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Abstract

In this paper we propose a new fault location algorithm for power transmission lines based on one terminal
voltage and current dara. A distributed time domain model of the line is used as a basis for algorithm develop-
ment. The suggested technique only takes advantage of post-fault voltage and current samples taken at one end
of the line and does not require filtering of DC offset and high-frequency components of the recorded signals,
which are present during transient conditions. Another advantage of the proposed method is the application of
a very narrow window of data i. e. less than 1/4 of a cycle. The paper also proposes two different algorithms for
lossless and lossy line models. Computer simulations approved the accuracy of the proposed methods.

1 Introduction

Rapid detection, location and clearance of faults are
essential factors of satisfactory operation of power sup-
ply networks. When a fault occurs on the transmission
line of an electric power system, it is very important to
find the exact location of the fault. This can result in re-
ducing the time required for repairing the damage
caused by the fault and consequently improving reliabil-
ity and continuity of energy supply.

Fault location of transmission lines has always been
a very well-known subject, being studied for along time.
However, this problem has nowadays been of more im-
portance, due to deregulation and required quality of
supply. Overhead lines in power systems have always
been subject to faults, which can be either transient or
permanent and can be caused by various reasons. In case
of permanent faults, locating the fault point allows one
to go to the exact location and to take appropriate actions
to restore the power. In the case of transient faults —
which are usually cleared by automatic reclosing
systems — locating the fault permits identifying critical
points in the system and taking the necessary preventa-
tive maintenance steps. These critical points may be
caused by several reasons as pollution, insufficient insu-
lation level, bird interference, etc.

Many techniques have been proposed and applied for
locating the exact point of fault on transmission lines
[1-14]. The main differences between these various al-
gorithms are due to different transmission line models
(lumped [1-3] or distributed [4-6]), and the data re-
quired (of oneend[1,4,7] ortwoends of the line [2, 8,9]).

Sant and Paithankar [10] proposed a fault location
algorithm technique that uses fundamental frequency
voltage and current measured at one of the line terminals.
This technique assumed that the line is connected to a
source at one end only. The estimate of fault locations is
not accurate if the fault current is supplied from both line
terminals and some fault resistance is present. Takagi et
al. {7}, Wiszniewski [3], Eriksson et al. [1] and Cook [2]
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proposed methods which use fault current distribution
factors, pre-fault and post-fault current and post-fault
voltage from one line terminal. Impedances of equivalent
sources connected to the line terminals are required. In
practice, the system configuration changes from time to
time modifying distribution factors. Richards and Tan
[11] present a dynamic parameter estimation algorithm
for locating faults, based on locally available currents and
voltages. The differential equations are based on a
lumped parameter line model. For modelling of the rest
of the system at both ends of the line, Thevenin equiva-
lents are utilised. The fault location problem is treated as
a parameter estimation problem of a dynamic system, in
which the response of the physical system is compared
with the one of a lumped parameter model. The model
parameters (location and resistance of the fauit) are var-
ied until an adequate match is obtained with the physical
system response. The travelling wave approach was also
studied [4-6.12, 13]. This approach is based either on
the travel time measurements using correlation technique
[12] or on the calculation of voltages and/or currents pro-
files along the transmission line [4 - 6,13]. The travelling
wave techniques offer some advantages but the compu-
tational complexity is increased. Time domain represen-
tation of a transmission line mode! has also been consid-
ered [ 14]. The model is obtained using the Laplace and Z
transforms. Data samples are considered as being avail-
able from one end only. The voltage at the otherend is es-
timated using pre-fault data.

In calculating the distance to a fault point, using
voltage and current signals, it is advantageous to use ter-
minal data of both sides of the faulty transmission line.
However, from the practical point of view, it is more ap-
propriate that the algorithm uses only one terminal volt-
age and current data, which leads to simplicity of the
equipment used.

This paper introduces a new fault location algo-
rithm that needs one terminal post-fault data and uses
distributed time-domain model! of transmission line to
achieve required accuracy. The idea of the introduced

313



0

4
L

Fig. 1. Transmission line with distributed parameters

algorithm is that it considers fault location, as an opti-
mization problem that can be solved by an appropriate
mathematical method.

2 Distributed Model of Transmission Line

A single-phase model of a three-phase transmission
line with distributed parameters is shown in Fig. 1. In
this figure S represents the sending end and F is taken as
an arbitrary point at adistance x (x </ ) from S along the
line. The distributed model [15] of the SF segment is
shown in Fig. 2.

The following equations can be derived according
to this figure:

is(t)=%us(t)+ls(t—1’), )

14

ix(t)=-zl—.ux(t)+lx(t—‘t). )

(4
In these equations dependent current sources i.e. Is
and [, are defined as:

-R'/4
IS(t - T) = th

C

[us(t -+ Z it - r)]

—%[ﬁx(r —D+Z i (- r)], €)

*

-R/
I (t-7T)=—=
x( ) Zc2

4 [0 -+ 200 - )]

Z, . 4)
-7 [ustt -0+ 2775 - )], (
where
t time elapsed for the wave propagation from S to F,
Z. characteristic (surge) impedance,
R* line resistance from S to F,
Z: =Z.+R'/4,

Z" =Z.-R'/4.

ig(t)

Fig. 2. Distributed model of the SF segment
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As seen in egs. (3) and (4), in the case where trans-
mission line resistance is significant and is observed, the
dependent current sources /s and /, are functions of voit-
ages and currents at both sides of the line. When the line
resistance is small enough to be ignored, eqs. (3) and (4)
can be simplified as egs. (5) and (6), while egs. (1) and
(2) remain unchanged:

Is(t—-‘l')=;—lux(t—‘r)-ix(t-‘t), (5)

c

Ix(t—r)=—_z—l-us(t—r)-is(r-—1). (6)

c

These equations imply that unlike former case, the
dependent current sources /s and I, are only a function
of currents and voltages on the opposite side of the line.
The algorithm will be developed applying these equa-
tions and data gathered from one side of the line.

3 Fault Location Algorithms
3.1 Mathematical Definition
Let u,(t) and i,(¢) represent the voltage and current

at point x on a transmission line. u,(¢) and i.(¢) satisfy
the hyperbolic system of partial differential equations

du di

—_— ' =~Ri 7
ax+L 5 Ri, )]
,ou  di

¢ 8t+ax—0’ ®

where R’, L’ and C’ are the resistance, inductance and ca-
pacitance per unit length of the line, respectively. Let the
voltage at a fault point F on the line be given by

21, (9)

where #; represents the instant when the fault occurs.

The voltage and current records at the local end of
the line during the fault can be represented over time t
by:

{“s ®
is(t)
where T is the window length of recording. The fault lo-
cation problem can then be defined as follows:

ux(t) = U,

toStS T+, (10)

— Determine the co-ordinate x by using the line model
of egs. (7) and (8) and the data set of eq. (10).

In order to solve this problem, two distinct cases are
considered. One with a lossless line model and the other
by taking the line resistance into consideration.

3.2 Lossless Transmission Line

Suppose that a solid short circuit (4 = 0) has oc-
curred at point F, at distance x from the sending end of
the transmission line. According to the distributed time
domain .model of transmission line and considering
egs. (5) and (6), we obtain:
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us(t) = Zis(O+ Z,i (t=T)+u (1 - 1), (1n

u ()=2Z.i (D+Z it —T)+us(t - 1), (12)

Without loss of generality, we suppose that the short
circuit has occurred at ¢y = 0. In order to cancel the un-
determined current i, in eqgs. (11) and (12), we shift
eq. (11) by Tseconds. According to these equations and
eq. (9) one can write:

ug(t+ ) +ugt -1 = Z (ist + 1) - ist - 1)).  (13)

The distance to the fault point x does not appear ex-
plicitly in eq. (13), and is hidden in the surge travelling
time 7. Furthermore, T does not appear as a variable in
eq. (13), but as the value on which the voltage and cur-
rent depend. Eq. (13) can be written in discrete form as

ug(k + m) + us(k — m) = Z (is(k + m) - ig(k — m)), (14)
where

mAt =7,

kAt =1,

At sampling step,
m, k arbitrary integers.

Eq. (14) is available for each sample. Since there is
only one unknown x, this equation is over-specified. The
best estimate may be found based on the minimum least-
square estimate technique. In this particular case, the cri-
terion to be minimized is

j(m)zlvi" us(k+m)+us(k—m)_z : (15)
' istk+m)—is(k—m) ]’

k=m
where
N total number of samples (NAr=T).

Since the criterion is not linearly dependent on m,
the search for a minimum has to be performed in an ap-
proximate way. For this purpose the value of the criter-
ion defined by eq. (15) is evaluated for different values
of m. The minimum of these criterion values determines
the final value of m for which the corresponding fault lo-
cation is determined.

3.3 Lossy Transmission Line

This section describes an algorithm for solving the
fault location problem for lossy transmission line. Sim-
ilar to the previous case, we supposed that the short cir-
cuit is occurred at point F on the transmission line at a
distance x from the sending end. According to egs. (1) to

(4) we obtain:

ug(ty = Z_ig(t) + Rz/'4 [ust =)+ Z7ist - 0]
+%[ux(t—r)+zs'ix(t—r)], (16)
()= Zli )+ —RZ:,}-[u_((t -0+ Z it -7)]
V4
+Z—:,[us(t—r)+zc 15(1-1')]. an
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Cancelling the undetermined parameter from the
above equations leads to the following expression:

us(t + 1)~ Z. ig(t + )

+ RZﬁ [-ZZ—— (st -2 is(0)) - (us(1) + Z2 ‘is(:))}

(4 <

*%

+ %(zf— (R‘/4)3)[us(z 1)+ 2] it - r)] =0. (18)

In this case, the unknown parameter x not only im-
plicitly appears in the voltage and current argument, but
also explicitly appears in the variables R, Z; and Z%. By
discretizing the above equation we introduced:

F(m,k)=0. (19)

The F function is given in the Appendix. Eq. (19) is
again over-specified since it has just one unknown vari-
able distance x to the fault point. Therefore the best esti-
mate may be found based on the minimum least-square
estimate technique. In order to determine the location of
the fault, the following optimization problem must be
solved:

N-m

min J,(m) = min Y, F(m, k).

m n

(20)

k=m

4 Three-Phase Unbalanced Faults

The location of unbalanced faults can also be deter-
mined by using this method. The procedure is similar to
the case of balanced faults.

In the case of unbalanced faults, firstly the coupled
equations in the phase domain must be transformed into
the decoupled equations in the modal domain. In regard
to balanced lines, there are a number of simple transfor-
mation matrices, which decouple the line equations. For
instance, such a matrix and its inverse for three-phase

lines are [15]:

S T I
M=l 2 1} M"':%l -1 o} @D
11 =2 0 -l

Using the inverse transformation matrix M, the
sending end voltages in modal domain can be written as:

W =[u ) +ud 0+ 0] 3,
uy(n) = [us'© - ug*0)]3,
ul(e) = [us“ (- u;'3(t)] /3.

(22)

After decoupling the system equations, we arc able
to apply the same procedure for each of the three modes,
leading to Bergeron'’s equations for the three phase line.

5 Test Results

In this section the performance of the algorithms
were evaluated. Fig. 3 shows a 400-kV, 308-km long
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Fig. 4. Sending end voltage for 90° fault inception angle
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Fig. 5. Sending end current for 90° fault inception angle

three-phase transmission line with distributed parame-
ters that are given in the Appendix. A three-phase fault
occurs at an arbitrary point F at a distance x from send-
ing end. For x equal to 100 km, the voltage and current
of phase L1 at the sending end are shown in Fig. 4 and
Fig. 5, respectively. For this case the fault inception
angle has been assumed to be 90°. These curves are ob-
tained from MATLAB, and resemble the results from
EMTP to a great extent.

For this condition, the criterion functions J,; and J,
are shown in Fig. 6 versus distance d. The minima of
these criterion functions determine the fault location in
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Fig. 6. Criteria functions J, and J; for fault at 100 km
and 90° fault inception angle
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Fig. 8. Sending end current for zero fault inception angle
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Fig. 9. Criteria functions J, and J, for fault at 100 km

and zero fault inception angle

two cases, namely lossless and lossy transmission line.
According to this figure, it is concluded that high accu-
racy in line model leads high accuracy in results. For
calculation of criterion functions we applied only the
post- fault voltage and current samples taken at the
sending end of the line. These data do not require fil-
tering of DC offset and high-frequency content. The
data window used in the calculation contained 2.5 ms
to 3.5 ms of post-fault data, starting from the fault oc-
currence.

In order te analyse the accuracy of the algorithm at
different fault situations, we performed extensive tests
by various inception angles. As an instance, for zero
faultinception angle, the voltage and current at the send-
ing end for fault location at 100 km are shown in Fig. 7
and Fig. 8, respectively. The criterion functions for this
case are depicted in Fig. 9. The result was still satisfac-
tory despite very large DC offset in current signal, as
shown in Fig. 8.

To investigate the accuracy of the proposed methods
for various fault locations, the percentage of erroris plot-
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Fig. 11. Percentage of error for lossy line model

ted against fault distance in Fig. 10 and Fig. 11. These
figures are prepared for the case of a45° inception angle.
Fig. 10and Fig. 11 involve the cases of lossless and lossy
line models, respectively. As seen in Fig. 10, faults oc-
curring near the end of the line cause unacceptable er-
rors due to inaccurate line model, whereas the locations
of the fault are calculated accurately when precise line
model is used.
Note that percentage of error € s calculated as

e(in%):ﬁ*-‘l'—""ﬂl-loo, (23)
L

where

xes Calculated location of fault,
Xeal actual location of fault,
Iy length of transmission line.

The proposed algorithm can be applied in the case
of unbalanced faults (single-phase to ground, double-
phase to ground and double phase) too. This algorithm
has been tested for different fault locations. The results
indicate very small errors in any cases, regarding both
the locations and the types of fault. The percentage of
error as a function of fault distance, for the most com-
mon fault type, i. e. the single-phase to ground, is depict-
ed in Fig. 12. The resulits of this study show that the er-
rors for unbalanced faults are slightly greater than for the
balanced ones.
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Fig. 12. Percentage of error for unbalanced fault
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6 Conclusions

In this paper we proposed a new fault location algo-
rithm using post-fault voltage and current samples taken
at one end of the transmission line. The advantages
claimed for this new algorithm are:

— No requirement for elimination of DC offset and
high-frequency components of the data.

— Low sensitivity to fault inception angle and location
of fault.

— High accuracy.

~ Very narrow window of data (2.5 ms to 3.5 ms of post-
fault data).

The algorithms were tested under a variety of simu-
lated fault conditions. In the case of balanced faults, the
estimated fault location errors were within 0.25 % line
length for accurate model case while using the lossless
(inaccurate) model lead to unacceptable errors special-
ly when the fault occurs near the end of the line. But the
results in the case unbalanced faults indicate that the es-
timated fault location errors were very small for ail
cases, as it never exceeds | %.

7 List of Symbols and Abbreviations

t time

T window length of recording

T time elapsed for the wave propagation
fromStoF

X distance between F and S

At sampling step

is(r), us(1)
iR (1), ur(?)
L), uc(f)

sending end current and voltage
receiving end current and voltage
current and voltage of fault point

Z. characteristic (surge) impedance

R line resistance from S to F

I line length

R’ line resistance perunit length

L line inductance per unit length

(o8 line capacitance per unit length

N _ total number of samples

Ji, I criterion functions

M transformation matrix

Xest calculated location of fault

Xecal actual location of fault

EMTP Electro-Magnetic Transient Program
F.R,S fault point, receiving end, sending end
Appendix

Al Function F

F(m, k) = ug(k + m)— Z, is(k + m)
R’/ [R*/z

— | == ug (k) +2Z. (k)
Z Z S S

C c

*kx)

Z * ok
+ = k-my+Z_ is(k-m)l=0. (Al)
=5 [k —m) + Z"is(k ~ m)]

<
C
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A2 Transmission-Line Data

Zero sequence
R'°=0.04612 Q/km
L'%=2.6574 mH/km
C'°=4.355 nF/km

Positive sequence
R'*=0.01537 /km
L'*=0.8858 mH/km
C'* =13.065 nF/km
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