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Abstract—A new fault-location algorithm for series-compen-
sated double-circuit transmission lines utilizing two-terminal
unsynchronized voltage and current measurements is presented
in this paper. The mutual coupling between the parallel lines in
the zero-sequence network is fully considered. The distributed
parameter line model is adopted to fully take into account the
shunt capacitance of the line. By formulating voltages and cur-
rents at the fault point in terms of the unknown fault location,
boundary conditions under different fault types are used to derive
the fault location. Two subroutines assuming the fault occurs
on the left or right side of the series compensator are developed
and the principle to identify the correct fault-location estimate
is described. Matlab SimPowerSystems is employed to generate
cases under diverse fault conditions for validating the proposed
fault-ocation algorithm. Evaluation studies have shown that the
proposed algorithm has achieved quite accurate results.

Index Terms—Current phasors, double-circuit transmission
line, fault location, series compensation, two terminal, voltage
phasors.

I. INTRODUCTION

HE SERIES compensation (SC) device is sometimes

installed for long transmission lines to improve power
transfer capability, enhance power system stability, damp
power system oscillations, etc. The SC device can be a capac-
itor bank or thyristor-based power-flow controller, which is
usually protected by a metal-oxide varistor (MOV) device. As
is known, after a fault occurs, it is important to accurately locate
the fault in order to quickly repair the faulted component and
restore service [1]-[4]. In the past, fault-location algorithms
for series-compensated lines have been developed based on
synchronous or asynchronous data [5], [6].

Algorithms for single-circuit series-compensated transmis-
sion lines are described in [7]-[16]. Reference [7] puts forth a
one-end fault-location algorithm using phase coordinates. In
[8], based on the distributed time-domain model, two voltages
are calculated from synchronized voltages and currents from
two terminals and the fault distance is found to be the point
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where these two voltages are equal. Decoupled by modal trans-
formation, a two-end unsynchronized fault-location technique
based on the distributed parameter line model is presented
in [9]. For [7]-[9], the calculation of voltage drop across the
compensation device relies on the equivalent model of the
SCs&MOVs. Reference [10] provides a time-domain two-end
algorithm using the lumped parameter model with shunt and
mutual capacitance ignored, where the instantaneous voltage
drop across the compensation device is estimated. Reference
[11] proposes a synchronous two-end algorithm based on the
distributed parameter line model. Razzaghi et al. [12] extend
the Electromagnetic Time Reversal theory to the fault location
on the series-compensated multiconductor transmission lines.
A fault-location method based on the distributed parameter line
model for single-circuit transmission lines has been developed
in [13]. Wavelet transform and neural-network techniques have
been exploited to locate faults in [14]-[16].

Fault-location algorithms for double-circuit series-compen-
sated transmission lines are reported in [17]-[21]. Maekawa et
al. [17] describe two impedance-based fault-location methods
using one-terminal and two-terminal measurements, respec-
tively, which adopt the lumped parameter line model and
ignore the shunt capacitances of lines. A one-end fault-location
algorithm using phase coordinates has been proposed in [18],
based on the lumped parameter model of the transmission lines.
Reference [19] derives an analytical formula of the general fault
loop, from which both fault location and fault resistance can
be solved. The synchronization angle is computed in advance
using prefault measurements or fault quantities. This paper
adopts an approximate distributed parameter line modeling
of the zero-sequence circuits and does not consider the exact
zero-sequence mutual coupling between the two circuits. The
authors of [20] propose an adaptive digital distance relaying
scheme for intercircuit faults. In [21], the authors propose
another distance relaying scheme for a simultaneous open
conductor and ground fault. References [20] and [21] are
applicable for the scenario where SC/MOVs are located at both
ends of the parallel transmission lines.

In this paper, a novel fault-location method based on the dis-
tributed parameter line model for double-circuit lines is devel-
oped. The adopted model is able to accurately consider the mu-
tual coupling between the parallel lines under the zero-sequence
network, and fully takes into account the charging effect of the
lines and does not lose accuracy for long lines. It utilizes unsyn-
chronized two-terminal voltage and current phasors as inputs.
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Fig. 1. Schematic diagram of a series-compensated double-circuit transmission
line.

The voltages and currents at the fault point are formulated in
terms of the unknown fault location. Then, boundary conditions
of different fault types are exploited to derive the fault-location
formula. The synchronization angle is calculated using either
prefault quantities or fault quantities. It is assumed that the fault
impedance is purely resistive and the system is transposed. The
fault type is supposedly known in advance from the terminal in-
telligent electronic devices (IEDs). Since the proposed method
does not demand the equivalent impedance model of SC&MOV
to calculate the voltage across the SC&MOV, it thus does not
suffer the inaccuracy introduced in estimating the equivalent
impedance of SC&MOV. The proposed method does not re-
quire the availability of the two-terminal substation impedances
and is free of the impact of the fault impedance. Compared to
artificial-intelligence-based methods, the proposed method does
not require the training of the algorithm and can be deployed
directly.

The remainder of this paper is organized as follows. Section I1
derives the new fault-location algorithm. Section III presents
evaluation studies to validate the new method. Section IV con-
cludes this paper.

II. PROPOSED FAULT-LOCATION METHOD

A schematic diagram of a series-compensated double-circuit
transmission line is shown in Fig. 1. The prefault and during-
fault voltage and current phasors from the two terminals can
be retrieved from the IEDs installed at the respective substa-
tion. These measurements are communicated back to the control
room computer where the fault-location application is deployed.
The control room computer has access to the line parameters and
upon receiving the fault measurements, executes the fault-loca-
tion application and outputs the fault-location estimate for crew
dispatch.

In Fig. 1, the series capacitor is installed at a fixed location on
the transmission line. The MOV, equipped in parallel with SC,
will conduct when an overvoltage across the series capacitor is
detected. The series compensation device divides the transmis-
sion line into two sections. Since on which side the fault occurs
is unknown, this paper develops two subroutines addressing a
possible fault on either side. Subroutine 1 assuming the fault on
the left side of the series compensation device is derived in de-
tail and subroutine 2 assuming the fault on the opposite side is
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briefly described. Later on, the principle to determine the true
fault-location estimation is illustrated.
A. Subroutine 1: Fault on Left Side of the Series Compensator

The notations adopted in this paper are summarized first.

P.Q

Two terminals of the series-compensated
transmission line.

T Point where the series compensation device is
installed.

F Fault point.

S Point corresponding to the fault point on the
healthy circuit.

1 Symmetrical component index; ¢ = 0,1,2
for zero, positive, and negative sequence,
respectively.

m Unknown fault location in per unit from P to F'.

I Distance between P and T' in kilometers.

Iy Distance between () and T in kilometers.

[ Total length of the transmission line in
kilometers.

o Synchronization angle between P and ¢ with

P as the reference.

T Parallel line indicator; z = 1,2 for each of the
parallel lines.

Ilgif) ith sequence during-fault current phasor at P
of line x;

LSQ ith sequence during-fault current phasor at ¢}
of line .

Ib(i) ith sequence during-fault current flowing
through the SC&MOV bank.

v f(i) z'th. sequence during-fault voltage at the fault
point.

Vg(i) ith sequence during-fault voltage at the point
on the healthy circuit corresponding to the fault
point.

Ji 1th sequence fault current.

7

79 Contribution of the fault current from P under

vt the ¢th sequence network.

[[()i) During-fault current flowing from P to S under
the ¢th sequence network.

v v ™ sequence during-fault voltage phasors at P
and @, respectively.

20y 1th sequence self series-impedance and self
shunt-admittance of the line per kilometer,
respectively.

0 y;?,) Zero-sequence mutual series impedance and

mutual shunt admittance between the parallel
lines per kilometer, respectively.
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< g gl
Fig. 2. Zero-sequence series-compensated double-circuit line with a fault on the left side of SC&MOV.
7 (@) ith sequence equivalent self series-impedance VO Zy O (0 v Yo’ yp(f) 2O _ (1O _ Yp<)9) O
PI77PF and self shunt-admittance of the line between =V 2 —5 Vpr — (i =Yy 2 )im
P and F, respectively. (2)
0 0
Z)(c;), Y( i) ith sequence equivalent self series-impedance 10 _ 10y yp(f) o Yp(f) B (V(O) V(O)) 1(23 )
and self shunt-admittance of the line between pf TPl e 9 o9 f 2
F and T, respectively. (0 (© y.(0)
P Y 700 — O /(0 Yf’_f _yv© YP_f — (Vo V(O)) L (4)
70 () ith sequence equivalent self series-impedance pe L ) =2 s 2
7779 and self shunt-admittance of the line between
Q and T, respectively. Drawing on (A1)—(A6), (1)~(4) can be rearranged as
0
70 30 Zero-sequence equivalent mutual series Vf(O) — VP(O) cosh(ypmaml) —

Im>s = 1m

impedance and mutual shunt admittance of the
parallel lines between P and F’, respectively.

Zéo) Yz(O) Zero-sequence equivalent mutual series
" "™ impedance and mutual shunt admittance of the
parallel lines between £ and T, respectively.
Zéo) Y3(0) Zero-sequence equivalent mutual series
m? m

impedance and mutual shunt admittance of the
parallel lines between T" and (), respectively.

The schematic diagram of a zero-sequence series-compen-
sated double-circuit line with a fault occurring to the left of the
SC&MOV bank is shown in Fig. 2. The parameters including
Z9, Z0, YD v, 249, and Z.)) in Fig. 2 are calculated
[22(% as sl&own 1n the Appe{)ldlx whllg the parameters, including
Zi YD Y0,z v and Yy, can be similarly derived
and not shown here.

For the zero-sequence network, the following equations hold:

0) 0)
VO _y© O Vm)Ysz 29 (19 _y© Lo 1 7
f —'p 7( pl —Vp 2 ) pfi( p2 2 ) 1m

)

%1 [ZcmZ sinh (’V'mZ ml)

+ Zema sinh (v 1ml)]

19
- pTZ[ZC"‘Q Sinh('}/’mQ”Ll) - Zcm,l SiIlh(’ymﬁnl)] (5)
0

1
VS(O) = V;)(O) COSh('VmZml) - %[ZcmZ Sillh(%nzml)

— Zema sinh(ym1ml))
/O
— pTQ[Zcmg sinh(Ymaml) + Zem1 sinh(ymi1ml)]
(6)

1o

5 —=[cosh(y,naml) + cosh(v,1ml)]

o
+ )2 [cosh(ymaml) — cosh(yp1ml)]

4

) _
Ipf -

tanh(Ym2ml
_ VP(U) M[l + cosh(v,,2ml)] ™

cm?2
(0)
5 [cosh(fmeml) — cosh(ymiml))
o
+ )2 [cosh(Ymaml) + cosh(ym1)]

4

](0) — I
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) tanh( Tzl )

h 7 [1 4 cosh(y,2ml)]. (8)

Similarly, the current flowing through the series compensator
is formulated as

IE?) 2I(U)e15[cosh(fym2l2) + cosh(vmi1la)]

+ §I§g)ej5[COSh(vrrt2l2) — COSh(FlelQ)]

t h Yo zlz
OR JbM[l—i—COSh(’szlQ)]- ©)

cm?2

Equations (5)—(8) show that V(O) V(O) I(O ,and I(b are ex-
pressed in terms of V(U), Ilg[l)), IIE[Z)), and m. Equatlon 9 1nd1-
cates that Ifc) is expressed with respect to V(O> , Iq(?), and I

For the posmve or negative-sequence network, the formu-
lations of ](1 Vf( I 1()}), and IV (¢ = 1,2) are the same as
the single- 01rcu1t lines and are directly shown here [13]. See
(10)—(13) at the bottom of the page, where

20
@

S0 = /20y @,

Equations (10)-(12) show that I\, V", and I} are ex-
pressed in terms of V", V"), 1% 1D

> +plos gl

ZW =

and 7. Equation (13)

shows that T, 5) is expressed with respect to Vq(i) and I (511) .
Next, the fault-location formulas for different fault types are
derived.
1) LG Fault: For an AG fault, the following boundary con-
dition holds:
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()it is observed that the unknown fault location is eliminated
and the synchronization angle can be computed as follows [19]:

1 2 - (‘,2)(1)7‘,7752))
T A1) (2) .
(17 = 18) cosh(yWl) - B Fe D sinn(y(11y)

’ (15)

sinh(y(M1;)

Further, the following equation exists for an AG fault:

v+ v v = 3r, 0 (16)

where Vf(l), Vf(z), and Vf(o) can be obtained from (5) and (11)
and I fcl) can be obtained from (10). Since Ry is a real number,
it indicates that (Vf(l) + Vf(2> + Vf(o)) and I](El) are in phase.
Therefore, the following equation can be reached:

+Vi2 v

v
{1) I 1= (17)
15

Iin{ !

where Im(+) yields the imaginary part of the argument.

In (17), the synchronization angle is acquired using (15), and
the only unknown variable is the fault location. The iterative ap-
proach, such as Newton-Raphson can be harnessed to pinpoint
the fault location. The initial value for the fault location can be
chosen as 0.5 p.u. to initialize the iteration process. The fault-lo-
cation estimate is considered converged when the difference in
the fault-location estimate between two iterations is smaller than
the specified tolerance.

2) LL Fault: For a BC fault, the following two equations
exist:

](1) [(2) (18)

v V@) Ry I(l) (19)

Similar to AG faults, from (18), the synchronization angle
can be calculated as follows:

© _ 70 _ 7@
I7 =17 =17, (14) R (V42
_ (I +1,7) cosh (v ) — o sinh(vM1y)
Let: = 1,2 in (10) and the expressions of I](Cl) and IJ(CZ) canbe  €° . .
obtained. Substituting the aforementioned explicit expressions (1, 14 )+I (2 )) cosh(y(My)— %’) sinh(y(Dl5)
of [ }1) and [}(rz) into / ;1) = I'](fz) and taking advantage of v(!) = (20)
(1)
0 1t )(,Obh( O + I( e’® cosh(y0 ( 3 bmh(fy(”ll) blIlh(’y(Z)]Q)
7 _ 10
f wbh['y( Nl — ml)] 1o
V; = Vp(i) cosh(vPml) — IIE? Z sinh (v ml) (11)
) . V(i)
Iz(lf) I( cosh(yml) — F sinh(v™ml) (12)
(Z) 76 _
IO = I( )ej‘S cosh(7P1y) — sinh(y(V13) (13)

Z()

C
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Based on (19), the fault location can be determined from the
following formula:

v o

Im{%} =0. 1)
1y

3) LLL Fault: For a three-phase fault, the synchronization
angle can only be acquired from the prefault measurements as
follows [19]:

~(1)0
. I(l)() cosh(v(D1) — vp(l) sinh(y(V1;)
e’ = — (. Q)
1" cosh(7(Vp) — iy sinh(7(V1)

Here, V(l)0 and I, (1)0 represent the prefault positive-sequence

voltage and current phasors atP. V(l)o and I, (1)0 denote the pre-
fault positive-sequence voltage and current phasors at (. Note
the acquisition of the synchronization angle using (22) is also
applicable to other kinds of faults. The condition at the fault
point is expressed by the following equation:

vV (23)

1
= R;I.
Utilizing (10), (11), and (23), the fault-location formula is at-
tained as

v
1) )
1

Tm{ (24)

4) LLG Fault: For a BCG fault, the following relationship is

satisfied at the fault point:
0 . 0

viO vV =300 (25)

The synchronization angle can be calculated using the pre-

fault measurements as in (22). Based on (25), the fault location

can be derived from the following equation:

VO y

Im{Tf} =0 (26)
Iy

where
(0) (I(l) + I(?))

and 1;1) and 1}2) can be obtained from (10).

Fault-location formulas for fault types involving other phases
can be similarly deduced by utilizing the respective boundary
conditions and are not shown here.

It should be pointed out that when synchronized measure-
ments of the two terminals are available from phasor measure-
ment units (PMUs), the fault-location formulations derived here
are still applicable with the synchronization angle being set to
Zero.

The fault-location formulas for Subroutine 2 where the fault
occurs on the right side of the series compensator can be simi-
larly derived and are not shown here.

B. Fault-Location Identification Method

Various methods to select the valid subroutine have been pro-
posed and they all work properly [9], [11]. Based on these ap-
proaches, the fault-location identification method suitable to this
paper is proposed. Suppose that the two solutions from the two
subroutines are denoted as 14 and m». The fault-location esti-
mate can be judged as true only when it satisfies the following
three principles:

1) The fault-location estimate is within the assumed range.

2) The fault resistance takes a non-negative value.

3) The equivalent impedances of the series compensation
device for all three phases have a non-negative real part
and negative imaginary part, that is, Re{Z., .} > 0 and
Im{Z.; .} <0,z =a,b,ec

As for principle 1, the assumed range for m; is [0, {1 /] and
that formeo is [l1 /{, 1]. With the fault location being known, (16),
(19), (23), and (25) can be used to calculate the fault resistances
for AG, BC, ABC, and BCG faults, respectively. The A-phase
equivalent impedance of the series device for subroutine 1 can
be formulated as
@ )

1 2
v+ v v

i

0 0
- LSS) + LEP

(27)
where Vg(p), and Vi, (i = 0,1, 2) denote the voltage at the left
and right side of the series compensator, respectively. Utilizing
the calculated fault-location estimate and the two-terminal
voltage and current measurements, the quantities in (27) can be
calculated. I can be calculated from (9) and 18 (i =1,2)
can be obtained from (13). V', and V(Z) (i = 1,2) can be
attained as follows:

A V(Z)ej‘S cosh(vD1y) —

sc_r

I(gil) e? Zéi) sinh('y(i) I2)
(28)
y@

seld —

V( 2 cosh(v(1y — mi))

- (I](]f) - I} >)Z£ Dsinh(y9 (1, — ml)) (29)

where 1 J(f), Vf(i) ,and 7 z(ff) can be acquired from (10)—(12). More-

over, V;(B_)T and V;(f_)l in (27) can be written as

-V;((f)), ‘/:1(0) ej(S COSh(’anZZZ)
1 e
_ EIég)ejb[Zch Sil]h(77n212) + Zcml Sinh('}'ml]@)}
1 e
_ EIég)ejb[Zch Sil]h(77n212) - Zcml Sinh('}'ml]@)}
(30)
~(0)
Vb(co)l_ V(O) [ 70 I(u) V(U) Y ;, (V(O) V(O)) 22(7,,) ]Z(())

(0)

y(©
B R O U O AL eI

where Vf(o) , VS(O) , I;f}) ,and I]()g) can be gained from (5)—(8). IJEU)

in (31) can be calculated using boundary conditions for different
types of fault, that is, I}O) =— (I}l) + 1}2)) for BCG faults and

1Y = 1V for AG faults. For BC and ABC faults, I} = 0.
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The equivalent impedances of the series compensation device
for phase B and C can be deduced similarly.

The computation of the three-phase equivalent impedances
of the series device for subroutine 2 is very similar and not
shown here. The subroutine that satisfies all of the three prin-
ciples should be selected and its fault-location estimate should
be regarded as the true fault-location estimate.

III. EVALUATION STUDIES

This section presents the simulation results to evaluate the
developed fault-location method. The proposed fault-location
algorithms and the fault-location identification method are im-
plemented as a Matlab script. Matlab SimPowerSystems[23] is
utilized to simulate the series-compensated double-circuit line
and generate two-terminal voltage and current phasors for faults
of different types, locations, and resistances. The Matlab script
reads the simulated measurements from Matlab SimPowerSys-
tems and outputs the unique fault-location estimate for each spe-
cific fault. The accuracy of the fault-location estimate is evalu-
ated by percentage error defined as

%R |Actual Location -Estimated Location|
rror=
0 Total Length of Faulted Line

x 100. (32)

The sample power system studied has a configuration as
shown in Fig. 1 and is a 500-kV, 1000-MVA, 50-Hz double-cir-
cuit transmission line compensated at the degree of 45%. The
total length of the line is 350 km, with the series compensation
device installed at 200 km (0.5714 p.u.) from terminal P. The
synchronization angle is set to 22.5°. Voltage source data and
transmission-line parameters are shown in Tables V and VI.
MOV modeling is referred to in the Appendix.

Typical fault-location results yielded by the proposed method
are presented in Table I. The first two columns display the ac-
tual fault type and fault resistance simulated. The remaining
columns present the percentage fault-location error under var-
ious actual fault locations. The scope of the proposed fault-lo-
cation method is limited to faults within one circuit and is not
applicable to intercircuit faults. The fault types throughout this
paper refer to faults within a single circuit.

From Table I, it can be observed that the fault-location result
is highly accurate, with the largest error being 0.0485%. In gen-
eral, the bigger the fault resistance, the larger the fault-location
error.

A. Impact of Line Parameter Errors

To observe the impact of possible line parameter errors over
the fault-location accuracy, Table II shows the fault-location re-
sults with 10% error in the positive-sequence line impedance.
The actual fault location is fixed at 180 km and the actual fault
resistance is 10 €2. It can be observed that the biggest error in
Table II is 4.60% and is still acceptable. Research on how to
obtain accurate line parameters for an enhanced fault-location
estimate may be performed in the future.
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TABLE I
FAULT-LOCATION RESULTS

Fault | Fault Fault Location Error (%)

Type Res. 15km | 120km | 180km | 260km | 320km
(ohm)
0 0.0009 | 0.0116 | 0.0357 | 0.0052 | 0.0002
1 0.0010 | 0.0115 | 0.0356 | 0.0055 | 0.0001
AG 10 0.0012 | 0.0118 | 0.0364 | 0.0052 | 0.0002
50 0.0025 | 0.0160 | 0.0400 | 0.0054 | 0.0001
100 0.0037 | 0.0183 | 0.0485 [ 0.0058 | 0.0003
0 0.0006 | 0.0010 | 0.0030 [ 0.0008 | 0.0003
1 0.0006 | 0.0010 | 0.0032 | 0.0009 | 0.0002
BC 10 0.0010 | 0.0016 | 0.0038 [ 0.0004 | 0.0005
50 0.0025 | 0.0042 | 0.0068 | 0.0012 | 0.0008
100 0.0044 | 0.0090 | 0.0122 | 0.0031 | 0.0014
0 0.0006 | 0.0094 | 0.0295 [ 0.0045 | 0.0003
1 0.0005 | 0.0093 | 0.0296 | 0.0046 | 0.0002
BCG 10 0.0003 | 0.0094 | 0.0297 | 0.0042 | 0.0006
50 0.0001 | 0.0109 | 0.0326 | 0.0025 | 0.0027
100 0.0007 | 0.0127 | 0.0372 | 0.0025 | 0.0026
0 0.0003 | 0.0007 | 0.0032 [ 0.0001 | 0.0005
1 0.0004 | 0.0008 | 0.0033 | 0.0001 | 0.0005
ABC 10 0.0013 | 0.0014 | 0.0039 [ 0.0001 | 0.0005
50 0.0037 | 0.0051 | 0.0080 [ 0.0007 | 0.0005
100 0.0064 | 0.0116 | 0.0212 | 0.0029 | 0.0009
TABLE 11

FAULT-LOCATION RESULTS WITH ERROR IN POS. SEQ. IMP

Fault Type Fault Location Error (%)
AG 1.71
BC 4.60
BCG 2.25
ABC 4.59

TABLE III
FAULT-LOCATION RESULTS FOR UNTRANSPOSED LINES

Fault Type Fault Location Error (%)
AG 0.24
BC 1.00
BCG 0.62
ABC 0.09

B. Impact of the Untransposition of Lines

To study the impacts of untransposition of lines on fault-lo-
cation estimate, Table III shows the fault-location results when
applying the proposed method to untransposed lines. The actual
fault-location is fixed at 120 km and the actual fault resistance
is 50 2. It can be observed that untransposition causes certain
errors in fault location, but the results are still quite accurate.

C. Impact of Measurement Errors

The proposed fault-location algorithm utilizes fundamental
frequency phasors, so factors, such as possible measurement
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TABLE 1V
FAULT-LOCATION RESULTS WITH MEASUREMENT ERRORS

Measurement Type Fault Location Error (%)
AG BC BCG ABC
Current 0.3906 | 0.3888 | 0.3908 | 0.3890
Voltage 0.4295 | 0.4294 | 0.4293 | 0.4291

errors due to current transformers (CTs) and potential trans-
formers (PTs), such as capacitor voltage transformers, that af-
fect phasor accuracy may adversely impact fault-location accu-
racy. This section reports sample results on the impacts of po-
tential voltage and current measurement errors on the fault-lo-
cation estimate.

The proposed method is desirably insensitive to possible
voltage and current measurement errors. As examples, in
Table IV, the fault-location results with 10% error in the local
faulted line current measurements and 10% error in the local
voltage measurements are reported, respectively. The actual
fault location is 15 km, and the actual fault resistance is 0 €2. As
evinced, the fault-location results are still quite satisfactory.

D. Illustration of the Fault-Location Identification Method

As stated in Section II-B, it is necessary to determine on
which side of the compensator the fault occurs. In the following
section, two cases will be used as examples to illustrate this
process.

1) Case 1: AG Fault; Actual Fault Location is 60 km (0.1714
p.u.) and Actual Fault Resistance is 1 1 (0.0040 p.u.): The
two fault-location estimates gained from the two subroutines are
mi = 0.1715 p.u. and mo = 0.4730 p.u.

Since m4 falls outside [0.5714, 1] p.u., it is filtered out. The
fault resistance and three-phase equivalent impedances corre-
sponding to m; are further examined as follows:

Ry =0.004 pa., Zeg a1 = 0.0204 — 50.2159,
Zoqr =0 —j0.2192, Zoy o = 0 — j0.2113.

Since all three principles as outlined in Section II-B are sat-
isfied for the solution of subroutine 1, the true fault location is
determined to be 0.1715 p.u.

2) Case 2: ABC Fault; Actual Fault Location is 180 km
(0.5143 p.u.) and Actual Fault Resistance is 10 £ (0.040 p.u.):
The two fault-location estimates yielded from the two subrou-
tines are my = 0.5143 p.u. and ms = 0.7662 p.u.

Since they both satisfy principle 1, the two corresponding
fault resistances are further calculated as I2y; = 0.04 p.u. and
Rf? = 0.956 p.u.

The fact that both fault resistances are positive numbers im-
plies that it is necessary to calculate the three-phase equivalent
impedances corresponding to both fault-location estimates. The
values are

Zeg_ a1 =0.0737 — 70.1323,

TABLE V
VOLTAGE SOURCE DATA

Quantity Source P Source Q
Emf(p.u.) 1.0220° 1.0£0°
Pos. Seq. Imp. (Q) 17.177+j45.5285 15.31+j45.9245
Zero. Seq. Imp. (Q) 2.5904+j14.7328 0.7229+j15.1288
TABLE VI

TRANSMISSION-LINE DATA

Parameters Pos. Seq | Zero. Seq Zero. Seq Mutual
R(/km) 0.061 0.268 0.12
L(mH/km) 1.1182 3.3012 1.1485
C(nF/km) 14.8332 8.6001 -0.6761

Zeq 1 =0.0737 — §0.1323,
Zege1 =0.0737 — 50.1323.
Zegan = — 0.1562 — 50.1399,
Zegp2 = — 0.1562 — 50.1399,
Zegeo = — 0.1562 — 50.1399.

It can be seen that only the solution from subroutine 1 satisfies
all of the three principles and, therefore, it is concluded that the
true fault location is 0.5143 p.u..

The method to identify which side of the compensator that the
fault truly occurs on has been shown to be valid and effective.

IV. CONCLUSION

This paper presents a new method to pinpoint fault location
on series-compensated double-circuit lines. Unsynchronized
voltage and current phasors from both terminals of the line are
utilized. The distributed parameter line model is harnessed that
fully considers the effect of shunt capacitances of the line.

Two subroutines are developed to determine the possible lo-
cations of the fault on both sides of the series compensation de-
vice. A fault-location identification method is then applied to
identify the true fault distance. The synchronization angle can be
acquired independently using either prefault measurements for
all types of faults or fault measurements for LG and LL faults,
and be employed in the fault-location derivation. Evaluation
studies based on simulations have demonstrated that the pro-
posed fault-location algorithm is highly accurate and the fault-
location identification method is valid.

APPENDIX

Parameters in Fig. 2:

1

Z]E(}) = §[Zcm2 sinh(ymaml) + Ze sinh(ymiml)] (A1)
1

70 —[Zemeo sinh(Yypaml) — Zepp1 sinh(v,,1ml)) (A2)

Im — 2



This article has been accepted for inclusion in a future issue of thisjournal. Content is final as presented, with the exception of pagination.

© 2 tanh( —P’"";ml )

= (A3)
m1ml ~Ymaoml
(0) tanh(2=3™)  tanh(2=2™)
= _ A4
Lm Zcml Zcm2 ( )
1 . .
Z](ft)) = i{Zch sinh[Ypolh — )]+ Zem1 sinh[y,1(lh —ml)]}
(AS)
1 . .
Zég) = é[Zan sinh(ymale) + Zem1 sinh(vm1l2)] (A6)
where
Zc’ml =
z (2 + 20)
cm2 — 7/(—0)
ot = (20 — 20y + 2440
Yz =V (2O 4 250y
MOV Modeling:

The MOV consists of 30 columns of metal—-oxide discs con-
nected in parallel inside the same porcelain housing. The charac-
teristic of each column is represented by a combination of three
exponential functions [23]

14 I
= () A7
I/ref (Iref) ( )
where
Viete = 165 kV, L = 1kA, i =1,2,3.

The parameters of the three segments of (A7) are k1 = 0.955,
a1 =50, kg = 1.0, e = 25, k3 = 0.9915, and x5 = 16.5
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