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A Traveling Wave Fault Location Method for Earth Faults Based
on Mode Propagation Time Delays of Multi-measuring Points

Abstract. A new traveling wave fault location method for earth faults is proposed based on propagation time delays between aerial mode and earth
mode acquired by multi-measuring points on transmission line. Using phase-mode transformation theory and the theory of wavelet singularity
detection to achieve the algorithm of propagation time difference detection. The JMarti model is used to build the system simulation model in the
EMTP. The final results show that the method has high reliability and precision.

Streszczenie. Przedstawiono nowg metode wykrywania | lokalizacji btedu w linii transmisyjnej bazujgcg na analizie propagacji fali. Do tego celu
wykorzystano transformate falkowg. (Lokalizacja btedu w linii transmisyjnej na podstawie analizy propagacji fali)
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Introduction

Earth faults in power network have a very high
probability of occurrence, up to 90%. The accurate and
fast location of earth faults can not only reduce outage
losses but also guarantee the safe and stable operation of
the power system.

After earth faults occur to the transmission line, the
transient traveling wave resulting from fault points includes
not only aerial mode component but also earth mode
component. Fault location is conducted through judgment of
the approximate entropy of transient earth mode current of
adjacent measuring points in literature [1]. However, this
method is only capable of determining fault section, but
can't determine the position of fault points. Another method
is the single ended method which uses time delay of the
initial wave head (hereinafter referred to as mode
propagation time delays), the earth-mode and aerial-mode
wave velocity to range. Although the method was put
forward earlier, its location range is very limited due to the
attenuation of earth mode and other problems.

The relationship between fault distance and mode
propagation time delays is determined based on the change
rules of earth mode wave velocity with fault distance, and a
new travelling wave fault location scheme using the mode
propagation time delays of multi-measuring points is
realized. Fault current travelling wave is detected directly by
detection device using Rogowski coil so that the traditional
electromagnetic CT coil saturation, high frequency
characteristics difference and the precision of head wave
detection can be effectively improved. Because only the
initial head wave of aerial mode and earth mode of each
measuring point require judgment, the influence of line
branch points can be almost eliminated.

Basic principle

As shown in Fig.1, an earth fault occurs at F point on
line MN, the aerial mode and earth mode travelling wave
generated from the fault point spread to the measuring point
i by velocity vi and vo (v1 > vp) respectively.
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Fig. 1 Schematic diagram of zero-mode and aerial-mode traveling
wave propagation in the case of earth fault

According to the theoretical analysis, the relationship

between the physical length d; of the line from the fault
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point to the measuring point /i and the propagation time

delay As, for the modes’ arrival at the measuring point is as
follows:

A
d)=—"A,

D MY

When the transmission line tower span is close to

the sag, the physical length of the line can be regarded as
that achieved [3] through the magnification of the field line
length by a certain coefficient € (¢ > 1), thus

) d; = &d,

Where di is the field line length from fault point F to the
measuring point i. By substituting Formula (2) into Formula
(1,

M1V

d. =

(3) e(v—v)

It is easy to find from Formula 3 that there exists
certain relation between the fault distance from the fault
point to the measuring point (referring to the field line
length) and the mode propagation time delay of this
measuring point. This relation is subject to the influence of
&£Vvi Vo and other factors. As far as a given line is
concerned, € can be regarded as a constant coefficient, and
the line mode wave velocity v is stable or can be regarded
as constant, but earth mode wave velocity vy changes
greatly [4]. Therefore, the relationship between fault
distance and mode transmission time delay should be
determined to estimate fault point position from mode
transmission time delay. The earth mode wave velocity
needs to be analyzed first.

At

1

Fault distance estimation method based on the mode
transmission time delay.

Analysis of the variation of the earth mode wave
velocity

The propagation process of earth mode component
involves zero sequence parameters of the transmission line,
because the earth mode resistance and inductance change
greatly with the frequency, so it results in the great change
of the earth mode wave velocity with the frequency.

Studies show [5] that, the earth mode wave velocity
increases in a monotonous manner with frequency
variation. Each frequency component of the earth mode
traveling wave reaches the measuring point according to a
decreasing order. The fast attenuation of high frequency
component in the process of propagation results in the fact
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that the longer the fault distance, the lower the highest
frequency of the earth mode wave head and the smaller its
corresponding wave velocity is.

To sum up, the earth mode wave velocity decreases
with the increase of fault distance, and for a given line, the
earth mode wave velocity is only related to fault distance,
and not subjected to the influence of other factors [6]. The
relationship between the two can be expressed as

@ vo = f (d)

where: f is the function of the earth mode wave velocity of
fault distance d, which is a monotonically decreasing
function. Fig.2 shows the relationship between earth mode
wave velocity and fault distance.
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Fig. 2 The relation between earth mode wave velocity and fault
distance
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Fault distance estimation methods.
It can be easily known from Formula 3 and 4 that the
fault distance d can be expressed as follows:

__w/@)
5 e(v - (@)
Where: Atrefers to the mode propagation time delay,

while both&and v4 can be considered as constant.
It is not difficult to deduce the relation between At and
d based on Formula (5):

At = ed(L —lj
. s

It can be known through the analysis of Formula (6)
that, when fault distance d increases, then f(d) decreases

! —i increases, thus At also increases. That is
f@d v
to say, the relationship between the mode transmissiontime
delay At and the fault distance d can be expressed as
follows:

and

{At:g(d)
R0 d=g"'(Ar)

where, both g and g'7 are monotonic decreasing function.

Based on the above analysis, it is not hard to find that,
the farther the fault distance from the fault point to the
measuring point is, the longer the mode propagation time
delay tested at the measuring point is, and vice versa. So,
the mode propagation time delay has one-to-one
correspondence with the fault distance, that is, the known
mode propagation time delay of the measuring point can be
used to discover the corresponding fault distance based on
the function g".

As it is difficult to determine the function g" directly, the
fitting method can be adopted to obtain relevant value. Fig.3
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shows the curve about the relationship between fault
distance and the mode transmission time delay. For a given
line, corresponding d-Af curve can be obtained through
EMTP simulation by setting relevant line structure
parameters. The mode transmission time delay obtained at
the measuring point, together with the d-Af graph, can be
used to find out the fault distance from fault point to the
measuring point.
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Fig. 3 Curve of fault distance and mode transmission time delay

Wave head detection of earth mode and aerial mode

It can be known based on the previous analysis that
the mode propagation time delay /At ,which can be used to
estimate fault distance, is key to fault location. In other
words, the effective differentiation between wave head of
earth mode and aerial mode at the measuring point the
location of the time differences of the two directly influences
the location results.

Sampling and storage of fault current travelling wave

The traveling wave detection device installed at each
measuring point mentioned in this paper uses Rogowski coil
to extract fault current travelling wave. The isolated
measurement of high voltage circuit can be easily achieved
as there is no direct connection [7] between Rogowski coil
and the line measured.

The traveling-wave signal of high frequency collected
by Rogowski coil reaches high-speed A/D converter via the
signal conditioning circuit, which iscontrolled by CPLD.
Once the line breaks down, CPLD starts high-frequency
sampling immediately, and writes sampled data
successively into SRAM.

After the completion of sampling and storage, CPLD
promptly notifies CPU to read sampled data and carry out
phase-mode transformation, wavelet transform and related
data processing, so as to test the wave head of aerial mode
and earth mode.

Phase-mode transformation
The complex electromagnetic coupling relationship

exists in the three-phase transmission lines. For the
purposeof simplifying calculation, phase-mode
transformation is usually used for decoupling. The

commonly-used transformation matrices include Clarke,
Karenbauer, and many others, but these matrices all have
certain defects. Mode 1 or 2 alone is not enough to
represent all fault types. In literature [8] a new phase-mode
transformation matrix Q™" is proposed. This matrix enables
the existence of a single aerial mode in all types of fault.
The transform formula is as follows:

. 1.
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Where: im = [i), i¢1), i(z)]TiS the mode; in), ipjis mode 1
and 2, respectively, collectively called aerial mode; i(),is the
earth mode; i = [ia, is, ic]T is the three-phase phasor A, B
and C.

After the aerial mode and earth mode components
are obtained through phase-mode transformation, the high-
frequency signals can be extracted from different mode
components to test the respective wave head.

Dyadic wavelet transform

Dyadic wavelet has the time-shift covariance of the
continuous wavelet transform, but the computation is
greatlyreduced because the scale measurement is
discretized and the normal frequency shaft is divided into
adjacent frequency bands. Asaconsequence, it is especially
suitable for the analysis of the non-stationary signal as
traveling wave [9]. The wavelet transform result of each
scale is the component of the signal in the corresponding
frequency band. The higher the scale, the lower the
frequency is.

Dyadic frequency band of the signal can be divided

using a pair of mirror filter {h"} and{g }, which can also
achieve the multi-scale decomposition. The algorithm is
briefly introduced below. If co(n) is the original signal, the
discrete approximate signal c1(n) and discrete detail signal
di(n) at scale 1 can be obtained using the Formula (10) and

(11).

&)=Y h@n— k), (k)
10 k

d,(n) =2 g(2n—k)c,(k)
“11 K
c2(n) and dz(n) at scale 2 can be obtained by replacing co(n)
with c1(n). The rest may be deduced by analogy [10].
The performance of the signal on different frequency
bands can be observed after wavelet transform over the
signal to realize feature extraction.

Singularity detection

The modulus maxima of wavelet transform  usually
corresponds to the single singularity and can be used in
singularity detection. The concrete definition is given as
follows:

Wif(x) is the wavelet transform of the functionf(x). If at
the scale S, | Wif(x) | < | Wif(xo) | can be deduced for all

xe(x-0d,x+0) at a particular domain of xo, Xo is the
modulus maximum point of wavelet transform andWsf(xo),
the modulus maxima [11].

It should be noted that noise signal and traveling wave
signal is very similar, and also has singularity. Thus, noise
elimination should be considered in wave head detection.
Multi-scale singularity detection of the signal can be
realized through wavelet transform, and traveling wave
signal de-noising can be realized taking advantage of
different performance characteristics of traveling wave and
noise on different scales [12]. In Fig.4, the noise signal at
the scale 1 completely submerges travelling wave signal,
but its maximum value at scale 2 is less than one-fourth of
the initial wave head amplitude of traveling wave, while the
noise at scale 3 is very weak. With the increase of the
scale, the wavelet transform results of the noise quickly
attenuate, and the modulus maxima of wavelet transform of
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the traveling wave signal increases. According to this
characteristic, the wave head of travelling wave at relatively
high scale can be roughly located, and then the precision
location within the range of the rough location using the
detection result at low scale can be achieved[13].
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Fig. 4 Wavelet transform in signal denoising
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The wavelet transform is performed over aerial mode
and earth mode, respectively, and the time corresponding
to their first respective modulus maxima are the arrival time
for the initial wave head of aerial mode and earth mode.
From this, the mode transmission time delays of the two
can be obtained.

Realization of the comprehensive fault location using
multiple measuring points
System constitution

The fault location system in this paper is composed of
several measuring points on the transmission line and one
monitoring station, as shown in Fig.5. There are n (n 22)
measuring points on line MN, and at each measuring point

a traveling wave detection device is installed to detect initial
wave head of aerial mode and earth mode.

master monitoring
station

wireless communication
network
Pl A
/ / \

M a4 , \ N
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@ { @ @ .—{
1 2 i ZF i+1 n

Fig. 5 System structure

The arangement of the measuring points on the line
can beselected according to the actual situation.
Considering the large attenuation of earth mode component
(based on EMTP simulation results, it is difficult to detect
wave head of earth mode 30 km away from the fault point at
scale 2, or 60 km away at scale 4). The field line length
between adjacent measuring points should not be too long.

The measuring point (referred to as effective node
hereinafter) capable of detecting the wave head of earth
mode can upload time delay information by means of
GSM/GPRS to the monitoring station, where all the
information uploaded is comprehensively analyzed and
processed to determine the fault point position.

Preliminary location of fault points

According to the principle that the shorter the fault
distance, the smaller the mode propagation time delay is,
the master station ranks the time delay of s effective nodes
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collected. If the time delay Atuploaded by the measuring
point i is the smallest, it can be judged that the fault point is
near the measuring point i.

Precise location of fault points
The range of fault point can be determined preliminarily
after the measuring point / nearest to the fault point is
found. Meanwhile, the fault direction of the remaining s-1
effective nodes can also be made clear, that is, whether any
point other than i is located in the upstream (near to the first
end M) or the downstream of the fault point. Suppose that {;
is the mode propagation time delay uploaded byi #jnode,
and the fault distance d; corresponding to t can be
estimated according to the curve in Fig.3. d; can be
converted into d* , the fault distance from the fault point to
the end M:
12> d*j=Lj+dj
13 d*j=Lj-dj
Formula (12) and (13) correspond to the situation
when node j is located at the upper stream and down
stream of the fault point, respectively. In the formulas, L;
refers to the field line length from the measuring point j to
the end M.

The fault distance dr can be calculated by taking the
mean value of the sum of all d*

(14) s—1
EMTP simulation study

In this paper, simulation modeling is conducted over
110kV dual-terminal power system using EMTP, and JMarti
line model which takesthe frequency characteristics into
consideration is used with system model shown in Figure 6.
Line parameters are as follows: line LGJ-300; the vertical
distance from the line to the ground 10m. The total length of
the line is 50 km with four measuring points, and the
spacing between adjacent points is 10 km.

M N
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"10km ' 10km ' 10km ' 10km 10km
Fig. 6 Simulation model of earth fault

It is supposed that single phase earth fault occurs at 5
km from the end; the initial phase angle is 45°; transition
resistance is 10Q; the wavelet scale is 4; and sampling
frequency is 10 MHz. It is found after data processing over
the simulation signal using MATLAB that wave head of
earth mode is not detected at measuring point 4, while the
other three measuring points are all effective nodes and
their mode transmission time delays measured are t; = 0.4
us, t2 =2.4 ps, t3 = 4.6 ps, respectively. As t; is the smallest,
it can be initially judged that the fault point is near the
measuring point 1, so the measuring points 2 and 3 are all
located in the downstream of the fault point. Then d; =
4.832 km, d3 = 5.098 km can be estimated from t, and t3

according to the d-At cyrve in Figure 3. Finally, dr = 4.965
km, the fault distance from the fault point to the end M, and
-35m absolute error can be derived from Formula (14).
Fault location results simulated under different fault
condition are shown in Table1. It can be seen that location
results are almost free from the influence of transition
resistance and the initial phase angle of the fault. Even with
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small angle and large transition resistance, the
measurement error is still less than 500 m.

Table 2 shows the different fault location results. The
results reveal that the location of different fault points can
be effectively determined with high reliability using this
method, and the location accuracy can properly meet the

field requirements.

Table. 1 Fault location results under different fault conditions

Initial Transition M "
phase resistance | Fault easure
h ment Absolute
angle ~of | /) distance distance/k | error/km
the fault /km \
o m
1)
90 10 21 21.154 0.154
36 100 21 21.154 0.154
18 1000 21 21.452 0.452
Table. 2 Fault location results at different fault points
Initial Transition M "
Fault phase resistance mgitsu € Absolute
distance/k | angle of | /) distance/k | error/km
m the fault
o m
1)
5 45 10 4.965 -0.035
15 45 100 14.832 -0.168
28 72 500 27.715 -0.285
42 90 100 41.971 0.029

Conclusions

A traveling wave fault location method for earth faults
based on mode transmission time delays using multi-
measuring points is discussed in this paper. This method
requires no GPS time scale, and can make full use of the
delays of the arrival time for the initial traveling waves of
aerial mode and earth mode. Meanwhile, comprehensive
fault location can be realized based on the relationship
between fault distance and mode transmission time delays.
The simulation results show that this method is almost free
from the influence of transition resistance and initial phase
angle of fault and other factors, with high reliability. Besides,
this method is also suitable for transmission lines of
different length.
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