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Abstract

To maintain continuity of electrical energy, fast clearance of
a fault is needed, which requires accurate determination of
the fault location on transmission lines. This paper proposes
a method for fault location, which is based on time to
frequency domain transformation of measured data after
fault by using Fast Fourier Transform (FFT). The frequency
of the first harmonic is utilized for determination of the fault
location using travelling wave theory. The results show that
the accuracy of the method is not affected by the fault
resistance and phase angle of fault instant.

1. Introduction

Reliability and continuity of electrical energy has gained
more importance in last decades as power outages lead to loss of
manpower and resources in industrial plants. The most
important causes of disturbances in the power systems are
unexpected faults, and short circuit faults are more common
fault types, which are arisen due to lightning surges, usage of
defective materials, improper operation, human errors,
overloading and aging, and may cause loss of system stability,
failure of transformers, generators and transmission lines. Fast
clearing of faults is greatly significant and the first step for
removing a fault in a short time is to estimate the fault location
quickly and accurately.

Advance in the computer technology allows development of
new algorithms for determination of fault location and in recent
years several methods have been proposed for identification of
the fault location in power systems. The studies for
determination of fault location may be classified into two
categories; the methods which employ post-fault steady-state
voltage and current phasors and the methods based on the
transient wave theory. In some of the methods which power
frequency phasors have been used fault distance is estimated
from the information received from one end of the transmission
line [1-6]. As fault location is estimated by impedance from
measuring terminal to the fault point, unknown fault impedance
affects the accuracy. To overcome this difficulty, two- or multi-
ended fault location techniques have been used [7-11].
However, measurement from two end is difficult and
synchronized sampling of the voltage and current data from two
ends of the line is usually required. In the travelling wave based
methods on the other hand, time-space analysis have been used
for fault location. Short and open circuit faults on transmission
lines cause sudden changes in the distribution of electric and
magnetic energy which result travelling waves. In order to
determine the fault distance, the analysis of wave time-position
graphs are needed [12-17]. In recent years, many studies have
been devoted to develop different methods based on the wavelet
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transform to determine the fault type and location of faults [14-
17]. Wavelet transform is a recently developed mathematical
tool, which is used to capture the dynamic characteristics of
unstable signals using short data windows. Depending on the
direction in the protection of transmission lines, fault
classification and fault distance identification using wavelet
transform was carried out by separating the necessary
information from the short circuit transient behavior. The most
important limitation of the existing methods based on the
wavelet transformation is the low degree of accuracy in the
prediction faults points near the busbar in general.

In this study, a new method based on FFT for determination
of fault location using frequency domain data obtained by
transformation of transient response measured on one terminal
of transmission line is proposed. Short circuit current and
voltage waveforms obtained by computer simulations are
evaluated, and algorithms will be applied to transient current
and voltage waves in one or two periods as inputs, fault location
is determined.

The organization of the paper is as follows: After this
introductory section the state-space techniques are presented for
transient voltage and current waveforms of faulty transmission
line in Section 2. In the 3th section the theory of fault distance
calculation using travelling wave theory of the distributed
parameter transmission line is introduced. In Section 4
application results are summarized; the effect of fault resistance,
the affect of phase angle and the effect of source inductance is
investigated.

2. State-Space Modeling of Transmission Line with
Short Circuit Fault

Computer programs such as ATP or MicroTran are available
for transient analysis of transmission lines. However, many
simulations are needed for several cases and transformation of
numerical data into Matlab environment is difficult. To
overcome this difficulty, state-space method is used to analyze
transmission line with short circuit fault.

State equation of a linear time invariant system are written as

x(1)=Ax(t)+Bu(?) 1)

Where x(t) is state vector, A and B are coefficient matrices
with proper dimensions and u(t) is vector of inputs.

The transmission line shown in Fig. 1 is simulated by series
connection of lumped parameter L-sections and a single phase to
ground short circuit at a point on transmission line with zero
fault resistance is simulated by removing the conductance and
capacitance at the specified node on lumped parameter model
and v, becomes zero and it is not a state variable at all. Then the
matrices x, A, and B can be written as follows:
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R, L, C and G are parameters of transmission line per section. In
4), L;=Ls+L and R;=R,tR where R, and L, are source
resistance and inductance respectively. If fault resistance is
different than zero, state vector and coefficient matrices are:

Analytic solution is preferred in this study and direct solution
in time domain is obtained from the solution of Eq. (1) for a
sinusoidal excitation as:

x(t) = Re{e“(”’“)xo +(pI-A)"(e"BU — """ BUe™ )} (8)

where U is the peak value of the sinusoidal excitation and
p=octjo. This equation gives the complete response of the
system. Detail about computing x(?) can be found in [18,19].

3. Theory of Fault Distance Calculation

Voltage and current phasors V and I at any point on the
line with series impedance z=r+jwl and shunt admittance
y =g+ jwc are determined as [20]

V=Ce" +Ce ™ )

I:lCle'” —iCze’“

Zy Zy

(10)

The constants C, and C, can be evaluated by using the
conditions at terminals of transmission line. Propagation
constant of a transmission line is y=+yzy=a+jf, where

attenuation constant o measured nepers per unit length and
phase constant £ radians per unit length. A wavelength 1 is the
distance along a line between two points of a wave which differ
in phase by 360°, or 27 rad. If A is the phase shift in radians per
mile, the wavelength in km is

A 2z (11)
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The velocity of propagation of a wave in km per second is
“R/L -1/L 0 0 . o= . (12)
\/C -G/C -1/C where f'is frequency in Hertz and A is wavelength in km. The
) ] ) velocity of propagation in terms of line parameters can be
A= : ) K . 6 approximately obtained as
1/L -R/L -1/L

0 0 1/C -GIC v=l/ e (13)
. 3 1 ) ) Let 17 is travel time from fault point to measuring point which

with a,, =—(G +R—/) / C , where R;is fault resistance, and is theoretically calculated as
T,=x/v (14)
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Fig. 1. Lumped parameter equivalent of the transmission line
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It has been observed form the simulation results that the
frequency of harmonics generated after the fault are proportional
to travel time as

n
(=]
(=]

fee fi= e (15)
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Hence, if the wave speed and frequency of i harmonic f is

known, fault distance can be found from the following equation: -400, ‘

a
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o
-
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x=ve, =iv/2f, (16) Time (ms)

With the help of signal processing techniques voltage and
current harmonics, which occurs as a result of short circuit, can
be subtracted from measured voltage and current signals. These
harmonics of the voltage signal can be obtained by using FFT.

Current kA

4. Applications and Results 5

15 20

As an application, a 231 kV, 350 km single-phase line with 10, s
parameters 7=0.02 Q/km, /=0.88 mH/km and ¢=13 nF/km is Time (ms)
considered. Source resistance is assumed to be 0.01 Q and Fig. 2. Transient a) voltage and b) current waveforms for a
source inductance is 1.0 mH. Surge velocity on the line is fault at 120 km from the sending-end.
v=(Ic)"?=295.66x10° km/s. Transient voltage and current
waveforms after fault are obtained using state-space techniques.
Time to frequency domain conversion is carried out using FFT. 35
For this, one period (20 ms) of the voltage and current signals is
sampled at 102.4 kHz, and for 20 ms sampling time the FFT 30 1
spectrum resolution is 50 Hz. This resolution is enough to
estimate fault point with less than 3.2% error. It has been 5y 1
observed that, processing 2 or 3 period of voltage and current
signals do not affect the accuracy. 2 il

The harmonics in the spectrum of the filtered voltage signal
with higher amplitudes are related with the fault location. These 1 ]
harmonics can be extracted from FFT spectrum by using a peak
detection technique. As can be seen from Fig. 3 and described 10 1
previously there are more than one harmonic associated with the U
fault. All fault related harmonics can be extracted from FFT 5 U 1
spectrum as follow: First, all the harmonics which are over !

average value are detected. Then, they are sorted by their % 2000 4000 6000 8000 10000 120 14000
amplitude values. Finally, wanted numbers of harmonics with Frequency (Hz)
big value are sorted according to their frequencies and results
are stored in an array for processing.

In the voltage signal, which is sampled at one end of power @
system, source frequency is dominated. This makes it difficult to 035 ‘ _ Current FPT-real value
detect fault related frequencies. For this, prior to FFT, the
sampled voltage signal should be high-pass filtered. For filtering 03
5" order a high-pass-filter with a cut-off frequency of 60Hz is
used. After filtering the fundamental frequency, harmonics 025
associated with fault will be easier to detect.

Fig. 2 shows the voltage and current signal when fault occurs 02
at 120 km obtained by state-space method using 200 L-sections.
The source inductance is 10 mH. Fig. 3 shows power spectrum 015
density of voltage and current signal for the same fault. As it can
be seen from the figure, fault related harmonics are present at 04
both spectrums. Hence, with the help of determined harmonic
frequencies and the Eq (16), fault distance can be estimated. The 0.05
estimated fault distance from measured end by using only first
harmonic of current signal and total percentage error are shown
in Table 1. The error also covers the error due to lumped
parameter approximation of the transmission line and error Frequency (Hz)
associated with FFT. Fault detection is also carried out for b
symmetrical three-phase faults with approximately same
accuracy to that achieved in single-phase fault.

=2
(=]

Voltage FFT-real value

:
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Fig. 3. Transient response in frequency domain; a) voltage, b)
current.
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Table 1. Measured fault distance and accuracy for several fault

locations.

Fault Measured Measured P
Distance 1* harmonic fault distance ercentage
(km) frequency (Hz) (km) Error
40 3550 41.64 0.47
80 1800 82.13 0.61
120 1200 123.19 0.91
160 900 164.25 1.22
200 750 197.10 0.83
240 600 246.38 1.83
280 550 268.78 3.20
320 450 328.51 2.43

Table 2 and 3 show the effect of fault resistance and phase
angle on the accuracy of fault distance for a fault at 120 km,
respectively. As it can be seen from the tables, the fault
resistance and phase angle do not affect the accuracy. However,
as the method is based on the travelling wave theory, reactive
elements such as source inductance may affect the accuracy,
which is investigated by varying the source inductance. The
accuracy on the locating fault distance for different values of the
source inductance is given in Table 4.

Table 2. Measured fault distance and accuracy for a fault at 120
km for different values of fault resistance.

Fault Resistance Measured Fault Percentage
Q) Distance (km) Error
1 123.19 0.91
5 123.19 0.91
10 123.19 0.91
20 123.19 0.91
50 123.19 0.91

Table 3. Measured fault distance and accuracy for a fault at 120
km for different phase angles.

Phase angle in Measured Fault Percentage

degree Distance (km) Error

0 123.19 0.91

30 123.19 0.91

60 123.19 0.91

90 118.26 0.50

120 123.19 0.91

150 123.19 0.91

Table 4. Measured fault distance and accuracy for a fault at 120
km for different values of the source inductance.

Source Inductance Measured Fault Percentage
(mH) Distance (km) Error
0.0 118.26 0.50
1.0 123.19 091
10 134.39 4.11
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4. Conclusion

A travelling wave based fault detection technique for
transmission lines is developed in this paper. Fault distance is
detected by processing transient voltage and current waveforms
transformed into the frequency domain using Fast Fourier
Transform (FFT), considering the frequency of travelling wave
with lower frequency. Simulation results show that the accuracy
of the method is about %1 and phase angle at fault instant and
fault resistance do not affect the accuracy of the method.
Currently determination of fault distance of single-phase lines
and symmetrical faults at three-phase lines is carried out. The
method will be generalized for other types of faults in three-
phase lines. Elimination of the effect of reactive elements is
under study.
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