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ABSTRACT

Fault location and distance protection are essential smart grid technologies ensuring reliability of the power system.
This paper describes an accurate algorithm for locating faults on double-circuit transmission lines. The proposed ap-
proach is capable of identifying the faulted circuit of a parallel transmission line by checking the estimated fault loca-
tion and fault resistance. Voltage and current measurements from only one of the terminals of the faulty line are used.
No pre-fault data are required for the estimation. The lumped parameter line model considering shunt capacitance is
utilized for the derivation of the algorithm. It’s assumed that line parameters are known and transmission lines are fully
transposed. The method is applicable to all types of faults. It’s evinced by evaluation studies that the proposed algo-
rithm can correctly determine the faulted circuit in most cases. For exceptional cases, the current waveforms during the
fault can be used to help identify the faulted circuit. The proposed algorithm generates quite accurate fault location

estimates, and may be suitable for distance relaying.
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1. Introduction

To provide more reliable operations and higher power
transfer capability, double circuit transmission lines are
becoming more widely utilized in the power transmission
systems. Since quick power system restoration and less
outage time are important to the power grid, especially
for the emerging smart grid, researchers developed vari-
ous fault location algorithms for quick and accurate fault
location on power transmission lines.

Most of the fault location approaches are based on
voltage and current measurements acquired from one end
or several ends of the lines. In papers [1-4], data from
only one terminal of the faulted line are used for finding
fault position on double-circuit lines. For double-circuit
transmission lines, the mutual coupling between the ad-
jacent lines can affect the fault location estimation con-
siderably [5]. In order to solve this problem, authors of [1]
made use of modal transformation technique to convert
the coupled equations of transmission line into decoupled
ones. As a result, the effects of mutual coupling as well
as pre-fault currents and charging currents have been
eliminated. A fault location algorithm, independent of
source impedances, fault resistance and remote infeed is
described in [2]. By using phase currents from both the
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sound and faulted circuits together with the phase volt-
ages as the input signals, [4] provide fault location
methods for iteratively compensating the effects of line
shunt capacitances for enhanced accuracy.

Measurement data at both ends of the faulty line are
fed to two-terminal methods for locating faults in [6,7].
A method described in [6] decomposes the parallel
transmission line network into a differential component
network and a common component network. Although
very short data window is needed and any segment of the
data after fault can be utilized as the input for the method,
this algorithm is not applicable to all kinds of parallel
transmission line systems. Reference [7] presents a fault
location method based on distributed line model. How-
ever, phasor measurements units (PMU) for synchro-
nized data and continuous monitoring of the line under
normal operation are required.

Multi-terminal methods implemented with signals
available from several buses are discussed in [8,9]. An
approach proposed in [8] employs the magnitude of the
differential currents at each terminal to locate the fault
for multi-terminal two parallel transmission lines. Since
fault location algorithms usually varies according to dif-
ferent fault types, Funabashi and et al. developed their
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method, in which for all types of faults, the equations
used for pinpointing the fault location are the same [9].

Although two-terminal and multi-terminal methods
usually produce more accurate results, one-terminal ap-
proaches still have advantages such as simplicity and no
need for communication with remote end.

In recent years, some special methods for finding fault
positions on parallel transmission lines are presented in
[10,11]. As we know, most of the fault location algo-
rithms for double circuit lines require measurements
from at least one of the local terminals. One of the ad-
vantages of [10] is that only voltage measurements from
one or two buses, which can be far from the faulted sec-
tion, are needed. Due to this reason, the new approach
can be taken as a method in case there is no data-re-
cording device near the faulted line. Authors of [11] ap-
ply Artificial Neural Networks (ANNSs) to fault analysis
for fault detection, fault classification and fault location.
For different aims of fault analysis, the particular Neu-
ral-network structure is selected with the help of a soft-
ware tool named SARENEUR.

Generally speaking, the existing fault location methods
are suitable for off-line analysis. This paper aims to pre-
sent a method for online applications, which is capable of
identifying the faulted circuit and locating the faults as
well. In other words, the proposed method does not need
to know which circuit of the parallel line is faulted. In
this paper, in order to enhance the accuracy of the esti-
mates, shunt capacitances of long lines are considered in
the power system model utilized in [2]. It is assumed that
the network data, including source impedances and
transmission line parameters, are known. It is also as-
sumed that power lines are fully transposed, and the
positive- and negative-sequence line impedances are
equal. Compared to [4], the proposed method in this pa-
per solves one equation to directly obtain the fault loca-
tion without the need to iteratively compensate the line
shunt capacitances. Therefore, the proposed method may
be suitable for online distance protection.

Section 2 presents the proposed fault location ap-
proaches with boundary condition for each type of fault.
An online protection method for parallel transmission
lines is discussed in detail as well. Simulation studies
based on Electro-Magnetic Transients Program (EMTP)
under diverse fault conditions are reported in Section 3
[12], followed by the conclusion.

2. Fault Location Algorithm for Parallel
Transmission Lines

The system diagram adopted for deriving the new fault
location algorithm is shown in Figure 1. Although the
distributed parameter line model is more accurate for
modeling lines than the nominal-P1 model, the distributed
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Figure 1. Circuit diagram used for developing the new al-
gorithm.

parameter model is more computationally demanding. For
the interests of computational efficiency, the nominal-PI
model is utilized. Only voltage and current measurements
at terminal P are used for estimating the fault location.
Positive, negative and zero sequence circuits of the
system are depicted in Figure 2(a), Figure 2(b) and
Figure 2(c), respectively. Suppose a fault with a fault
resistance of R, occurs on circuit 1 at location R. The
following notations are defined for deriving the algorithm:
VopVip, Vs, Z€ro, positive and negative sequence
voltages at terminal P, respectively;
Vog:Vaq:Voq  Z€T0, positive and negative sequence
voltages at terminal Q, respectively;
Vor1: Vo, Z€ro sequence voltages at bus R and F, re-
spectively;
V,,,V,, positive and negative sequence voltages at bus
R, respectively;
lopts lipss 1o Z€FO, positive and negative sequence
currents through circuit 1 at terminal P, respectively;
lop2s lip2s 155, Z€FO, positive and negative sequence
currents through circuit 2 at terminal P, respectively;
logs ligrs 12qe  Z€TO, positive and negative sequence

currents through circuit 1 at terminal Q, respectively;
logar g2 12q2  Z€TO, positive and negative sequence
currents through circuit 2 at terminal Q, respectively;

Vo' Viee Voo ZErO, positive and negative sequence
voltages at fault location E, respectively;

Zog: 21y, Z,, total zero, positive and negative se-
quence series impedances of circuit 1 respectively and
Zig =2y,

Zos 2y, Z,, total zero, positive and negative se-
quence series impedances of circuit 2 respectively and
Ziy=2Zyps

Yo Yy, Y, total zero, positive and negative sequence
shunt admittances of circuit 1 respectively and Y, =Y,,;

Yop, Y10, Yy, total zero, positive and negative sequence
shunt admittances of circuit 2 respectively and Y, =Y,,;

Z,, total zero sequence mutual impedance between
circuit 1 and circuit 2;
Y, total zero sequence mutual admittance between
circuit 1 and circuit 2;

x fault distance from terminal P in per unit;

R; fault resistance in ohms;
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Figure 2. (a) Positive sequence circuit of the system. (b)
Negative sequence circuit of the system. (c) Zero sequence
circuit of the system.

Rf_seq
ohms.

fault resistance shown in sequence circuits in

2.1. Sequence Equations

Known phase voltages and currents at terminal P, we can
obtain the symmetrical components from phase compo-
nents by employing the symmetrical component theory
[13].
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From the positive sequence network shown in Figure
2(a), the following equations are obtained based on the
measurements at terminal P:

X
Vi :le —XZyy ( Ilpl _EYnle)

@
1-x
:qu - (1_ X) Zig ( Ilql _TYuqu j
1
qu :le -2, IlpZ _Elevlp 2
X X
Vi, = Rf_seq X(Ilpl _EYnle _§Y11V1r
1-x 1-x )
+ Ilql _TYnqu _TYllvlr j +Vlse

Eliminating V,, and 1, from Equations (1), (2)
and (3), it yields

1 X
Vlse = Rf_seq X[_m(llpl _EYllvlpj

k 1 1 1 @
+ﬁ( |1p2 —Elevlpj'l' {EYM +R—Jvlr :| y

f_seq

where

=22, ©)
lel

Similarly, for negative sequence network, the follow-
ing equation is derived:

1 X
V25e = Rf_seq X|:_H( I2p1 _EYll\/ij
k 1
+ﬁ(|2p2 _EY12V2pJ (6)

+ [EYM + 1 V,,
2 Rf _seq

For zero sequence circuit, the following four equations
hold according to Figure 2(c):

X
V0r1 :VOp - X2051 ( I0p1 _EYOIVOpj

X
_XZOm ( |0p2 _EYOZVOpJ
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X
Vorz :VOp - XZOSZ(IOpZ _EYOZVOp)

X
- XZOm ( I0p1 _EY01VOp ]

1oy )
:VOq - (1_ X)ZOsz [ |0q2 _TYOZVOq j
1-x
- (1_ X) ZOm [ I0q1 - TYOIVOq j
X X X
IOpZ _EYoz\/Op _EYOZVOrZ _EYOm (VOrZ _Von)
1-x 1-x
= _{ |0q2 _TYOZVOq _TYOZVOrZ )
1-x
_TYOm (VOrZ _VOrl )j|
X X
VOrl = Rf_seq ><I:IOpl _EYOIVOp _EYOlVOrl
X
_EYOm (VOrl _V0r2 ) + IOql
1-x 1-x (10)
_TYMVOq _TY01V0r1

1-x
_TYOm (VOrl _V0r2 )i| +VOse

Eliminating V,,, l,, and Iy, from Equations (7),
(8), (9) and (10), it follows

1 X
VOse = Rf_seq X[_E(Iom _EYOlVOpj

k X
+ﬁ(|0p2 _EYOZVOpj

. ) (11)
+§(Y01 +Yom +KoYom +—]V0r1
f _seq
1
_E(koYoz +Y0m + kOYOm )V0r2 ’
where
k, = ﬁ (12)
ZOsl - ZOm

2.2. Boundary Conditions

In this section, boundary conditions for single line to
ground (LG), line to line (LL), line to line to ground
(LLG) and balanced three-phase (LLL) faults are de-
scribed respectively with details. Newton-Raphson me-
thod is applied to estimate the fault location after the
final equations are acquired.
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2.2.1. Single Line to Ground Faults

Phase A to ground (AG) faults are taken as an instance
for deriving the new algorithm. For AG faults, the
boundary condition is given as

VOse +Vlse +V25e = 0 (13)

Substituting Equations (4), (6), (11) into (13) leads to
A+AX+AX =R ><(ﬁA4 +AX+ Ahxzj, (14)

where A, A, A, A, A, A are constants defined in Ap-
pendix I.

Rearranging Equation (14), it becomes
B,x> + B,x* + B,x+B,
Byx* +B,x* + Bx+B;

(15)

f_seq =

where B,,B,,B,,B,,B;,Bs,B,,B, are constants defined

in Appendix I.
Since R; , Isthe sequence fault resistance in ohms,
it is a real number, or equivalently
Rf_seq = Rf_seq' (16)

where the bar over a variable represents the its complex
conjugate.
Substituting (15) into (16) results in

f,(X) =Cx° +CeX’ +Cox* +C, X +Cyx* +C,x+C, (17)
f,(x)=0, (18)

where C,,C,,C,,C,,C.,C,,C, are constants defined in
Appendix I.

By applying the Newton-Raphson method to function
f,(x) as follows, fault location x can be estimated

accurately.
df
Ax=—1, (% )/ [dx(xk )} 19)

Xy = Xy +AX (20)

where

X, isthe estimate of x atthe k, iteration;

Ax is the difference between two successive estima-
tions;

k is the iteration number starting from 1.

An initial value of x, =0.5 for fault location can be
adopted for the iterative approach. The iteration can be
terminated when the desired tolerance for x is reached.
After x is obtained, Equation (15) can be utilized to
compute the value for R, ... Due to the calculated
R; « from Equation (15) may have negligible imagi-
nary part, the real part of R, ., is taken as the final
estimate for sequence fault resistance.

It’s worth noting that R, ., is the fault resistance
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demonstrated in the sequence circuits while R, is the
actual fault resistance for each type of fault. Under AG
fault, R, is the resistance between phase A and the
ground. In this case, R; =R; .

The following procedure is utilized to determine which
circuit of the parallel lines is faulted. First of all, we as-
sume the fault occurs on circuit 1. Then, the proposed
algorithm is employed to calculate the estimated x and
R;.If x isoutofrange from0Otolor R; islessthan
0, it means the assumption is incorrect. Then, we run the

algorithm again by assuming circuit 2 is the faulty circuit.

Study results show that for various fault locations and
resistances, this approach can successfully distinguish the
sound and faulty circuits.

2.2.2. Line to Line Faults

Take phase B to phase C (BC) faults as an example.
Phase B is connected to phase C though a fault resistance
of R;. The boundary condition for BC faults is de-
scribed as

Vlse (21)

Substituting (4) and (6) into (21), similar function as
(17) can be acquired:

f,(X) = D,x° + Dgx° + Dgx* + D,x°
+D,x* + D,x+ D,
f,(x)=0 (23)

where D, D,,D,;,D,,D,,Dg,D, are constants, which
will not be provided with details in this paper.

By employing the Newton-Raphson approach to func-
tion f,(x), fault location x can be well estimated and
therefore R can be obtained as well. For BC faults,
R, =2xR

=V

2se”

(22)

f _seq
f_seq "

2.2.3. Line to Line to Ground Faults

For line to line to ground faults, a phase B to phase C to
ground (BCG) fault is discussed in details. In this case,
both phase B and phase C are grounded through a resis-
tance R, . For BCG faults, boundary condition is written
as

V,

1se

=V

2se” (24)

Since the boundary condition for BCG faults and BC
faults are the same, we have identical equations for cal-
culating fault location x and sequence fault resistance

Ri «- Rr=R under BCG faults.

2.2.4. Balanced Three-Phase Faults
For LLL faults, boundary condition is given as
Vlse :VZSe =0. (25)
Because the boundary condition for LLL faults satis-
fies the boundary condition for BC faults, the same equa-

f_seq
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tions developed under BC faults can be used for LLL
faults to estimate fault location x and sequence fault
resistance R; ,. R; is equal to R during bal-
anced three-phase faults.

One distinctive feature of the developed algorithm is
its capability to identify which circuit of the parallel line
is faulted utilizing the following procedure. We will first
assume that the fault falls on circuit 1 and applies the
developed method. If the obtained fault location estimate
is within zero and one and fault resistance estimate is
larger than zero, it indicates that the assumption is cor-
rect. Otherwise, we will apply the developed method
assuming that the fault occurs on circuit 2 to obtain a
new pair of estimates. The evaluation studies presented
in Section 3 illustrate this process.

f _seq

3. Evaluation Studies

In this section, the EMTP package has been adopted to
simulate a double-circuit line system under diverse fault
conditions based on the distributed parameter line model
[12]. A 50 Hz power system shown in Figure 3 is mod-
eled for the study. The simulated power system consists
of two generators at the two ends and a 200-mile parallel
transmission line. One of the circuits is suffering from
the fault. Generator information and line parameters are
presented in Tables 1, 2 and 3. In this study, base values
of 500 kV and 100 MVA are chosen for the per unit sys-
tem. In the studies, all the simulated faults are placed on
circuit 1.

© @

g m—

Figure 3. Schematic diagram of studied power system.

Table 1. Source impedance.

Generator Voltage® Positive Sequence  Zero Sequence
(kV) Impedance (p.u.) Impedance (p.u.)

G, 565.69,20° 0.319 +j19.7544  0.2872 + j8.4968
G, 565.69/0°  0.4745+j 28.6908 0.6829 + j23.9267

a. Line to neutral voltage.

Table 2. Transmission line parameters for both circuits.

Positive Zero Positive Zero
Sequence Sequence Sequence Sequence
Impedance Impedance Admittance Admittance
(Q/mile) (Q/mile) (S/mile) (S/mile)
0.061 +j0.3513 0.268 +j1.0371  j4.66x10°  j2.7018 x 10°
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Table 3. Mutual coupling between circuit 1 and circuit 2.

Zero Sequence Mutual
Impedance ((/mile)

Zero Sequence Mutual
Admittance (S/mile)

0.23 +j 0.6308 j1.6242 x 10°°

Transient waveforms generated from EMTP are proc-
essed to obtain the voltage and current phasors. Fault
location estimates are acquired by implementing the new
algorithms in Matlab. Table 4 presents the results under
various fault conditions when assuming faults occurring
on circuit 1. In the table, x is defined as the distance in
per unit from the fault point on the faulty circuit to bus 1.
The first three columns of Table 4 list the actual fault
type, fault resistance and fault location, respectively.
Fault location estimates are given in the fourth column in
per unit. Evaluation studies indicate that all of the simu-
lated faults are on circuit 1 and quite accurate estimates
for fault location are generated by the algorithms.

As indicated in Section 2, the developed algorithm is
capable of identifying which circuit of the parallel line is
faulted. For instances, let us assume that the fault occurs
on circuit 2, the fault location estimates are obtained as
shown in Table 5. “N/A” indicates that an estimate of
fault location within zero and one cannot be found. It is
evinced that either the fault location estimate is out of the
range from zero to one or the fault resistance estimate is
less than zero and thus indicates that the fault does not
occur on circuit 2, but occurs on circuit 1.

Sometimes, the algorithm can produce a valid solution
if the fault is assumed to be on the actually healthy cir-
cuit. For example, for an AG fault occurring on circuit 1
at m=0.2 with R, =1 ohm, if we assume the fault is
on circuit 2, the proposed algorithm yields the estimate
pair m=0.572 and R; =0.125 ohm, which is a valid
solution. Under such circumstances, we cannot tell which
circuit is the faulty one. More research is needed to find
out under which fault conditions this phenomenon will
occur. Under such circumstances, the current waveforms
are utilized to identify the faulty circuit because the
faulty circuit has larger currents than the healthy circuit
due to the fault.

The method proposed in this paper generally yields
higher accuracy than the method described in [2] for LL,
LLG and LLL faults. For LG faults, the new method is
more accurate if the fault resistance is larger than 100
ohms, but is not as accurate as the one in [2] for fault
cases with smaller resistances. So for LG faults with
small estimated fault resistances, the method in [2] can
be applied.

4. Conclusions

A novel fault location algorithm considering shunt ca-
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Table 4. Fault location results assuming faults occurring on
circuit 1.

Fault Actual fault Estimated fault
Fault . . .
tvpe resistance location location X
P Q) (per unit) (per unit)
0.2 0.200
0.5 0.498
1 0.8 0.790
0.9 0.886
0.95 0.934
0.98 0.962
0.2 0.200
0.5 0.500
0.8 0.797
LG 100 0.9 0.897
0.95 0.946
0.98 0.976
0.2 0.201
0.5 0.504
0.8 0.804
300 0.9 0.904
0.95 0.954
0.98 0.982
0.2 0.200
0.5 0.499
1 0.8 0.795
0.9 0.892
0.95 0.941
0.98 0.970
LL
0.2 0.200
0.5 0.499
0.8 0.795
10 0.9 0.893
0.95 0.942
0.98 0.971
0.2 0.200
0.5 0.499
1 0.8 0.795
0.9 0.892
0.95 0.941
0.98 0.970
0.2 0.200
0.5 0.501
0.8 0.801
LLG 100 0.9 0.900
0.95 0.950
0.98 0.980
0.2 0.201
0.5 0.503
0.8 0.805
300 0.9 0.905
0.95 0.954
0.98 0.984
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02 0.200
05 0.499
. 0.8 0.795
0.9 0.892
0.95 0.941
0.98 0.970
LLL
0.2 0.200
05 0.499
08 0.795
10 0.9 0.894
0.95 0.943
0.98 0.972

Table 5. Fault location results assuming faults occurring on
circuit 2.

Fault Actual Estimated Estimated
Fault au fault fault fault
resistance . . .
type © location location X resistance
(per unit) (per unit) R¢(Q)
0.2 0.354 —240.959
0.5 0.762 -141.080
0.8 0.983 =24.77
LG 300
0.9 N/A N/A
0.95 N/A N/A
0.98 N/A N/A
0.2 N/A N/A
0.5 N/A N/A
0.8 N/A N/A
LL 10
0.9 N/A N/A
0.95 N/A N/A
0.98 N/A N/A
0.2 0.478 -195.525
0.5 0.884 —69.383
0.8 N/A N/A
LLG 300
0.9 N/A N/A
0.95 N/A N/A
0.98 N/A N/A
0.2 N/A N/A
0.5 N/A N/A
0.8 N/A N/A
LLL 10
0.9 N/A N/A
0.95 N/A N/A
0.98 N/A N/A

pacitance has been discussed in this paper. Only voltage
and current measurements at one of the terminals are
needed. No pre-fault data is required in the approach.
Lumped parameter line model is used instead of the dis-
tributed line model for the interests of computational
efficiency. The proposed algorithm may be utilized for
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online protection. By examining the estimated fault loca-
tion and fault resistance obtained under a certain assump-
tion, the new method can distinguish the sound and
faulted circuits in most cases. Besides, the new approach,
which is applicable to both symmetrical and unsymmet-
rical faults, is independent of source impendence and
fault resistance. Simulation studies have demonstrated
that the algorithm produces quite accurate estimates for
all kinds of faults.
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B, =-A (A7)
B,=A-A (A.8)
B,=A-A (A.9)
B, = A, (A.10)
B, =-A, (A.11)
B, =—A (A.12)
B, =A-A (A.13)
B, = A, (A.14)
C,=B,B, - BB, (A.15)

(A.16)
C,=B,B,-B,B,+B,B,~B,B,+B,B, —BB, (A.17)
_ -

C4=B4BS_B4BS+ 3 Bs — B3B; (A.18)
+Bz 7_BZB7+Bl a_BlBa
C,=B,B,-B,B, +B;B, (A19)
~B,B, +B,B, - B,B,
Ce= B4_7_8_487 + B3B_8_B_388 (A.20)
C, =B,B,-B,B, (A.21)
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