the percentage error of fault location is 0.075. As observed from Table 2, 
the maximum recorded error is restricted to 0.489%. As recorded in 
Tables 1 and 2, the introduced algorithm is capable to obtain the faulted 
section and the fault point for all cases successfully. 

It is to be noted that the suggested algorithm does not succeed if the 
fault occurs in the same phases of both circuits with the same value of 
fault resistance in both circuits. This is due to exactly equal values of the 
current phasors (IS, IR, and IT) of similar phases in both circuits because 
of which deduced equations become invalid (due to equal values of ΔIS, 
ΔIR, and ΔIT). However, in real field, the probability of occurrence of 
inter-circuit fault in the same phases of both circuits with the same value 
of fault resistance is very rare. 

3.3. Errors in line parameters estimation and comparative evaluation 

Aging of transmission lines or errors introduced in line parameters 
estimation have a negative influence on the precision of fault location. 
The introduced algorithm is checked against errors of ±10% in line 
parameters (impedance and admittance matrices) of all line sections at 
the same time. Comparative evaluation in terms of fault location error is 
shown in Fig. 4, where the results of the proposed algorithm are 
compared with those in [34]. In Fig. 4, the fault location error against 
the fault distance for a 2-phase to ground fault “a1b1g” in circuit-1 of 
section (S1-S2) with RF of 1 Ω is presented. It is observed from Fig. 4 that 
both algorithms are capable to distinguish the faulted branch and the 
faulted section. The maximum error given by the proposed scheme is 
0.211% whereas the maximum error given by the algorithm depicted in 
[34] is 1.776%. 

3.4. Impact of neglecting line capacitance and synchronization errors 

Neglecting the line shunt capacitance (LSC) has adverse effect on the 
accuracy of fault location. To investigate the effect of neglecting the LSC, 
Fig. 5 illustrates the fault location error against the fault distance for 
inter-circuit fault “a1c1g-b2c2g” on section (T-T1) with RF = 10 Ω. where 
the maximum error is equal to 0.211% without neglecting the LSC. On 
the other hand, the maximum error has increased to 6.824% with 
neglecting the LSC. 

In addition, unlike the algorithms described in [34] and [35], which 
have utilized the three-end synchronized voltage and current measure
ments for estimation of fault location, the proposed algorithm used 
unsynchronized current measurements (without the need for time syn
chronization between all ends). For the algorithm described in [35], as 
per IEEE standard [40], the maximum time synchronization error does 
not exceed ±31 μs, which is equivalent to angle error of ±0.56◦ for 50 Hz 
system. As the algorithm in [35] has shown better fault location accu
racy compared with that in [34], the faults in Table 2 are repeated for 
the algorithm described in [35] with angle error of ±0.56◦. The results 
for the proposed algorithm and the scheme mentioned in [35] are shown 
in Table 3. It is to be noted from Table 3 that both algorithms are able to 
distinguish the faulted branch and the faulted section successfully. 
Moreover, the average and maximum errors given by the proposed al
gorithm is equal 0.138% and 0.489%, respectively, which is comparable 
to 0.374% and 0.988% as given by the algorithm mentioned in [35], 
correspondingly. 

The proposed algorithm achieves better results because it takes 
advantage of the fact that the voltage phasors of similar phase in both 
circuits are equal to each other in case of the double-circuit line. In other 
words, the voltage measurements are utilized implicitly as the voltage 
difference between each similar phases in both circuits is used in 
deriving the fault location equation. However, since this voltage 

Table 1 
Results for different line sections considering δSR = 60◦

,δRT= 60◦

, and δST = 60◦ .  

Section Fault condition ΔVSR 

(p.u.)  
ΔVRT 

(p.u.)  
ΔVST 

(p.u.)  
Calculated synchro. angle DF (p.u.) Faulted 

section 
Abs. 
error 
(km) 

F.L. 
error 
% Type DF 

(p. 
u.) 

δF⁰ RF 

(Ω) 
δSR

⁰ δRT
⁰ δST

⁰ 1st 2nd 3rd 

S-S1 b1g 0.4 180 5 2.6390 0.0011 2.6402 —— 60.54 —— 0.4003 − 0.434 − 0.880 S-S1 0.015 0.006 
a2c2 0.1 0 90 1.4201 0.0001 1.4202 —— 60.26 —— 0.1008 − 0.654 − 0.971 S-S1 0.04 0.016 
b1c1g- 
a2b2g 

0.9 90 0.01 2.8944 0.0017 2.8958 —— 60.37 —— 0.9048 − 0.072 − 0.620 S-S1 0.24 0.096 

S1-S2 a1b1g 0.25 45 15 1.6343 0.0012 1.6355 —— 59.93 —— 1.3513 0.2488 − 0.451 S1-S2 0.096 0.038 
a2b2c2 0.8 180 0.1 1.3527 0.0027 1.3553 —— 60.02 —— 2.1378 0.8074 − 0.115 S1-S2 0.592 0.237 
b1g- 
c2g 

0.5 135 100 0.5953 0.0008 0.5962 —— 60.43 —— 1.6578 0.5050 − 0.294 S1-S2 0.40 0.160 

S2-Q a2b2g 0.05 0 200 0.2019 0.0005 0.2024 —— 60.02 —— 2.5032 1.0822 0.0494 S2-Q 0.072 0.029 
b1c1 0.6 45 20 0.3661 0.0028 0.3686 —— 59.95 —— 3.8674 2.0097 0.6064 S2-Q 0.768 0.307 
a1b1- 
a2c2 

0.85 90 0.5 0.1732 0.0043 0.1775 —— 60.07 —— 4.4115 2.4258 0.8512 S2-Q 0.144 0.058 

a2b2c2 0.03 135 5 1.0974 0.0022 1.0996 —— 60.012 —— 2.489 1.0564 0.0336 S2-Q 0.432 0.173 
R-R1 c2g 0.1 135 55 0.8513 0.8514 0.0002 —— —— 119.31 0.0963 − 0.263 —— R-R1 0.148 0.093 

a2b2 0.7 90 150 0.4552 0.4555 0.0003 —— —— 119.92 0.6977 − 0.090 —— R-R1 0.092 0.057 
a1c1g- 
b2c2g 

0.45 0 1 2.9712 2.9715 0.0002 —— —— 119.55 0.4464 − 0.160 —— R-R1 0.144 0.090 

R1-Q a2c2g 0.15 45 40 0.7234 0.7239 0.0019 —— —— 119.92 1.5161 0.1511 —— R1-Q 0.132 0.083 
a1b1c1 0.6 180 10 0.4907 0.4976 0.0069 —— —— 120.00 3.0155 0.6007 —— R1-Q 0.084 0.053 
c1g- 
a2g 

0.8 135 125 0.0714 0.0715 0.0016 —— —— 120.00 3.7706 0.8022 —— R1-Q 0.264 0.165 

a2b2 0.03 180 0.1 1.5000 1.4985 0.0015 —— —— 119.91 1.0912 0.0274 —— R1-Q 0.195  
T-T1 a2c2 0.95 0 3 0.0022 0.6024 0.6032 60.16 —— —— 0.9507 − 0.140 —— T-T1 0.14 0.050 

a1b1g 0.45 45 75 0.0002 0.7727 0.7726 59.34 —— —— 0.4506 − 1.511 —— T-T1 0.12 0.043 
a1c1- 
b2c2 

0.2 180 0.6 0.0015 3.7856 3.7840 59.63 —— —— 0.1986 − 2.228 —— T-T1 0.28 0.100 

a2g 0.03 90 20 0.0002 2.7398 2.7395 58.96 —— —— 0.0306 − 2.7466 —— T-T1 0.124 0.044 
T1-Q a2g 0.5 90 140 0.0006 0.0813 0.0820 59.99 —— —— 1.1691 0.4871 —— T1-Q 1.032 0.369 

a1b1c1 0.1 135 25 0.0027 0.4846 0.4841 59.93 —— —— 1.034 0.0942 —— T1-Q 0.464 0.166 
b1c1- 
a2b2 

0.9 0 10 0.0046 0.0769 0.0767 59.93 —— —— 1.318 0.8934 —— T1-Q 0.528 0.189  
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difference is equal to zero in all cases because both circuits are con
nected to the same bus in case of the double-circuit line, there is no need 
to utilize the voltage measurements. In other words, there is no any 
possibility of error in voltage measurements or error in estimated 
voltage phasors. Furthermore, taking into consideration that the syn
chronization errors have a negative influence on the fault location ac
curacy of the algorithm described in [35], and the proposed algorithm 
does not require the current measurements to be synchronized as the 
phase difference angles are calculated. Therefore, the proposed work 
accomplishes better accuracy than the algorithm described in [35] with 
respect to synchronization errors. 
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Fig. 4. Recorded percentage error under the impact of line parameters errors, 
(a) 10%, (b) − 10%. 

Fig. 5. Recorded percentage error under the impact of neglecting the line shunt 
capacitance. 
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3.5. Impact of current transformer (CT) errors and small phase difference 
angles 

To consider smaller values of the phase difference angles and the 
effect of the CT errors, different fault cases are conducted considering CT 
magnitude error of ±5% in current measurements, and the phase dif
ference angles between the three ends (δSR, δRT, and δST) are set at 2◦, 3◦, 
and 5◦, respectively. The obtained results are depicted in Table 4, where 
these results are compared with that without considering the CT errors. 
It is observed from Table 4 that the maximum error in estimating the 
fault location considering the CT errors is equal to 1.92% whereas the 
same without considering the CT errors is equal to 0.372%. Though the 
fault location accuracy of the proposed algorithm is significantly 
affected by the CT measurement errors, it remains well below 5%. 

4. Conclusions 

This article has developed a novel fault location algorithm for three- 
end multi-section mixed double-circuit untransposed transmission lines. 
The proposed algorithm utilizes only unsynchronized current measure
ments at the three ends the lines. The effect of line shunt capacitance, 
un-transposition of the line, and mutual couplings between all phases is 
considered in derivation of fault location equation. In addition, the 
deduced analytical fault location equation is independent of fault type 
and resistance. Furthermore, a threshold free recognition algorithm is 
proposed to distinguish the faulted branch. The emulation studies 
emphasize that the proposed algorithm accomplishes high precision for 
several cases considering different fault resistance and fault locations as 
well as all fault types. In addition, the maximum recorded error of fault 
location does not exceed 0.489% considering the influence of ±10% 
errors in line parameters. Furthermore, the proposed algorithm is not 
applicable when the fault occurs in similar phases of both circuits with 

the same value of fault resistance in both circuits. However, the prob
ability of occurrence such faults is very rare in reality. 
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Appendix A 

The lengths of all line sections are:   

Line Section LS LS1 LS2 LR LR1 LT LT1 

Length (km) 50 80 120 40 120 200 80  

The impedance and admittance matrices for each line section are: 

ZLS =

⎡

⎢
⎢
⎢
⎢
⎢
⎢
⎣

0.0450 + 0.552i0.0226 + 0.227i0.0232 + 0.188i0.0218 + 0.155i0.0225 + 0.157i0.0232 + 0.153i
0.0226 + 0.227i0.0465 + 0.564i0.0241 + 0.237i0.0225 + 0.157i0.0234 + 0.166i0.0241 + 0.167i
0.0232 + 0.188i0.0241 + 0.237i0.0480 + 0.572i0.0232 + 0.153i0.0241 + 0.167i0.0248 + 0.175i
0.0218 + 0.155i0.0225 + 0.157i0.0232 + 0.153i0.0450 + 0.552i0.0226 + 0.227i0.0232 + 0.188i
0.0225 + 0.157i0.0234 + 0.166i0.0241 + 0.167i0.0226 + 0.227i0.0465 + 0.564i0.0241 + 0.237i
0.0232 + 0.153i0.0241 + 0.167i0.0248 + 0.175i0.0232 + 0.188i0.0241 + 0.237i0.0480 + 0.572i

⎤

⎥
⎥
⎥
⎥
⎥
⎥
⎦

(Ω/km)

Table 3 
Comparative evaluation with considering synchronization errors.  

Branch Percentage error% 

1st section 2nd section 3rd section 

Proposed [35] Proposed [35] Proposed [35] 

S-Q Average 0.108 0.154 0.016 0.237 0.077 0.485 
Maximum 0.212 0.406 0.365 0.080 0.149 0.206 

R-Q Average 0.075 1.483 0.120 0.218 —— —— 
Maximum 0.007 0.095 0.082 0.623 —— —— 

T-Q Average 0.029 0.450 0.189 0.240 —— —— 
Maximum 0.014 0.086 0.489 0.357 —— ——  

Table 4 
Results with considering CT errors.  

Section Fault condition F.L. error% 

Type DF (p. 
u.) 

δF⁰ RF 

(Ω) 
Without CT 
Errors 

With CT 
Errors 

S-S1 a1g 0.8 0 25 0.372 1.194 
S1-S2 a2b2g 0.1 90 1 0.0531 1.337 
S2-Q a1c1 0.9 180 60 0.0715 1.495 
R-R1 a2b2c2 0.5 45 0.1 0.0428 0.257 
R1-Q b2g 0.7 135 10 0.159 1.920 
T-T1 a1c1g 0.2 180 90 0.0801 0.934 
T1-Q b2cc 0.85 0 5 0.243 1.348  
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YLS1 = 10− 5x

⎡

⎢
⎢
⎢
⎢
⎢
⎢
⎣

0.2727i − 0.0609i − 0.0227i − 0.0204i − 0.0141i − 0.0086i
− 0.0609i0.2885i − 0.0539i − 0.0141i − 0.0128i − 0.0098i
− 0.0227i − 0.0539i0.2912i − 0.0086i − 0.0098i − 0.0099i
− 0.0204i − 0.0141i − 0.0086i0.2727i − 0.0609i − 0.0227i
− 0.0141i − 0.0128i − 0.0098i − 0.0609i0.2885i − 0.0539i
− 0.0086i − 0.0098i − 0.0099i − 0.0227i − 0.0539i0.2912i

⎤

⎥
⎥
⎥
⎥
⎥
⎥
⎦

(S/km)

ZLS1 = ZLR = ZLT1 =

⎡

⎢
⎢
⎢
⎢
⎢
⎢
⎣

0.0902 + 0.597i0.0620 + 0.298i0.0612 + 0.256i0.0635 + 0.271i0.0620 + 0.253i0.0612 + 0.241i
0.0620 + 0.298i0.0875 + 0.598i0.0601 + 0.297i0.0620 + 0.253i0.0607 + 0.252i0.0600 + 0.253i
0.0612 + 0.256i0.0601 + 0.297i0.0862 + 0.597i0.0612 + 0.241i0.0600 + 0.253i0.0595 + 0.271i
0.0635 + 0.271i0.0620 + 0.253i0.0612 + 0.241i0.0902 + 0.597i0.0620 + 0.298i0.0612 + 0.256i
0.0620 + 0.253i0.0607 + 0.252i0.0600 + 0.253i0.0620 + 0.298i0.0875 + 0.598i0.0601 + 0.297i
0.0612 + 0.241i0.0600 + 0.253i0.0595 + 0.271i0.0612 + 0.256i0.0601 + 0.297i0.0862 + 0.598i

⎤

⎥
⎥
⎥
⎥
⎥
⎥
⎦

(Ω/km)

YLS1 = YLR = YLT1 = 10− 5x

⎡

⎢
⎢
⎢
⎢
⎢
⎢
⎣

0.3079i − 0.0662i − 0.0221i − 0.0432i − 0.0224i − 0.0132i
− 0.0662i0.3199i − 0.0584i − 0.0224i − 0.0187i − 0.0176i
− 0.0221i − 0.0584i0.3247i − 0.0132i − 0.0176i − 0.0305i
− 0.0432i − 0.0224i − 0.0132i0.3079i − 0.0662i − 0.0221i
− 0.0224i − 0.0187i − 0.0176i − 0.0662i0.3199i − 0.0584i
− 0.0132i − 0.0176i − 0.0305i − 0.0221i − 0.0584i0.3247i

⎤

⎥
⎥
⎥
⎥
⎥
⎥
⎦

(S/km)

ZLS2 = ZLR1 = ZLT =

⎡

⎢
⎢
⎢
⎢
⎢
⎢
⎣

0.0830 + 0.635i0.0574 + 0.303i0.0570 + 0.259i0.0579 + 0.260i0.0574 + 0.253i0.0570 + 0.238i
0.0574 + 0.303i0.0819 + 0.635i0.0566 + 0.302i0.0574 + 0.253i0.0569 + 0.260i0.0566 + 0.252i
0.0570 + 0.260i0.0566 + 0.302i0.0814 + 0.635i0.0570 + 0.238i0.0566 + 0.252i0.0563 + 0.259i
0.0579 + 0.260i0.0574 + 0.253i0.0570 + 0.238i0.0830 + 0.635i0.0574 + 0.303i0.0570 + 0.259i
0.0574 + 0.253i0.0569 + 0.260i0.0566 + 0.252i0.0574 + 0.303i0.0819 + 0.635i0.0566 + 0.302i
0.0570 + 0.238i0.0566 + 0.252i0.0563 + 0.259i0.0570 + 0.259i0.0566 + 0.302i0.0814 + 0.635i

⎤

⎥
⎥
⎥
⎥
⎥
⎥
⎦

(Ω/km)

YLS2 = YLR1 = YLT = 10− 5x

⎡

⎢
⎢
⎢
⎢
⎢
⎢
⎣

0.2747i − 0.0588i − 0.0211i − 0.0307i − 0.0200i − 0.0107i
− 0.0588i0.2900i − 0.0517i − 0.0200i − 0.0206i − 0.0153i
− 0.0211i − 0.0517i0.2911i − 0.0107i − 0.0153i − 0.0187i
− 0.0307i − 0.0200i − 0.0107i0.2747i − 0.0588i − 0.0211i
− 0.0200i − 0.0206i − 0.0153i − 0.0588i0.2900i − 0.0517i
− 0.0107i − 0.0153i − 0.0187i − 0.0211i − 0.0517i0.2911i

⎤

⎥
⎥
⎥
⎥
⎥
⎥
⎦

(S/km)
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