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Parameter-Less Fault Locator for Double-Circuit
Transmission Line Using Two-Terminal

Unsynchronized Measurements
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Abstract—This paper develops a parameter-free fault location
(FL) method for double-circuit transmission lines utilizing pre-
and post-fault unsynchronized current and voltage measurements.
Firstly, the FL equation is deduced for normal-shunt and non-
identical inter-circuit faults (involving different phases in both
circuits). The FL equation relies on equating the voltage phasors’
difference between identical phases in the two circuits at the FL
without utilizing the line parameters and synchronization angle
between both line terminals. Next, the FL equation is deduced
for identical inter-circuit faults (involving identical phases in both
circuits) utilizing pre- and post-fault measurements, where a new
method is introduced to obtain the pre-fault synchronization angle
and line shunt-admittance relying on pre-fault data. Besides, it
considers different synchronism mismatch in the pre- and post-
fault data. To distinguish identical inter-circuit faults from other
fault types, the absolute difference, between post-fault currents of
identical phases in both circuits at each line terminal, is employed.
PSCAD/EMTDC software is used for modeling the IEEE 39-bus
system to evaluate the proposed method for various fault resis-
tances, locations, fault types, and measurement errors. In addition,
the developed method offers solid performance against evolving
faults and different loading conditions. Moreover, it remains appli-
cable when one of the two circuits is out-of-service.

Index Terms—Transmission line, line parameters, fault location.

I. INTRODUCTION

E STIMATING the fault location for double-circuit trans-
mission lines, which are widely used in power systems,

is much more complex and challenging than fault allocation for
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single-circuit transmission lines due to the mutual couplings and
potential of faults between both circuits. The principles and the
various FL techniques for single-circuit lines and double-circuit
lines are provided in [1], involving traveling-wave based [2], [3],
knowledge based (data driven) [4], [5], time-domain based [6],
[7], and power frequency-domain based techniques. Traveling
wave based techniques analyze the arrival traveling wave at line
terminals [2], [3]. However, these techniques are more expensive
and complex since they rely on a high sampling frequency
and may fail in detecting the wave-front in the case of high
impedance faults. Knowledge based techniques estimate the FL
utilizing the available measurements [4], [5]. However, these
techniques require numerous training data for a specific line
under different fault scenarios to perform initially the training
process. The actual training data is typically not available for
physical power systems, and these techniques cannot be applied
for a new line without implementing a new training process.
Time-domain based techniques employ different line models and
short data windows to estimate the FL [6], [7]. These techniques
utilize both instantaneous voltage and current measurements,
and their accuracy are highly affected by the uncertainties in
line parameters. Power frequency-domain based techniques are
widely used in transmission networks due to phasor measure-
ments’ availability in practical substations and power plants.
Besides, the FL calculations are less complicated compared
to other techniques because the FL equations are derived in
algebraic approach in phasor domain.

Based on the availability of the measurements and commu-
nication links, power frequency-domain based schemes can be
categorized into single- and double- terminal FL schemes. One-
terminal FL schemes are vastly used in transmission systems
as they can be easily implemented and are more economical.
However, their precision degrades due to several factors, such
as the unknown grid impedance at remote line terminal, load
current, and fault resistance, since local data are only utilized for
deriving the FL equation [8], [9]. On the other hand, double-end
techniques have higher accuracy due to the availability of the
measurements from both line terminals. However, some of these
techniques rely on synchronized data, which require installing
additional equipment [10]. Thus, different FL techniques have
been proposed using only the unsynchronized measurements
[11], [12]. Besides, the line parameters are practically exposed
to continuous changes because of loading and weather circum-
stances, degrading the FL precision.
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To overcome the problem of the inaccurate line parame-
ters, different parameter-free FL methods have been introduced
in the literature [13], [14], [15], [16], [17], [18], [19], [20],
[21], [22], [23], [24], [25], [26], [27], [28], [29]. In [13], the
pre- and post-fault unsynchronized current and voltage data
at line terminals are utilized to determine the line parameters
and locate the faults on a single-circuit line. However, this
technique is applicable only for transposed lines, and there is a
concern over its convergence because it is based on least-square
algorithm. The technique in [13] has been extended in [14]
for untransposed single-circuit lines. Although FL accuracy has
been improved, synchronism mismatch in the pre- and post-fault
data does not taken into account. In [15], [16], [17], [18], [19],
FL techniques have been proposed for single-circuit lines using
synchronized current and voltage data. However, the techniques
[15], [16], [17] relies on the lumped line parameters, yet ig-
noring the line shunt admittance, and being applied only for
transposed lines, while the techniques [18], [19], have turned
the problem into an optimization problem, which may encounter
divergence problems. In [20], a technique is introduced based
on the synchronized data for untransposed single-circuit lines,
where it is not accounted for the GPS signal loss. Iterative [21],
[22], [23] and non-iterative [24], [25], [26], [27] fault location
methods have been proposed, which are only applicable for
single-circuit lines and transposed double circuit lines. In [28],
unsynchronized current phasors are employed to locate the faults
on an untransposed double-circuit line, where the unknown
variables in the derived FL equation include the synchronization
angle (SA) between line terminals and the fault distance. This
technique is a parameter-free, and the identification of the faulted
phases is not required. However, it is not applicable for identical
inter-circuit faults, which involve identical phases in different
circuits. In [29], unsynchronized positive-sequence current and
voltage phasors are employed to locate the faults on a double-
circuit line. However, ignoring the line untransposition and
capacitance has degraded its accuracy. In [30], unsynchronized
data are utilized to estimate the FL on a double-circuit line. The
FL is determined relying on unscented Kalman filter based state
estimation algorithm. However, different unknown variables,
such as the fault distance, line parameters, SA, and fault resis-
tance, are required to be estimated, leading to a highly nonlinear
problem. Therefore, it is more prone to divergence problems.
In [31], a parameter-free technique is employed to locate the
faults on transposed double-circuit lines using unsynchronized
positive-sequence current phasors. However, it is not applicable
for identical inter-circuit faults. Based on the above discussion,
it is evident that the parameter-free FL techniques outlined in
the literature for double-circuit lines have some limitations. The
FL technique in [28] and [31] are not suitable for identical
inter-circuit faults, whereas the technique in [29] are inaccurate
due to ignoring line untransposition and capacitance. In addition,
the technique in [30] is prone to divergence issues.

In this research, a FL method is proposed for double-circuit
transmission lines using pre- and post-fault unsynchronized
measurements at both line terminals. Firstly, the unsynchronized
currents at both terminals are utilized to derive an analytical
FL equation for normal-shunt and non-identical inter-circuit
faults. The derived equation relies on the π model and equating

the voltage phasors’ difference between identical phases in
the two circuits at the FL. Additionally, the SA between both
line terminals and line parameters are not required. Next, the
FL equation is developed based on the π line model without
the need for line parameters for identical inter-circuit faults,
which involve identical phases in the two circuits. The pre- and
post-fault measurements as well as the SA are required. Thus,
the pre-fault SA and the line-shunt admittance are estimated
utilizing pre-fault data, where its derivation relies on the fact
that the angle of the line-shunt admittance is equal to 90°. The
developed method is evaluated via PSCAD/EMTDC software.
Various scenarios are conducted, including all fault types, fault
locations and resistances, and measurement errors. The contri-
butions of this paper are:
� A parameter-free FL approach is proposed considering all

fault types.
� The derived fault location equation in [28] contains two un-

known variables; the SA and fault distance. The proposed
steps for FL derivation further simplify the FL equation,
where it is demonstrated that there is no requirement to
estimate the SA, and the fault location can be directly and
effortlessly calculated.

� The proposed approach determines the SA based on only
pre-fault data, which can also be used for other purposes
beyond estimating the FL. Furthermore, the proposed tech-
nique can be applied for identical inter-circuit faults, where
the FL technique in [28] fails in such cases.

� The developed FL approach considers different synchro-
nism mismatch in the pre- and post-fault data [26].

� The proposed approach remains applicable when one of
the two circuits is out-of-service, unlike that in [28] and
[31].

The article is arranged as follows. In Section II, the devel-
oped FL method is deduced for normal-shunt and non-identical
inter-circuit faults as well as identical inter-circuit faults. In
Section III, the outcomes are shown for PSCAD simulation.
Lastly, Section IV concludes the article.

II. DEVELOPED FAULT LOCATION METHOD

In part II.A, the FL equation is developed relying on the π
model for normal-shunt and non-identical inter-circuit faults
using unsynchronized phase currents at both line terminals. In
Part II.B, the FL equation is developed for identical inter-circuit
faults employing pre- and post-fault measurements at both line
terminals and the estimated SA, which is inferred by relying on
the fact that the angle of the line-shunt admittance is equal to
90°. In the following formulation, it is considered that the two
circuits are connected at the same buses at both line terminals.

A. Formulation of the FL Equation for Normal-Shunt and
Non-Identical Inter-Circuit Faults

In [28], the derived FL equation contains two unknown vari-
ables; the SA between both line terminals and the fault distance.
This technique is extended here; where it is proved that the SA is
not needed to be estimated. In addition, only the phase currents at
both line sides are needed for deriving the FL equation. However,
as shown later in this part, this developed equation fails only
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Fig. 1. Typical tower layout for 220 kV double-circuit line.

Fig. 2. Double-circuit line representation during fault conditions (π line
model).

when an identical inter-circuit fault occurs on identical phases
in the two circuits.

In Fig. 1, the typical tower layouts are shown for the double-
circuit line, where 6×6 series impedance matrix (ZSR) and 6×6
shunt admittance matrix (Y SR) can be represented as:

[ZSR] =

⎡
⎢⎢⎢⎢⎢⎢⎣

za1,a1 za1,b1 za1,c1
zb1,a1 zb1,b1 zb1,c1
zc1,a1 zc1,b1 zc1,c1

za1,a2 za1,b2 za1,c2
zb1,a2 zb1,b2 zb1,c2
za1,c2 zc1,b2 zc1,c2

za2,a1 za2,b1 za2,c1
zb2,a1 zb2,b1 zb2,c1
zc2,a1 zc2,b1 zc2,c1

za2,a2 za2,b2 za2,c2
zb2,a2 zb2,b2 zb2,c2
zc2,a2 zc2,b2 zc2,c2

⎤
⎥⎥⎥⎥⎥⎥⎦
(1)

[Y SR] =

⎡
⎢⎢⎢⎢⎢⎢⎣

ya1,a1 ya1,b1 ya1,c1
yb1,a1 yb1,b1 yb1,c1
yc1,a1 yc1,b1 yc1,c1

ya1,a2 ya1,b2 ya1,c2
yb1,a2 yb1,b2 yb1,c2
yc1,a2 yc1,b2 yc1,c2

ya2,a1 ya2,b1 ya2,c1
yb2,a1 yb2,b1 yb2,c1
yc2,a1 yc2,b1 yc2,c1

ya2,a2 ya2,b2 ya2,c2
yb2,a2 yb2,b2 yb2,c2
yc2,a2 yc2,b2 yc2,c2

⎤
⎥⎥⎥⎥⎥⎥⎦
(2)

where a1, b1, c1, a2, b2, and c2 represent the phases of both
circuits. In general, both circuits on either side of the tower are
typically identical to each other. The 3×3 upper left side ofZSR

is equal to the 3×3 lower right side ofZSR, while the 3×3 lower
left side of ZSR is equal to the 3×3 upper right side of ZSR.
This is also applicable for Y SR.

In Fig. 2, a generic fault on the double-circuit line (S-R) at a
fault distance (DF ) away from end S is shown considering the π
line model. The phase voltages in the phase-domain at the fault

point (V F ) is written utilizing the unsynchronized data at line
terminals:

[V F ] =

[
1 +

[ZSR] [Y SR]DF
2

2

]
[V SF ] e

jδ

−DF [ZSR] [ISF ] e
jδ (3)

[V F ] =

[
1 +

[ZSR] [Y SR] (1−DF )
2

2

]
[V RF ]

− (1−DF ) [ZSR] [IRF ] (4)

V SF =
[
VSF,a1 VSF,b1 VSF,c1 VSF,a2 VSF,b2 VSF,c2

]T
(5)

V RF =
[
VRF,a1 VRF,b1 VRF,c1 VRF,a2 VRF,b2 VRF,c2

]T
(6)

ISF =
[
ISF,a1 ISF,b1 ISF,c1 ISF,a2 ISF,b2 ISF,c2

]T
(7)

IRF =
[
IRF,a1 IRF,b1 IRF,c1 IRF,a2 IRF,b2 IRF,c2

]T
(8)

where ISF and IRF are, respectively, the post-fault phase
currents at terminals S and R. V SF and V RF are, respectively,
the post-fault phase voltages at line terminals (S and R). The
symbol “T ” refers to the transpose of the voltage or the current
vector, while the symbol “δ” is the SA between both terminals
S and R. As the voltage phasors at line sides (V SF and V RF )
of identical phases of the two circuits are equal, the differential
components of (V SF and V RF ) is written as:⎡

⎣VSF,a1 − VSF,a2

VSF,b1 − VSF,b2

VSF,c1 − VSF,c2

⎤
⎦ =

⎡
⎣VRF,a1 − VRF,a2

VRF,b1 − VRF,b2

VRF,c1 − VRF,c2

⎤
⎦ =

⎡
⎣00
0

⎤
⎦ (9)

Considering (9), the same phases of both circuits in (3) and
(4) are subtracted from each other:⎡
⎣VF,a1 − VF,a2

VF,b1 − VF,b2

VF,c1 − VF,c2

⎤
⎦ = −DF [ΔZSR]

⎡
⎣ISF,a1 − ISF,a2

ISF,b1 − ISF,b2

ISF,c1 − ISF,c2

⎤
⎦ ejδ

(10)⎡
⎣VF,a1 − VF,a2

VF,b1 − VF,b2

VF,c1 − VF,c2

⎤
⎦ = − (1−DF ) [ΔZSR]

⎡
⎣IRF,a1 − IRF,a2

IRF,b1 − IRF,b2

IRF,c1 − IRF,c2

⎤
⎦

(11)

[ΔZSR]=

⎡
⎣za1,a1 − za1,a2 za1,b1 − zb1,a2 za1,c1 − zc1,a2
zb1,a1 − za1,b2 zb1,b1 − zb1,b2 zb1,c1 − zc1,b2
zc1,a1 − za1,c2 zc1,b1 − zb1,c2 zc1,c1 − zc1,c2

⎤
⎦

(12)

The derivation for the results of the right-hand side in (10)
and (11) are given in the appendix. Substituting (11) into (10):

DF

⎡
⎣ISF,a1 − ISF,a2

ISF,b1 − ISF,b2

ISF,c1 − ISF,c2

⎤
⎦ ejδ = (1−DF )

⎡
⎣IRF,a1 − IRF,a2

IRF,b1 − IRF,b2

IRF,c1 − IRF,c2

⎤
⎦

(13)
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The unknown variables in (13) are DF and δ. Considering
only the magnitudes in (13), the unknown δ is eliminated:

DF ×
⎡
⎣|ISF,a1 − ISF,a2|
|ISF,b1 − ISF,b2|
|ISF,c1 − ISF,c2|

⎤
⎦=(1−DF ) ×

⎡
⎣|IRF,a1 − IRF,a2|
|IRF,b1 − IRF,b2|
|IRF,c1 − IRF,c2|

⎤
⎦

(14)

where ││ refers to the absolute value. Rearranging (14) and
taking the summation of the vector elements:

DF =

∑
∀ x ∈ {a,b,c} (|IRF,x1 − IRF,x2|)∑

∀ x ∈ {a,b,c} (|ISF,x1 − ISF,x2|+ |IRF,x1 − IRF,x2|)
(15)

The only unknown variable in (15) is the fault distance (DF ).
It is clear that (15) does not rely on the line parameters. Besides,
it is applicable for all fault types without the need for identifying
the faulted phases. In addition, only the unsynchronized phase
currents at line terminals are needed. On the other hand, as shown
in (15), it will not be applicable when an identical inter-circuit
fault occurs since the currents of both circuits are identical at
each line terminal. To overcome this problem, the FL equation
in Part II.B is proposed to be applied to identical inter-circuit
faults.

It is worth highlighting that the contributions of the proposed
method presented in this subsection compared to [28], are as
follows:
� The FL equation derived in [28] involves two unknown

variables: the SA between line terminals and fault distance.
The additional steps in (14) and (15) further simplified the
FL equation. Hence, there is no need to estimate the SA;
instead, the fault distance is easily and directly calculated
using (15).

� In Section III-I, the developed FL method is compared
with [28]. It was observed that, for non-ground faults, the
developed FL method is more accurate than that in [28].
This is due to the fact that the FL in [28] is obtained in the
sequence-domain, where either the positive, negative, or
zero-sequence components can be utilized in the case of un-
transposed double-circuit lines. Conversely, the developed
FL method is formulated in the phase-domain, combining
all phases together as depicted in (15), resulting in more
accurate results.

� The FL method in [28] is not applicable when an identical
inter-circuit fault occurs on the same phases in both circuits.
As mentioned before, to address this issue, the FL equation
is derived in Part II.B for handling identical inter-circuit
faults.

� The FL method in [28] is ineffective when one of the two
circuits is out of service. In contrast, the developed FL
method remains applicable, as derived in Part II.B and
demonstrated in the results presented in Part III.H.

� The developed FL method introduces a new approach to
obtain the pre-fault SA using pre-fault data, as shown in
(23). This can serve additional purposes beyond estimating
the FL.

Fig. 3. Double-circuit line representation during normal conditions.

� A new technique is introduced to calculate the SA using
only pre-fault data without requiring line parameters. This
technique can also be used for other purposes beyond FL
estimation.

B. FL Formulation for Identical Inter-Circuit Faults

In the case of the identical inter-circuit faults, the number of
unknown line parameters is equal to that in the case of normal-
shunt faults and non-identical inter-circuit faults. However, the
number of equations in the case of the identical inter-circuit
faults is equal to half the number of equations in the case of
normal-shunt faults and non-identical inter-circuit faults because
the voltages and currents of both circuits are identical in the
case of the identical inter-circuit faults. Thus, this reduction in
the equations further complicates the fault location problem.
The proposed FL is developed without the need for the line
parameters utilizing both pre- and post-fault measurements. It
relies on the π model ignoring the mutual-admittance between
different phases. As the SA is initially required, a new technique
is firstly introduced to estimate the SA relying on pre-fault
current and voltage measurements. The developed method relies
on the fact that the angle of the line-shunt admittance equals 90°.

The double-circuit line is represented in Fig. 3 using the π
model. The line length is denoted by LSR. In normal conditions,
the relations between the pre-fault currents (IS and IR) in the
phase-domain is written as:{
[IS ]− 1

2
[Y SR] [V S ]

}
ejδ = −

{
[IR]− 1

2
[Y SR] [V R]

}
(16)

Rearranging (16):[
IS + IRe

jδ
]
=

1

2
[Y SR]

[
V S + V Re

jδ
]

(17)

The unknown variables in (17) are Y SR and δ. It is well-
known that the angle of diagonal elements of Y SR equals 90°,
while that of off-diagonal elements of Y SR equals −90°. If the
line is transposed, e.g., first row in (17) is written as:

2
(
IS,a1 + IR, a1e

jδ
)
= ys

(
VS,a1 + VR,a1e

jδ
)

+ ym1

(
VS,b1 + VR,b1e

jδ
)

ym
(
VS,b1 + VR,b1e

jδ + VS,c1 + VR,c1e
jδ
)
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+ y
′
m12

(
VS,a2 + VR,a2e

jδ

+VS,b2 + VR,b2e
jδ + VS,c2 + VR,c2e

jδ
)

(18)

where ys, ym, and y′m12 are the self-admittance for each phase,
the mutual coupling shunt admittance between phases of the
same circuit, and the mutual coupling shunt admittance between
both circuits, respectively. In healthy conditions, the system is
considered balanced 3-phase system, and hence:

VS,a2+VR,a2e
jδ+VS,b2+VR,b2e

jδ+VS,c2 + VR,c2 e
jδ = 0

(19)

VS,b1+VR,b1e
jδ+VS,c1+VR,c1 e

jδ = − (
VS,a1+VR,a1e

jδ
)

(20)

Accordingly, (18) can be written as:

(ys − ym) = 2(IS,a1 + IR, a1e
jδ)/

(
VS,a1 + VR,a1e

jδ
)
(21)

It can be noted that the angle of (ys − ym) is equal to 90°
since the angle of yS equals 90°, while the angle of ym equals
−90°. The same equations can be obtained for the other phases
of the line (S −R). Hence, (17) is rewritten:

2

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

(
IS,a1 + IR, a1e

jδ
)
/
(
VS,a1 + VR,a1e

jδ
)

(
IS,b1 + IR, b1e

jδ
)
/
(
VS,b1 + VR,b1e

jδ
)

(
IS,c1 + IR, c1e

jδ
)
/
(
VS,c1 + VR,c1e

jδ
)

(
IS,a2 + IR, a2e

jδ
)
/
(
VS,a2 + VR,a2e

jδ
)

(
IS,b2 + IR, b2e

jδ
)
/
(
VS,b2 + VR,b2e

jδ
)

(
IS,c2 + IR, c2e

jδ
)
/
(
VS,c2 + VR,c2e

jδ
)

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦
=

⎡
⎢⎢⎢⎢⎢⎢⎣

ys − ym
ys − ym
ys − ym
ys − ym
ys − ym
ys − ym

⎤
⎥⎥⎥⎥⎥⎥⎦

(22)

Taking the angle of both sides with considering that the
currents and voltages of identical phases in the two circuits are
equal, one of the two circuits is enough to estimate δ.

arg

⎧⎪⎪⎨
⎪⎪⎩

(
IS,a1 + IR, a1e

jδ
)
/
(
VS,a1 + VR,a1e

jδ
)

(
IS,b1 + IR, b1e

jδ
)
/
(
VS,b1 + VR,b1e

jδ
)

(
IS,c1 + IR, c1e

jδ
)
/
(
VS,c1 + VR,c1e

jδ
)
⎫⎪⎪⎬
⎪⎪⎭ =

⎡
⎣90◦90◦

90◦

⎤
⎦

(23)

where arg(·) refers to the phase angle. The unknown variable in
(23) is only δ, which is easily obtained by solving (23) using
“fsolve” MATLAB function. The next step is to deduce the FL
equation for identical inter-circuit faults. In Fig. 3, the relation
between pre-fault voltages (VS and VR) at both terminals can
be represented as:

[V S ] e
jδ− [V R]=[ZSR]

(
[IS ] e

jδ−0.5×[Y SR] [V S ] e
jδ
)

(24)

Besides, the pre-fault voltages at the FL (V F−pre) is written
as a function of DF and unsynchronized data at both terminals:

[V F−pre]=[V S ] e
jδ−DF [ZSR] e

jδ ([IS ]−0.5 [Y SR] [V S ])
(25)

[V F−pre]=[V R]−(1−DF ) [ZSR] ([IR]−0.5 [Y SR] [V R])
(26)

Substituting (26) into (25):(
[V S ] e

jδ−[V R]
)
=[ZSR]

{(
DF [IS ] e

jδ−(1−DF ) [IR]
)

−0.5 [Y SR]
(
DF [V S ] e

jδ − (1−DF ) [V R]
)}

(27)

Taking the transpose of (27):(
[V S ]

T ejδ − [V R]
T
)
=

{
DF [IS ]

T ejδ − (1−DF ) [IR]
T

−0.5
(
DF [V S ]

T ejδ − (1−DF ) [V R]
T
)
[Y SR]

}
[ZSR]

(28)

For a generic fault on line (S −R) in Fig. 2, the same steps
are repeated after fault occurrence. Substituting (16) into (15):(

[V SF ] e
jδF − [V RF ]

)
= [ZSR]

{(
DF [ISF ] e

jδF

− (1−DF ) [IRF ])

−0.5 [Y SR]
(
DF

2 [V SF ] e
jδF − (1−DF )

2 [V RF ]
)}

(29)

where δF is the post-fault SA. Taking the transpose of (29):(
[V SF ]

T ejδF − [V RF ]
T
)
=

{
DF [ISF ]

T ejδF

− (1−DF ) [IRF ]
T

−0.5
(
DF

2[V SF ]
T ejδF −(1−DF )

2[V RF ]
T
)
[Y SR]

}
[ZSR]

(30)

Subtracting (30) from (28):([
V Se

jδ − V SF e
jδF

]T − [V R − V RF ]
T
)

=
{
DF

[
ISe

jδ−ISF e
jδF

]T −(1−DF ) [IR − IRF ]
T − 0.5(

DF

(
ejδ[V S ]

T −DF [V SF ]
T ejδF

)
− (1−DF )

(
[V R]

T −(1−DF ) [V RF ]
T
))

[Y SR]
}

[ZSR]

(31)

Multiplying both sides of (31) with
([IS ]e

jδ − 0.5[Y SR][V S ]e
jδ) and substituting (24) into

(31):([
V Se

jδ − V SF e
jδF

]T − [V R − V RF ]
T
)

(
[IS ] e

jδ − 0.5 [Y SR] [V S ] e
jδ
)

=
{
DF

[
ISe

jδ−ISF e
jδF

]T−(1−DF ) [IR−IRF ]
T−0.5 (DF(

[V S ]
T ejδ −DF [V SF ]

T ejδF
)
− (1−DF )(

[V R]
T −(1−DF ) [V RF ]

T
))

[Y SR]
}(

[V S ] e
jδ−[V R]

)
(32)

The unknown variables in (32) areDF and δF because δ is ob-
tained utilizing pre-fault current and voltage data. Equation (32)
is solved using the “fsolve” MATLAB function, where two
solutions are obtained. The correct solution is that achieving DF
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falls within 0 and 1 per-unit. Besides, to obtainY SR, referring to
(17) and ignoring mutual-admittance between different phases,
the self-admittance of each phase is estimated utilizing pre-fault
data:

⎡
⎢⎢⎢⎢⎢⎢⎣

ya1,a1
yb1,b1
yc1,c1
ya2,a2
yb2,b2
yc2,c2

⎤
⎥⎥⎥⎥⎥⎥⎦
= 2

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

(
IS,a1 + IR, a1e

jδ
)
/
(
VS,a1 + VR,a1e

jδ
)

(
IS,b1 + IR, b1e

jδ
)
/
(
VS,b1 + VR,b1e

jδ
)

(
IS,c1 + IR, c1e

jδ
)
/
(
VS,c1 + VR,c1e

jδ
)

(
IS,a2 + IR, a2e

jδ
)
/
(
VS,a2 + VR,a2e

jδ
)

(
IS,b2 + IR, b2e

jδ
)
/
(
VS,b2 + VR,b2e

jδ
)

(
IS,c2 + IR, c2e

jδ
)
/
(
VS,c2 + VR,c2e

jδ
)

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

(33)

After calculating Y SR and substituting into (32), it is clear
that (32) does not rely on the line parameters. Besides, it is
appropriate to utilize (32) for cases, where (15) fail to estimate
the FL because (15) is more accurate, while (32) ignores the
mutual-capacitance between different phases. In other words,
(32) is applied when identical inter-circuit faults occur. Thus, a
strategy is provided to determine when to apply both equations.
For identical inter-circuit faults, the currents at line terminals
of identical phases in the two circuits are equal ( ISF1 =
ISF2 & IRF1 = IRF2 ). Thus, |ΔISF | and |ΔIRF | in (34)
are theoretically zero for identical inter-circuit faults. However,
to consider the errors in the CT measurements, typical CTs have
protection classes of 5P20 or 5P30. Accordingly, the maximum
CT error is ±5%, as outlined in IEC 61869-2 [34]. Thus, a
threshold value is set at 10% of the pre-fault current to consider
the errors in CT measurements. If any value of |ΔISF | or
|ΔIRF | exceeds the threshold value, (15) is applied to estimate
the FL.

|ΔISF | = |ISF1 − ISF2| & |ΔIRF | = |IRF1 − IRF2|
(34)

It is worth noting that the contributions of the proposed
approach presented in this subsection compared to [14], are as
follows:
� The developed FL method introduces a new approach to

obtain the pre-fault SA using pre-fault data, as shown in
(23). This can serve additional purposes beyond estimating
the FL. Consequently, the self-admittance is computed
using (33). This aspect is not addressed in [14], which does
not allow estimating the pre-fault SA and line admittance
using pre-fault data.

� Synchronism mismatches in the pre-fault and post-fault
data may occur, as described in [26]. The developed FL
method addresses this synchronism mismatch in the pre-
and post-fault data. In contrast, the approach in [14] ignores
this synchronism mismatch in the pre- and post-fault data,
assuming that the SA remains the same for both the pre-
and post-fault conditions.

A flow chart is provided in Fig. 4 to summarize the steps of
the developed method. Once the fault is detected, |ΔISF | and
|ΔIRF | are calculated using (34). If maximum of |ΔISF | and
|ΔIRF | exceeds 0.1 pu, (15) is applied to calculate the FL. In

Fig. 4. Steps of the proposed FL method.

Fig. 5. Modified IEEE 39-bus system.

contrast, if |ΔISF | and |ΔIRF | are less than 0.1 pu, δ and fault
distance is obtained using (23) and (32), respectively.

III. SIMULATION RESULTS

The modified IEEE 39-bus system (230 kV, 60 Hz) in Fig. 5
is emulated on PSCAD/EMTDC, where its information is given
in [32]. MATLAB is employed to execute all calculations. The
300 km double-circuit line is connected between buses 9 and 39.
The line is emulated as an untransposed line using the frequency-
dependent model to consider worst case. The information of
CTs and VTs are given in Appendix. The measurements are
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TABLE I
RESULTS OF ESTIMATED SA (δ) FOR DIFFERENT LINE LENGTHS

Fig. 6. Errors in the estimated SA (Δδ) for different line lengths.

sampled at 1.2 kHz, and one-cycle pre-fault and on-cycle post-
fault measurements are employed to calculate the 60 Hz phasors
using discrete Fourier transform. Consequently, it is assumed
that the fault clearing time, including the operating time of the
protective relay and the opening time of the circuit breaker, does
not exceed 80 msec. The FL precision is assessed by estimating
the FL error as:

FL Error%=
|calculated length− actual length|

line length
×100%

(35)

A. Evaluation for Synchronization Angle (SA) Estimation

To evaluate the developed technique for estimating δ, different
intentional delays are involved in pre-fault measurements at
terminal R. As an example, a delay of 4.16667 ms is equiv-
alent to an actual δ of 90° for 60 Hz system. The results are
displayed in Table I for various δ and line lengths. The errors
in the estimated SA (Δδ) are constant for same line length
because same pre-fault data in (23) are utilized in each case.
Besides, Δδ increases with decreasing line length due to the
shunt capacitance influence, where it is more significant with
increasing line length. In other words, the inequality between
current phasors at both terminals increases with increasing line
length, leading to accurate estimation of δ. Fig. 6 shows Δδ for
untransposed and transposed lines with different line lengths,
where Δδ is limited to less than 1°. Δδ is relatively low in
the case of the transposed line compared to the untransposed
line since the derivation in Section II-B assumes that the line
is transposed. It is important to note that, according to IEEE

TABLE II
RESULTS OF ESTIMATED LINE ADMITTANCE FOR DIFFERENT LINE LENGTHS

(a) (b)

(c) (d)

Fig. 7. Maximum of (|ΔISF |, |ΔIRF |) per-unit for normal-shunt faults.
(a) SLG. (b) LLG. (c) LL. (d) LLL.

standard [33], the expected time synchronization error in the
measurements is ±0.57° (±26 μs for 60 Hz system). Thus, the
estimated Δδ are still close to that stipulated by IEEE standard.
The estimated SA is utilized in determining the FL in the next
sections. Furthermore, the calculated self-admittance of each
phase using (33) is provided in Table II for different line lengths.
The errors in the estimated self-admittance are similar for both
untransposed and transposed lines. Additionally, these errors
increase gradually with decreasing line length since the errors
in Δδ increase with decreasing line length, as explained earlier.
However, the line admittance can be neglected for short lengths.

B. Normal-Shunt Faults

In normal-shunt faults in only one circuit, (15) is applied to
obtain DF since at least one element of |ΔISF | and |ΔIRF |
will exceed the threshold value of 0.1 pu. The line length, pre-
fault SA, and post-fault SA are set at 300 km, 60°, and 120°,
respectively. Fig. 7 shows the maximum of |ΔISF | and |ΔIRF |
for different normal-shunt faults (132 cases), including 1-line to
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(a) (b)

(c) (d)

Fig. 8. FL error% for normal-shunt faults and various fault resistances.
(a) SLG. (b) LLG. (c) LL. (d) LLL.

ground (SLG), 2-line to ground (LLG), 2-line (LL), and 3-line
(LLL) faults. Different FLs (1% up to 99% of line length) and
fault resistances (0.01, 10, and 100Ω) are considered. As shown,
the minimum of |ΔISF | and |ΔIRF | is equal to 1.942 pu, which
is much higher than the threshold value of 0.1 pu, and thus, (15)
is applied. As displayed in Fig. 8, the maximum and average FL
errors are equal to 0.246% and 0.138%, respectively. Besides,
the FL error is zero at 50% of the line length for all cases because
|ΔISF | is always equal to |ΔIRF | when a fault occurs at 0.5
pu, as derived in Appendix C. Thus, substituting in (15), the
estimated FL will always be 0.5 pu. Moreover, the FL error
increases gradually when the FL moves away from the middle
of the line because when a fault occurs near to line terminals,
one side of the fault point is a short line, while other side is a
long line. Therefore, one of the PI model utilized in (3) and (4)
does not represent the long section of the line accurately. The
developed method does not rely on fault resistance and type,
and the outcomes assure its solid performance for normal-shunt
faults.

C. Inter-Circuit Faults in Different Phases in Both Circuits

For asymmetrical inter-circuit faults, (15) is applied to obtain
DF since at least two elements of |ΔISF | and |ΔIRF | will
exceed 0.1 pu. Different inter-circuit faults (a1g − b2g, a1c2,
a1c1g − a2b2g, and b1c1 − a2c2) at different DF and RF are
simulated. Due to limited space, the results for the maximum of
|ΔISF | and |ΔIRF | are not presented. However, similar results
to those depicted in Fig. 7 are obtained. Notably, the minimum of
|ΔISF | and |ΔIRF | is equal to 2.323 pu, which is much higher
than 0.1 pu. Thus, (15) is applied. In Fig. 9, the FL error% are
provided for the simulated scenarios, where the maximum and
average FL errors equal 0.244% and 0.139%, respectively. As
observed, the developed method has a successful response for
asymmetrical inter-circuit faults.

(a) (b)

(c) (d)

Fig. 9. FL error% for asymmetrical inter-circuit faults and fault resistances.
(a) a1g-b2g. (b) a1-c2. (c) a1c1g-a2b2g. (d) b1c1-a2c2.

(a) (b)

(c) (d)

Fig. 10. Current waveforms of the double-circuit line at both terminals
due to an identical inter-circuit fault (a1g − a2g): (a) Terminal S, circuit-1,
(b) Terminal S, circuit-2, (c) Terminal R, circuit-1, and (d) Terminal R, circuit-2.

D. Inter-Circuit Faults in Identical Phases in Both Circuits

For identical inter-circuit faults involving identical phases
in the two circuits, (15) fails in estimating DF . Thus, (32)
is applied to obtain DF in such cases. It is expected that
|ΔISF | and |ΔIRF | will be zero since the currents of the
same phases in both circuits will be theoretically identical at
both terminals. Thus, it will be much less than 0.1 pu. Dif-
ferent identical inter-circuit faults (a1g − a2g, a1b1g − a2b2g,
a1c1 − a2c2, and a1b1c1 − a2b2c2) are conducted with different
DF andRF . Fig. 10 shows the phase currents for both circuits at
each terminal due to an identical inter-circuit fault (a1g − a2g)
located atDF = 0.1 p.u.withRF = 0.01Ω. Although the phase
currents of both circuits are still equal at each terminal when the
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(a) (b)

Fig. 11. Voltage waveforms of the double-circuit line at both terminals due to
an identical inter-circuit fault (a1g − a2g): (a) Terminal S and (b) Terminal R.

(a) (b)

(c) (d)

Fig. 12. FL error% for identical inter-circuit faults. (a) a1g-a2g. (b) a1b1g-
a2b2g. (c) a1c1-a2c2. (d) a1b1c1-a2b2c2.

fault occurs, they increase. In addition, Fig. 11 shows the phase
voltages for both circuits at each terminal, where the voltage
of the faulted phases decreases at each terminal when the fault
occurs. Moreover, the maximum of |ΔISF| and |ΔIRF| is equal
to 5.5496×10-12 pu, which is well below 0.1 pu. Thus, (32) is
applied, and the FL errors are provided in Fig. 12. The maximum
and average FL errors equal 0.963% and 0.241%, respectively.
It is obvious that changing RF has a minimal impact on the
FL error, and the developed technique achieves a successful
performance for all tested identical inter-circuit faults.

E. Influence of Measurement Errors

The VT maximum measurement error is typically ±3% since
their protection classes are 3P [35], while the CT maximum
measurement error is typically ±5% since their protection
classes are 5P20 or 5P30 [34]. To consider VT and CT mea-
surement errors, errors in voltage and current measurements
are set at +3% and +5% at one terminal, respectively, while
they are set at -3% and -5% at other terminal, respectively.
Different fault types (c1g, a1b1c1, a1b1 − b2c2, and b1g − b2g)
are conducted with different FLs (1% up to 99% of line length)

(a) (b)

(c) (d)

Fig. 13. FL error% considering measurement errors and line length of 300 km.
(a) c1g. (b) a1b1c1. (c) a1b1-b2c2. (d) b1g-b2g.

and RF = 1 Ω. Fig. 13 shows the FL errors with and without
measurement errors. The maximum and average FL errors equal
respectively 0.39% and 0.145% without measurement errors,
while the maximum and average FL errors equal, respectively,
2.546% and 1.606% with measurement errors. The FL error is
about 2.5% at DF = 0.5 pu for the fault types (c1g, a1b1c1,
and a1b1 − b2c2), where (15) is applied for estimating the FL.
|ΔISF | is always equal to |ΔIRF | when a fault occurs at 0.5
pu, as derived in Appendix C. However, as the measurement
errors in the CTs are assumed to be +5% at one-end and −5%
at other end, the estimated error is about 2.5%. The VT and CT
measurement errors greatly affect the FL precision. However, in
the context of the overhead lines, they are still within acceptable
limits considering maximum measurement errors. Furthermore,
the above scenarios are repeated considering a line length of
100 km. Fig. 14 shows the FL errors with and without mea-
surement errors. The maximum and average FL errors equal,
respectively, 0.111% and 0.840% without measurement errors,
while the maximum and average FL errors equal respectively
2.499% and 1.655% with measurement errors. Notably, similar
outcomes are achieved when compared to the results obtained
for a line length of 300 km.

F. Testing of Evolving Faults

The evolving faults are ground faults that originate in one
phase and propagate to another phase at the same fault point
after a short duration [36]. To assess the impact of evolving
faults on the developed FL method, simulations are conducted
for various scenarios outlined in Table III, including different
normal-shunt and inter-circuit ground faults, different FLs (10%
up to 90% of line length), fault resistances, and fault inception
angles. The maximum and average FL errors equal 0.24% and
0.163%, respectively. It is evident that the developed method
can estimate accurately the locations of the evolving faults.

Authorized licensed use limited to: UNIVERSITAET BAYREUTH. Downloaded on April 16,2025 at 18:12:41 UTC from IEEE Xplore.  Restrictions apply. 



SABER et al.: PARAMETER-LESS FAULT LOCATOR FOR DOUBLE-CIRCUIT TRANSMISSION LINE 2625

(a) (b)

(c) (d)

Fig. 14. FL error% considering measurement errors and line length of 100 km.
(a) c1g. (b) a1b1c1. (c) a1b1-b2c2. (d) b1g-b2g.

TABLE III
RESULTS OF EVOLVING FAULTS

G. Testing of Different Loading Conditions

The FL accuracy may be influenced by the changes in the
loading conditions. In order to emphasize the impact of different
loading conditions, the developed FL method is evaluated with
different values of pre-fault current (0.1, 0.5, and 1 pu). The FL
results are outlined in Table IV considering all fault types and
FLs (0.1, 0.5, and 0.9 pu). The results in Table IV demonstrate
the robustness of the developed FL method against varying load
conditions, where the maximum and average FL errors equal
0.20% and 0.123%, respectively. The results reveal the efficacy
of the developed method for locating faults in double-circuit
lines.

H. Testing of Only Single-Circuit Line

The previous FL methods in [28] and [31] are not applicable if
one of the two circuits is out-of-service, while the developed FL
method is applicable in such cases by solving (32). To verify the

TABLE IV
RESULTS FOR DIFFERENT LOADING CONDITIONS

TABLE V
RESULTS FOR DIFFERENT FAULT TYPES CONSIDERING SINGLE-CIRCUIT LINE

developed FL method under such conditions, various scenarios
are implemented with different fault types, FLs (0.1, 0.5, and
0.9 pu), and fault resistances (0.01, 1, and 100Ω). The FL results
are outlined in Table V, where the maximum and average FL
errors equal 0.76% and 0.17%, respectively. In the context of
overhead lines, the FL errors remain within acceptable limits,
and the results demonstrate the effectiveness of the developed
method, even when one of the two circuits is out-of-service.

I. Influence of CT Saturation

The CT may be saturated, if a severe fault occurs. The burden
impedance of the CT secondary side is one of the main factors
causing the saturation of the CT. With increasing the CT burden
impedance, the CT is likely to be saturated; especially in the case
of double- and three-line faults due to the high possibility of the
decaying DC component. To demonstrate the developed method
against the CT saturation, the burden impedance is selected at
2.5 Ω, and a three-phase fault (a1b1c1) is carried out near to
one terminal, i.e., at 5% of the line length away from terminal
(S) with a very low RF of 0.01 Ω. Fig. 15 shows the current
waveforms of the two circuits at the nearest terminal (S). The
CTs of phases b1 and c1 of circuit-1 (IS−b1 and IS−c1) saturates
within 3 cycles after the fault instant, while the CTs of the healthy
phases of circuit-2 do not saturate. In this case, (15) is applied
to obtain the FL, and the FL error is estimated to be 0.53%.
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Fig. 15. Current waveforms of the double-circuit line at terminal S due to a
three-line fault in circuit-1at 5% of line length away from terminal S.

(a) (b)

(c) (d)

Fig. 16. FL error% for the developed method and [28] for different FLs and
fault types. (a) SLG. (b) LL. (c) LLL. (d) a1c1g-a2b2g.

J. Comparative With Existing Techniques

In [26], the derived FL equation has two unknown variables
(SA between both terminals and fault distance), and this method
is not valid for identical inter-circuit faults. For the purpose
of comparison, Different fault types are conducted, including
normal-shunt faults and non-identical inter-circuit faults, with
different FLs and RF = 1Ω. The FL errors are given in Fig. 16,
where the maximum and average FL errors are respectively
0.24% and 0.14% for the developed method compared with
1.10% and 0.15% for that in [28]. The developed method is more
accurate than that in [28] in the case of the non-ground faults
because the FL in [28] is obtained in the sequence-domain,
where positive, negative, or zero-sequence component can be
utilized in the case of the untransposed lines. Conversely, the

(a) (b)

Fig. 17. FL error%: (a) Developed method and [29], (b) Developed method
and [31]. (a) a1g-b2g. (b) a1-b2.

developed method is formulated in the phase-domain, combin-
ing all phases together as depicted in (15), which provide more
accurate results.

In [29], the FL method is introduced for double-circuit lines
relying on unsynchronized positive-sequence current and volt-
age data without the need for line parameters and ignoring
line capacitance. It relies on establishing a correlation between
the unknown SA and fault point to estimate the FL. The FL
equation is derived employing the lumped parameter line model
with ignoring the line capacitance. Then, the least-square error
approach is applied to estimate the FL utilizing unsynchronized
data from both terminals. To compare the developed method with
this technique, inter-circuit faults (a1g − b2g) are conducted
with different FLs and RF = 5 Ω. As shown in Fig. 17(a),
the maximum and average FL errors are respectively 0.24%
and 0.14% for the developed method compared with 0.85% and
0.44% for that in [29]. It is evident that the developed method
achieves better performance than that in [29].

Besides, the developed method is compared with the tech-
nique in [31]. This technique introduces a FL algorithm on a
transposed double-circuit line without the need for line parame-
ters and utilizing unsynchronized positive-sequence current and
voltage data. It takes into account the distributed parameter
line model in FL derivation. Inter-circuit faults (a1 − b2) are
conducted with different FLs and RF = 5 Ω. As presented in
Fig. 17(b), the maximum and average FL errors are respectively
0.230% and 0.137% for the developed method compared with
0.230% and 0.141% for that in [31]. While the proposed method
relies on the π model, it attains similar results to those in [31],
which relies on the distributed parameter line model. Addition-
ally, the technique in [31] fails when an identical inter-circuit
fault occurs, and if one of the two circuits is out-of-service.

Moreover, the developed method is compared with the tech-
niques in [25] and [27], which are applicable for single-circuit
lines. A SLG faults are conducted with different FLs and RF =
1 Ω. As shown in Fig. 18, the maximum and average FL errors
are respectively 0.155% and 0.08% for the developed method
compared with 0.266% and 0.138% for that in [25], and 0.550%
and 0.245% for that in [27]. It is clear that the developed method
provides more accurate FL results compared with those in [25]
and [27].

The proposed method is evaluated in comparison with existing
techniques in the literature [28], [29], [30], [31], which are
applied to the double-circuit lines, as illustrated in Table VI. All
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Fig. 18. FL error% for the developed method, [25], and [27].

TABLE VI
COMPARISON WITH EXISTING TECHNIQUES

existing techniques and proposed method were tested against
low and high fault resistances. Only the proposed method and
[30] consider all fault types, including normal-shunt faults as
well as identical and non-identical inter-circuit faults. In ad-
dition, all existing techniques and proposed method consider
line capacitance in FL derivation, except [29]. Furthermore,
the techniques in [28], [29], and [31] rely only on post-fault
data. Thus, they are not affected by pre-fault loading conditions,
and there is no need to calculate the pre-fault SA. On the other
hand, the proposed method and [30] utilize pre- and post-fault
data, which requires considering different loading conditions
and calculating both pre- and post-fault SA. However, unlike
the proposed method, the technique in [30] does not account
for different loading conditions and different synchronism mis-
matches in the pre- and post-fault data. Finally, only the proposed
method and [28] take into account the effect of measurement
errors, unlike other techniques.

IV. CONCLUSION

A parameter-free FL method is introduced for the double-
circuit transmission lines using the unsynchronized pre- and
post-fault voltage and current data. Firstly, the FL equation is
deduced for normal-shunt and non-identical inter-circuit faults,
where it is based on equating the voltage phasors’ difference
at the FL between identical phases in the two circuits. The
unsynchronized current phasors at both line terminals are only
needed. However, the developed FL equation is viable for all

Fig. 19. Double-circuit line representation during fault conditions (lumped
line model).

fault types except the identical inter-circuit faults. Therefore, a
FL equation is derived in the case of the identical inter-circuit
faults without the need for line parameters. Besides, a time
synchronization is not needed since a methodology is proposed
to obtain the SA between both terminals utilizing the pre-fault
data. The simulation results affirm the high efficiency of the
developed method for several fault resistances, locations, and
types. Besides, the developed method offers a solid performance
for the inter-circuit faults, evolving faults, measurement errors,
and different loading conditions. Furthermore, it remains appli-
cable when one of the two circuits is out-of-service.

APPENDIX

A. Derivation of the Right-Hand Side of (10) and (11)

The derivation of right-hand side of (10) and (11) is shown in
the top of the next page.

B. VT Main Information

C. CT Main Information

D. Faults At 50% of Line Length

For simplicity, consider the lumped-line model and self-
impedance of the double-circuit line only. Fig. 19 shows a (a1g)
fault at 0.5 per-unit in ciccuit-1 and corresponding phase a2 in
ciccuit-2, which are connected to same buses at line ends. The
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[ZSR] [ISF ] =

⎡
⎢⎢⎢⎢⎢⎢⎣

za1,a1ISF ,a1 + za1,b1ISF ,b1 + za1,c1ISF ,c1 + za1,a2ISF ,a2 + za1,b2ISF ,b2 + za1,c2ISF ,c2

zb1,a1ISF ,a1 + zb1,b1ISF ,b1 + zb1,c1ISF ,c1 + zb1,a2ISF ,a2 + zb1,b2ISF ,b2 + zb1,c2ISF ,c2

zc1,a1ISF ,a1 + zc1,b1ISF ,b1 + zc1,c1ISF ,c1 + zc1,a2ISF ,a2 + zc1,b2ISF ,b2 + zc1,c2ISF ,c2

za2,a1ISF ,a1 + za2,b1ISF ,b1 + za2,c1ISF ,c1 + za2,a2ISF ,a2 + za2,b2ISF ,b2 + za2,c2ISF ,c2

zb2,a1ISF ,a1 + zb2,b1ISF ,b1 + zb2,c1ISF ,c1 + zb2,a2ISF ,a2 + zb2,b2ISF ,b2 + zb2,c2ISF ,c2

zc2,a1ISF ,a1 + zc2,b1ISF ,b1 + zc2,c1ISF ,c1 + zc2,a2ISF ,a2 + zc2,b2ISF ,b2 + zc2,c2ISF ,c2

⎤
⎥⎥⎥⎥⎥⎥⎦

(A1)

The same phases of both circuits in (A1) are subtracted from each other:

[Δ (ZSRISF )]=

⎡
⎣(za1,a1−za1,a2) (ISF,a1−ISF,a2)+(za1,b1−zb1,a2) (ISF,b1−ISF,b2)+(za1,c1−zc1,a2) (ISF,c1−ISF,c2)
(zb1,a1−za1,b2) (ISF,a1−ISF,a2)+(zb1,b1−zb1,b2) (ISF,b1−ISF,b2)+(zb1,c1−zc1,b2) (ISF,c1−ISF,c2)
(zc1,a1−za1,c2) (ISF,a1−ISF,a2)+(zc1,b1−zb1,c2) (ISF,b1−ISF,b2)+(zc1,c1−zc1,c2) (ISF,c1−ISF,c2)

⎤
⎦

(A2)

Rearrange:

[Δ (ZSRISF )] =

⎡
⎣za1,a1 − za1,a2 za1,b1 − zb1,a2 za1,c1 − zc1,a2
zb1,a1 − za1,b2 zb1,b1 − zb1,b2 zb1,c1 − zc1,b2
zc1,a1 − za1,c2 zc1,b1 − zb1,c2 zc1,c1 − zc1,c2

⎤
⎦
⎡
⎣ISF,a1 − ISF,a2

ISF,b1 − ISF,b2

ISF,c1 − ISF,c2

⎤
⎦ (A3)

Similarly:

[Δ (ZSRIRF )] =

⎡
⎣za1,a1 − za1,a2 za1,b1 − zb1,a2 za1,c1 − zc1,a2
zb1,a1 − za1,b2 zb1,b1 − zb1,b2 zb1,c1 − zc1,b2
zc1,a1 − za1,c2 zc1,b1 − zb1,c2 zc1,c1 − zc1,c2

⎤
⎦
⎡
⎣IRF,a1 − IRF,a2

IRF,b1 − IRF,b2

IRF,c1 − IRF,c2

⎤
⎦ (A4)

voltages at both terminals are written as:

VSF , a = 0.5Za1,a1ISF,a1 + IFRF (C1)

VRF , a = 0.5Za1,a1IRF,a1 + IFRF (C2)

VSF , a− VRF , a = Za2,a2 IS,a2 (C3)

IS,a2 = −IR,a2 & Za2,a2 = Za1,a1 (C4)

where IF is the ground fault current, substituting (C1) and (C2)
into (C3):

0.5Za1,a1 (ISF,a1 − IRF,a1) = Za2,a2 IS,a2 (C5)

Considering (C4), rearranging (C5):

(ISF,a1 − IS,a2) = (IRF,a1 − IR,a2) (C6)

It is clear that when a fault occurs at 0.5 per-unit, the difference
between the phase currents of both circuits at one terminal is
equal to that of the other terminal. The same derivation can be
also carried out for other fault types.
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