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Abstract-- This paper presents a new PMU-based fault
location algorithm for EHV multi-terminal transmission lines.
The development of the algorithm is based on distributed
transmission line model and synchronized positive sequence
voltage and current phasors. The method does not require fault
type identification and its computational cost is very low since
it does not require iterative operations. The EMTP/ATP
simulator was adopted to verify the accuracy of the method.
The simulation studies show that the algorithm provides a high
degree of accuracy in fault location. The algorithm is
independent of various fault and system conditions such as
fault types, fault positions, fault path resistance, pre-fault load
flows, and line shunt capacitance, etc.

Index Terms— fault location, gobal positioning system
(GPS), phasor measurement units (PMUs), transmission lines.
Transmission line faults have to be located quickly and

accurately in order to repair the faulted section, restore
power delivery, and reduce outage time as soon as possible.
Therefore, the development of a robust and accurate fault
location technique under various normal and fault conditions
is a highly important research area. Many digital algorithms
have been presented to locate faults [1]-[11]. Single-end,
impedance-based fault location technique is very attractive
because it is simple and does not require communications
[1]. The reactance method works well when the fault does
not involve significant fault resistance and load current [2].
The accuracy of single-ended fault locators is affected by
various assumptions that are made about the fault resistance,
the source impedance, the remote in-feed current, and the
line model, etc [1].

With the current trend towards multi-terminal power
transmission lines, one-terminal location systems are of
limited use because they are unable to determine whether or
not a fault which lies beyond point is a branch line fault.

Digital relays and communication systems provide the
opportunity to perform fault location using data from both
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ends in transmission lines. Therefore, the fault location can
be estimated with minimal assumptions and sources of error.
Since low-speed communication channels are often available,
the fault data can be transmitted to a central site or
communicated between digital relays or other devices for
accurate fault location.

The authors have proposed an approach for fault location
in a two-terminal transmission line [10], [11]. Since the new
rights of way for transmission lines are difficult to obtain in
Taiwan, a lot of multi-terminal transmission lines exist in
Taiwan power system. Therefore, based on our previous
researches, we develop an innovative fault location
algorithm for multi-terminal lines. The new approach is very
simple such that only the positive sequence line parameters
and phasors at the ends of transmission lines are required to
be known for algorithm implementation. The proposed
method is very robust and not affected significantly by
various system and fault conditions.

II. THE PROPOSED FAULT LOCATION ALGORITHM

The principles of the new PMU-based fault location
algorithm for transmission lines are described in this section.
The paper starts with two-terminal transmission lines to
explain the basic principles and then extends the techniques
to three-terminal and other multi-terminal lines.

A. The fault location
transmission lines

algorithms  for two-terminal

Fig. 1 shows a single-circuit transposed transmission line.
In [10]-[11], the authors utilize Clarke transformation to
decouple the inter-phase quantities and then a fault location
technique is developed using two-terminal synchronized
phasors and distributed line model. In this paper, we adopt
the symmetrical components transformation to resolve the
coupling effect among the inter-phases. Since the positive
sequence quantity appears in all fault types, this quantity is
used in the fault location algorithm. Therefore, the
developed algorithm does not require fault type
identification, which avoids possible problems due to
incorrect fault type discrimination. As shown in fig. 1, the
per-unit fault location D can be solved by the following
equation [10]:

_In(N/M)
2I'L
where M and N are expressed as
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Fig. 1. One-line diagram of a signal-circuit transmission line.
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Fig. 2. One-line diagram of a three-terminal transmission line under a fault
occurs in Lg.

M=—e‘rL[VS+ZCIS]—%[VR +Zclg ] (2)

1

N=- 3)

where L is the total length of the transmission line, I" and Z
are positive sequence propagation constant and surge
impedance respectively, and Vi, Vs, Iz, Is are the
synchronized positive sequence phasors of receiving
end/sending end voltages and currents, respectively.

Since the line shunt capacitance is considered in the line
model, the fault location algorithm is very suitable for long
distance transmission lines. Moreover, the effect of fault
path resistance is completely eliminated using two-terminal
measurements. Extensive simulation studies show the
performance of the proposed fault location algorithm for a
single-circuit transmission line is very excellent under
various power system and fault conditions [11].

1
[VR -Zcly ]"EerL [Vs _chs]

B. The fault location algorithms for three-terminal
transmission lines

Consider a three-terminal line as depicted in fig. 2. The
PMUs are installed at buses S, R, and T. Therefore, we can
obtain three-terminal synchronized voltage and current
phasors. There are three possible faulted line sections, which
are Lg, Ls, and Lt as shown in fig. 2.
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Fig. 3. The reduced two-terminal system from a three-terminal line system.
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Since we have three synchronized phasors of Bus R, S,
and T, we can reduce this three-terminal line into two-
terminal line and apply the two-terminal fault location
algorithm [10]. First, we random choose bus R as the
reference bus. Then, the node P can be thought as bus P and
the voltage at node P can be calculated from bus S and T
respectively. The analysis of the fault case can be reduced to
the two-terminal line system as shown in fig. 3. It will
produce both indices D, and D,. The detailed proof is shown
in Appendix [12].

Therefore, the two-terminal fault location algorithm
described previously can be used to derive the fault location
indices. Both of the indices D, and D, can be applied to
locate faults occurring in Ly, Ls, and L. There are special
relationships between the two indices D, and D,. They can
be used to identify the faulted line section and locate faults.
The relationships are as follows:

(M

0<D;<1 and 0 < D, < 1: the fault occurs in Lg.
Then, D, = D,, and both of them are accurate fault
locations.

D;> 1 and D, = 1: the fault occurs in Lgand D; is
the actual fault location away from bus R.

D,;=1 and D, > I: the fault occurs in Lt and D, is
the actual fault location away from bus R.

D, =1 and D5 = 1: the fault occurs in point P.

2
3
“

In summary, the proposed algorithm first assumes that a
fault occurs in line Ly and then the two fault location indices
D, and D, are obtained. When the fault occurs in Ly, the
values of D; and D, are the exact fault location. If the fault
does not occur in Lg, then we can discriminate the faulted
line section through the logic mentioned above and
accurately locate the fault using D, and D,. Through the
proposed method, the faulted line section is correctly
determined and the fault point is accurately located in a
reliable and simple manner.

C. The fault location algorithms for multi-terminal
transmission lines

The technique can easily extend to other multi-terminal
transmission lines. For example, consider a five-terminal
line as depicted in fig. 4. The PMUs are installed at buses R,
1, 2, 3, and 4. Therefore, we can obtain five-terminal
synchronized voltage and current phasors. There are seven
possible faulted line sections, which are Ly, L;, L,, L3, Lq,
Li,, and L3 as shown in fig. 4. Similarly, we can extend the
technic1ues in IAppendix to derive the fault location indices
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Fig. 4. One-line diagram of a five-terminal transmission line.



D,, D,, D3, and D,. The indices D,, D,, D3, and D4 can be
applied to discriminate and locate faults occurring in Lg, L;,
L, L, Ly, L5, and Lys. There are four special relationships
between the indices to identify the faulted line section and
locate faults. The relationships are as follows:

(1) If all fault location indices are equal to each others and
fall into (0, 1), the fault occurs in Lg.

(2) If Dy is the maximum indices. The fault occurs in
section Bus k — Pk (the nearest tap point) and Dy is the
actual fault location away from bus R.

(3) If the fault location indices Dy, Dy.y, ...and D, are
equal and bigger than the remaining indices, the fault
occurs between tap points P(k-1) and Pk, where Dy is
the actual fault location away from bus R.

(4) If all indices do not converge, the fault is identified as
an external fault.

Using the proposed method, the faulted line section can
be correctly discriminate and the fault also can be accurately
located in a reliable and simple manner.

III. PERFORMANCE EVALUATION

To verify the performance of the proposed fault location
algorithm, the EMTP/ATP simulator was used to generate
the fault data [13].

A. Svstem modeling

A 345 kV, 60 Hz transposed five-terminal transmission
line was modeled as shown in fig. 4. The simulated system
can be used to demonstrate the correctness of the mentioned
fault location algorithms for transmission lines. The related
parameters of the simulated system are shown in Table 1.
The transmission line parameters are obtained using EMTP
LINE CONSTANTS program [13] based on related tower
data encountered in Taiwan. The sampling frequency is
1920 Hz (32 sampling points per cycle). Full-cycle Discrete
Fourier Transform (DFT) is applied to estimate the
fundamental frequency phasors.

TABLE I. THE PARAMETER OF SIMULATION SYSTEM

E=120° Z,=0.2384§6.19Q Z=0.833+5.1202
E=1£5 Z,,~0.424§5.950 Z,,~1.7854j7.54Q
E~1215° Z,,=0.155+j5.950Q Z,=1.786+{T.58Q
E=1220° Z,,~0.238+i5.7202 2,2 738100

Every section length of transmission line (km):

Lg=100 L,=80 L,~120 L,=100 L,=100 PI-P2=100 P2-P3=100
Bus 4-Bus 5=50

Transmission linc parameter:

R,=0.0058¢C0km) L,=0.6341{mH/km)
Ry=0. 1067 km) £, 2343 (mHAm)

C=18.4nFkm)
R (nFkm)

B. Simulation results

The simulation studies have been conducted with respect
to various system and fault conditions. The error of fault
location algorithm is evaluated as

Error(%) = lestimated location — actual location{x 100

Sy
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Some selected typical results are presented and discussed
below.

1) Cases studies

Fig. 5(a) shows the post-fault response curves of the
proposed indices for a phase-‘abc’ to ground fault (abc-g
fault) between Bus 4 — Bus 5 line (external fault). The fault
position is set at 40 (km) away from bus 4, the fault
resistance is 100 ohm and fault inception angle is zero
degree with respect to phase-‘a’ voltage waveform at bus 4.
From fig. 5(a), we observe that all of the four indices D,, D,
Ds;, Ds do not converge. Fig. 5(b) shows the post-fault
response curves of the proposed indices for a phase-‘a’ to
ground fault (a-g fault) in L, section of test multi-terminal
line (internal fault). The fault position is set at 90 (km) away
from P3, the fault resistance is 100 ohm and fault inception
angle is zero degree with respect to phase-‘a’ voltage
waveform at bus 4. From fig. 5(b), we observe that all of the
four indices D,, D,, D;, Dy converge to 1, 2, 3, and 3.9,
respectively. Therefore, based on Table I, the fault is located
in L. The fault location is 3.9039. The fault location error is
0.39%.

To demonstrate the correctness of the developed faulted
line section identification logic, 8 faults are simulated. The
fault conditions are seen in Table II. In some tested cases,
the fault resistance is 10k ohm. From the Table II, we
observe that the four indices still can accurately locate the

fault even when a high impedance fault occurs. Therefore,
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Fig. 5. The post-fault response curves of the proposed indices for an
external fault and an internal fault.
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TABLEIII
THE STATISTICAL RESULTS OF THE ALGORITHM FOR THE TESTED LINE



Actual fault location Total tested cases including | The correet | Average
Fault point (% diﬁl@m. i’wlt type, number(%) fm!t
Fault section | length of the fault noeption angle, of sclectgi Iocanm?
section) and fault resistance fault section | error %
Bus R - Pt 10% fioert PY xR I2H00%) o2
S trom PL n 324100%) [t
90 Frous P R 20l 024
Bus l - F‘ 1Pt froms PY n PRl 43 032
5% tromn 1 » 32 (008} n3?
W frorn P » A7{100%) 0.24
Bus 2 - P2 161 froen, P2 3 3200w e
S0% feonn 2 32 AT{100%) 036
9% trom P2 2 3201000 03
Bus 3-P3 10% from B3 2 32000 016
5075 from P 2 320100%) 619
9% from PY 32 22 (1005} 030
Bus4-P3 10% frote PY 2 32(100%) 028
0% from 3 3 22 01008%4 013
WP from PY 3 32100y a2
PI-P2 10 from P1 3 32 (1006 036
508 froo P R 324100%) o
K% from PY 3 324100%) [
P2-P3 10% from P2 12 32 (100% Q3R
507 from. P2 32 32 (100) U3
AP from P2 2 {100 an
External fault | 1, ®2% fom Bus 4 64 64 (100%

Symbol “--“ represents an infinite value (external fault).

the algorithm is virtually unaffected by
resistance.

2) Statistical results

The performance of the proposed algorithm under various
fault conditions for transposed lines is presented in this
subsection. Table III shows the statistical results of fault
location. From the Table III, it is obvious that the proposed
fault algorithm provides excellent performance under
different fault conditions such as different fault types, fault
positions, fault resistance, and fault inception angles. The
average fault location error under various fault conditions is
well below 1%.

the fault path

IV. CONCLUSIONS

A new fault location algorithm for multi-terminal
transmission lines is presented in this paper. Basic principles
and detail formulation are also given. There is no particular
restriction on the power source behind each terminal or the
grounding system. The proposed algorithm is very simple,
robust, and accurate for fault location. Only using indices,
the fault can be accurately located. Special faulted line
section identification and location selector is also developed
and proved for multi-terminal lines. Extensive simulation
studies verify that the performance of the method is very
excellent and the average error of fault location is well less
than 1% under various system and fault conditions.

The results demonstrate the feasibility and effectiveness
of the proposed fault location algorithm for multi-terminal
transmission lines.

APPENDIX
Consider a three-terminal line as depicted in fig. 2. The
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PMUs are installed at buses S, R, and T. Therefore, we can
obtain three-terminal synchronized voltage and current
phasors. There are three possible faulted line sections, which
are Ly, Ls, and Lt as shown in fig. 2. If we can know the
faulted line section, then the two-terminal single-circuit
algorithm can be directly applied to locate the fault by the
synchronized data at the end of the faulted line and point P,
which can be estimated using the measured data at buses of
other two non-faulted lines. For example, assume a fault
occurs in Ly as shown in fig. 2. The positive sequence
voltage Vp at point P and current I can be estimated by
using the measured voltage and current phasors at buses S
and T. Thus, the analysis of the fault case can be reduced to
be a two-terminal line system as shown in fig. 3. At this time,
the fault point voltage V¢ can be estimated by the following
equations:

Vi =‘;‘(VR +Zclg TP +";'(VR ~Zclg e TP (A-
1)
Vg = %e_n““ (Vp +Zclp Je™lx
+%el‘l,k (v, —ZCIp)e_rD‘L“ (A-
2)

As shown in fig. 2, the Ip can be estimated by the equation
Ip =Ig+17

1 _ 1
= {E—Z—C—e s (Vs +ZCIS)—E'JLS (Vs —Zlg )}
1 - 1
+ |:EC Ty (VT + ZCIT)— E;eFLT (VT - ZCIT ):I

(A-3)
However, the V; can be calculated using the data at buses
S or T. The formula are expressed as

1

Vp = EC_FLS (Vs + chs)+%erLs (Vs - Zcls) (A-4)

Vp = %e‘rLT (Vp +Zclp )+ %e“? (Vr - Z1p) (A-5)

Therefore, the two-terminal fault location algorithm
described previously can be used to derive the fault location
index. Based on this point of view, the fault location
algorithm is developed and described below.

1) A fault occurs in Ly

We can use two subroutines to calculate the fault location.

a) Subroutinel: Vp is estimated using the data at bus
S.

Substituting (A-3) and (A-4) into (A-2) and then equating
fault point voltage Vi from (A-1) and (A-2), the fault
location is derived as:
_In(N, /M)
C 2L,

where M, and N, are expressed as

1 (A-6)
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Fig. A-1. One-line diagram of a three-terminal transmission line under a
fault occurs in Lg.

M, = Be“ms“k)(vS +Zclg )+%e‘r(LT+LR)(vT +Zclp)

“%GF(LT“LR)(VT _ZCIT)_%(VR +ZCIR):| (A-T)

1 1
N, = [E(VR =Zclg )°ECF(LS+LR)(VS - ZCIS)

+ %e'r(LT LV + Zelp)- %er(LT (Vy - Zedy )}

(A-8)

When a fault indeed occurs in Lg, the fault location index
D, converges to the interval of [0,1] very fast.

b) Subroutine2: Vp is estimated using the data at bus

T.

can derive another fault location index D, which is given by

In(N, /M
D, = N> /M) (A-9)
B 2I'Ly
where M, and N, are expressed as

[ M +ba)(v, +ZCIT)+%e'r(LS+LR)(VS +Zclg)

1
- 4er(LS LR)(V ZCIS)_E(VR +ZCIR)} (A-10)

N

2

1 1
I:E(VR -Zclg)- Eer(LT+LR )(VT -Zly)

+%CAF(LS e )(Vs + ZCIS)—%‘J(LS e )(Vs - ZCIS):|

(A-11)

If the fault indeed occurs in Lg, then the two fault
location indices D; and D, will be equal and both converge
to the interval of [0,1].

2) A fault occurs in Lg

Assume a fault occurs in Lg as shown in fig. A-1. The
fault point voltage Vg can be estimated using the measured
phasors at bus S and the estimated equation is:

1 rig (Vs +ZCIS)eF(D,—l)LR

—-7Z-~1 ):‘r(Dl—l)LR
C*S

1l
+:e S(VS

4

Similarly, combining (A-1), (A-2), (A-3), and (A-5), we
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=%efr(LS+LR)(VS +Z 1P

Jr%e”Ls*LR’(VS —ZIg)e TPk (A-12)

The Vralso can be obtained using the estimated phasors
at point P. Thus,

Vg = %(VP +Zclp )er(Dl e

#5 (Vo = Zclp e T (a-13)

where the voltage Vp and current I can be expressed as

Vp =%JLR (Ve +ZCIR)+%e'rL’< (VR —Zclg)  (A-14)
—I}

1
= |:§—Z—C—CFLR (VR + ZCIR)
1

_[__

I, =1y
1

-——e

(vR-zclR)}
C

1
E e (Ve - ZIy )}

27 e (Vr + Zelp)-
(A-15)
Similarly, combining (A-12)-(A-15), we can derive the
accurate fault location index. Moreover, we can easily prove
that the fault location equations in this case are the same as
(A-6)-(A-7). Therefore, the fault location index D still can
be applied to locate faults in Ls. However, the index D, will
be greater than 1.
As shown in fig. A-1, the Vp can be estimated using the
data from buses R and T, respectively. Thus,

Vp = %(VR +ZcIg e+ -;-(v]R ~ZJg e TR (A-16)
and
Vp = %e‘“T (Vg +Zclp )+ %JLT (Vi -Zclp)  (A-17)

From (A-16) and (A-17), we obtain
%(VR —Zcly )— %er(LT the )(VT - ZCIT)

= ; T (VT +Zcly )erLR _%(VR +Zc1y )eerR

(A-18)
Substituting (A-18) into (A-11) and then combining (A-
10) and (A-11), we can obtain

N; e (A-19)
M,
From (A-9) and (A-19), the fault location index D, is
Ly
=l ) (A-20)
2Ty

Therefore, if the index D, is applied to locate faults
occurring in Lg, it will converge to 1.

3) A fault occurs in Lt

When a fault occurs in Lt as shown in fig. A-2, the Vp
can be estimated using the data at buses R and S,
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Fig. A-2. One-line diagram of a three-terminal transmission line under a
fault occurs in Ly.

this time, we can obtain the equations, which are similar to
(A-16)-(A-18), and the following relationship can be
derived.

(A-21)

From (A-6) and (A-21), the location index D; is equal to 1.

We also can use the data at buses R and T to derive the
fault location. Adopting the similar technique in (A-12)-(A-
15), we can prove that the fault location equations in this
case are the same as (A-9)-(A-11). However, the index D,
will be greater than 1. Therefore, the fault location indices

D, and D still can be applied to locate faults occurring in L.
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