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ABSTRACT This paper presents a simple and effective method to extract the identification quantity
of transient pulse waveform produced by the overhead transmission line short-circuit fault. This method
employs the second-order time harmonic equation of the power frequency component to convert the fault
full-wave data. After the conversion, only the identification quantity remains. This method can amplify
high-frequency spectral content by the times of the square of the angular frequency, and hence improve
the sensitivity of identifying fault transient. Using the identification quantity, one can clearly observe the
arrival time and relative intensity of fault transient. A three-phase half wavelength transmission line of
50Hz/3000km is simulated with PSCAD to illuminate the effectiveness of this method. The effects of fault
type, soil resistivity, fault resistance, power frequency fluctuation, sampling rate, transposition length, fault
inception angle and white noise are analyzed. Calculated results show that this method can distinguish
different fault type and can work effectively at low sampling rate down to 10kHz. This method is helpful for
improving the performance of the traveling-wave based fault location method.

INDEX TERMS Fault location, line fault, power transmission line, pulse, traveling wave.

I. INTRODUCTION
During the normal operation of overhead power transmission
lines, there are mainly power frequency voltage and current
on them. When a fault occurs on the line, there will be not
only power frequency components, but also fault components
in the voltage and current. The fault component can be
understood as the narrow pulse wave propagating from
the fault point to both sides of the fault point along the
line. Mastering the propagation process and characteristics
of the pulse wave are important for traveling-wave-based
fault location method introduced in the review papers [1]
and the IEEE standard [2]. Especially, in [2] five types of
traveling-wave fault locators are described. The performance

The associate editor coordinating the review of this manuscript and

approving it for publication was Ehab Elsayed Elattar .

of traveling-wave method had been analyzed for applica-
tions in real 500kV ac transmission lines [3], distribution
systems [4], cable lines [5], and high-voltage dc transmission
systems [6], [7].

The traveling-wave locationmethodmainly consists of two
steps: the first is determining the arrival time of the fault
transient, and the second is to deduce the fault location using
the arrival time [7], [8]. This article focuses on the first step.
Once the first step is carried out, the second step can refer to
the existing results and experience adopted in traveling wave
location method, typically including the single-ended [9] and
double-ended methods [10]. As aforementioned, they can
further be classified into five types.

As well as known, the complete time domain volt-
age/current waveform resulting from line fault occurring
at any point of the transmission line can be obtained
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through measurement or simulation. However, the complete
fault waveform consists of a load component, steady-state
component, and transient component [11]. Among them,
only the transient component is sent from the fault point
and propagates along both sides of the line. Hence, the
transient component is especially suitable for traveling wave-
based fault location and diagnosis. Unfortunately, it is usually
not easy to separate and iden-tify the transient component
(a narrow pulse) from the full shape [12]. For example,
in traditional traveling-wave based fault location method,
to identify the arrival of the fault transient, the sampling rate
of the current acquisition system is up to 1 MHz [8], [13],
[14], [15], [16]. This greatly limits the applicability of this
method.

To relax this limitation, we propose a data processing
method to eliminate all power frequency components and
meanwhile only remain the transient component. This
method employs the second-order time harmonic equation
of the power frequency component to convert the full fault
waveform. After the conversion, only the identification
quantity for fault transient remains. This method can amplify
high-frequency spectral content by the times of the square
of the angular frequency, and hence improve the sensitivity
of identifying fault transient and correspondingly relax the
requirement for sampling rate. Through this identification
quantity, we can clearly show the prop-agation process of the
transient component as a solitary wave on a transmission line.
After determining the arrival time, we can use the idea of the
existing traveling wave method to apply to single-ended or
multi-ended scenarios [2], [17].

Similar to the wavelet transform method [18], [19], [20],
the method proposed in this paper also belongs to the
traveling wave method in essence. The difference lies in
the identification algorithm of the arrival time of the fault
traveling wave: the wavelet transform method uses the
wavelet transform to extract the high-frequency transient;
The method in this paper is not to directly extract the high-
frequency transient, but to extract the identifier quantity
corresponding to the high-frequency transient. Secondly,
in comparison, the algorithm in this paper is simpler, and it is
only used to identify the arrival time of the fault transient, and
the information that can be extracted is limited; The wavelet
method algorithm is more complex, but by selecting different
wavelet functions, more local and refined time and frequency
domain information can be extracted. The method in this
paper has the advantages of simplicity, and may be used as
an optional method. In addition, this method can amplify
the high-frequency components of a signal, so it has better
sensitivity to fault transients and canwork at a lower sampling
rate.

If this method is compared with other fault location
methods (except traveling-wave method), the conclusion
of comparison between traveling-wave method and other
methods can be directly used. These conclusions have
been included in Table 1 and Table 2 of Ref. [21].
In addition, the proposed method will be compared with

TABLE 1. Comparison between the present method and Conventional
traveling wave method.

TABLE 2. Influence of the inception angle on the arrival time.

the traditional traveling wave method as shown in Table 1.
It can be seen that the proposed method has advantages
in simplicity and low sampling rate. In other projects, this
method is basically similar to the traditional traveling wave
method.

The limitations of this method are similar to those of
traditional traveling wave methods [20], including: 1) high
sampling rate requirements and high equipment cost; 2) the
accuracy of traveling wave fault location depends on a proper
determination of wave velocity in the transmission line,
which may vary with the changes in ambient temperature,
icing and dirt on phase conductors. 3) Synchronization
of fault locators installed on both ends of transmission
line is realized through the use of a GPS. The time
synchronization error is estimated to be 1µs, which is equal
to±150m error of determining fault location for a single fault
locator.

This paper also verifies the effectiveness of this method
by the case analysis conducted in the PSCAD simulation
for a 50Hz/3000km half wavelength power transmission line.
This method is expected to be useful in traveling-wave-based
fault location methods for long-distance ac lines, dc lines, and
half wavelength lines. Theoretically, thismethod is applicable
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to any case where a pulse signal superimposes on a lower-
frequency time-harmonic signal. For example, it can also be
used to identify transient waves in other scenarios, such as the
interference of substation switching transients on secondary
cables [22], [23].

The rest of this paper is organized as follows. In Sec-
tion II, the pulse identification quantity extraction method is
presented. In Section III, we introduce a simple analytical
case based on a lossless and well matched two-wire line.
Section IV describes the model of a three-phase 50Hz
half wavelength transmission line. Section V contains some
basic results for different fault types. Section VI discusses
some influence factor like soil resistivity, fault resistance,
frequency fluctuation sampling rate, transposition length,
fault inception angle and white noise. Finally, Section VII
concludes this paper.

II. THE PULSE IDENTIFICATION QUANTITY
EXTRACTION METHOD
As is well known, any time-harmonic function f (t) with an
angular frequency ω0 satisfies the following equation:

d2f
dt2

+ ω2
0f = 0 (1)

For the current waveform i(t) recorded at any observation
point after the transmission line fault, its evolution with time
can be divided into three stages:

Stage 1: it is a time-harmonic function of time with angular
frequency ω0 when t>t1.

Stage 2: It is a non-sinusoidal waveform when t1<t<t2.
Stage 3: it is the other time-harmonic function of time with

angular frequency ω0 when t>t2.
Wherein, ω0 is actually the power frequency of the

transmission line, t1 represents the time when the fault pulse
wavefront first reaches the observation point, and t2 denotes
the time when the fault pulse wave tail leaves the observation
point.

The pulse wave identification quantity is defined as:

iid ≜
d2i
dt2

+ ω2
0i (2)

In the following, for simplicity, ‘pulse wave identification
quantity’ is denoted as ‘identifier’.

This identifier has the unit of A/s2. For voltage waves,
the corresponding identifier may also be defined in a similar
way. Considering that current signal is usually employed
for relay protection, here we mainly treat the current
waveform. In frequency domain, the proposed identifier can
be expressed as

iid =

(
ω2
0 − ω2

)
i (3)

wherein, ω is the angular frequency of the current waveform.
FromEquation (3), we can see that the identifier can eliminate
the 50Hz base frequency from the observed waveform, and
meanwhile amplifies its high-frequency spectral content by
the times of the square of the angular frequency. The higher

the frequency, the greater the magnification. From this point
of view, this method can improve the sensitivity of identifying
fault transient, since a fault transient usually contains lots of
high-frequency components.

Substituting the aforementioned three-stage current wave-
form into Equation (2), one can obtain

iid =


0, t < t1
a transient pulse, t1 < t < t2
0, t > t2

(4)

As shown in Equation (4), the identifier iid only exists for
the time range from t1 to t2. Beyond this range, it is always
zero. Hence, it can simply represent the transient component.

In practice, the full waveform of the current is usually
measured with a current transformer and is recorded as
discrete data. For this reason, we should use the difference
operation to approximate the differential operation. With this
approximation, Equation (2) can be converted into

iid ≜ (t)
i (t + 1t) + i (t − 1t) − 2i (t)

(1t)2
+ ω2

0i (t) (5)

wherein, 1t is the sampling time step. That is, the reciprocal
of the sampling rate. Figure 1 displays an intuitive graphical
explanation for the three-stage current waveform i(t) and the
extraction of its identifier iid.

FIGURE 1. Evolution of the three-stage current waveform i(t) and its
identifier i id (t).

III. A SIMPLE ANALYTICAL CASE: A LOSSLESS AND
MATCHED TWO-WIRE LINE
Figure 2 shows a two-wire line. The line will always be
drawn parallel to the z axis. At the sending end (z = 0),
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FIGURE 2. A lossless, two-wire transmission line Rf (t)denotes the fault
resistance.

the source is represented as a time-harmonic voltage us with
a source resistance RS . At the receiving end (z = l), the
load is represented as a resistance RL . Wherein, l is the line
length.

The line is assumed to be uniform and lossless with
characteristic impedance Zc and phase constant β. Assuming
the line is completely matched (Rs = RL = Zc) and us = u0
cosωt , the line current and voltage can be written as

u (z, t) =
1
2
u0 cos (ω0t − βz) (6a)

i (z, t) =
1
2Zc

u0 cos (ω0t − βz) (6b)

The two are pure traveling waves in the +z direction.
When a fault occurs, a transient wave will send out from

the fault point. Here, the fault is modelled as a fault resistance
Rf , which is connected to the line as a parallel element as
shown in Figure 2. It is assumed that the fault occurs at the
time t = t0 and the position z = zf . The fault resistance is
described as

Rf =


∞, t ≤ t0
f (t) , t0 ≤ t ≤ t0 + tf
Rfs, t ≥ t0 + tf

(7)

For t < t0, it is infinite since no fault happens before t0.
For t0 < t < t0 + tf , it is time varying. For t > t0 + tf , it is
stable at a fixed value of Rfs. Wherein, tf denotes the duration
of the dynamic evolution of the fault resistance.

On the right side of the fault point, the transient pulse
comes from the refraction of the incident wave and propa-
gates along the +z direction [24]. Its voltage and current can
be expressed as, respectively

uright (z, t) =
Rf

2Rf + Zc
u0 cos [ω0t − βz] ,

t0 + td ≤ t ≤ t0 + tf + td (8a)

iright (z, t) =
Rf

2Rf + Zc

1
Zc
u0 cos [ω0t − βz] ,

t0 + td ≤ t ≤ t0 + tf + td (8b)

where, td is the wave traveling time from the fault position to
the observation point and can be calculated by td = (z− zf )/c
with c being the wave speed.

On the left side of the fault point, the transient pulse comes
from the reflection of the incident wave and propagates along
the -z direction [24]. Its voltage and current can be expressed
as, respectively

uleft (z, t) =
−Zc

2Rf + Zc

u0
2

cos
[
ω0t + βz− 2βzf

]
,

t0 + td ≤ t ≤ t0 + tf + td (9a)

ileft (z, t) =
1

2Rf + Zc

u0
2

cos
[
ω0t + βz− 2βzf

]
,

t0 + td ≤ t ≤ t0 + tf + td (9b)

where, td is calculated by td = (zf -z)/c. The total voltage
on the left side is the sum of the incident voltage with the
reflected voltage, which is equal to the voltage on the right
side (uright). Hence, the voltage continuity can be satisfied.
Substituting Equation (8b) into Equation (1), we obtain the

identifier for z > zf like

id,right =
u0
Zc

[
cos (ω0t − βz)

d2

dt2

(
Rf

2Rf + Zc

)
− 2ω0 sin (ω0t − βz)

d
dt

(
Rf

2Rf + Zc

)]
(10)

Similarly, the identifier for z < zf is

id,left =
u0
2

[
cos

(
ω0t + βz− 2βzf

) d2

dt2

(
1

2Rf + Zc

)
− 2ω0 sin

(
ω0t + βz− 2βzf

) d
dt

(
1

2Rf + Zc

)]
(11)

It can be seen that the identifier depends on the time-
varying characteristic of the fault resistance, the characteristic
impedance of the line, and the phase of incident wave at fault
time.

The above model is very simple due to the assumptions of
both complete impedance match and lossless line. Its advan-
tage is to provide us an analytical example to illustrate the
proposed identification method. In practice, the impedances
are usually not matched with the line. Also, the line is usually
lossy. For a lossless line, even if the impedances are not
matched, an analytical solution are still available, noting that
there will be both forward and backward traveling waves
simultaneously before the fault occurrence. However, for a
lossy line, considering the propagation constant is frequency-
dependent, analytical solutions are unavailable [24]. Hence,
in the following, for an overhead three-phase ac transmission
lines, we use PSCAD software to numerically simulate the
wave process. It should also be noted that, realistically, the
behavior of Rf versus time t is usually very difficult to
be determined accurately. However, this does not affect the
applicability of the proposed pulse extraction method, since
the current data can be measured directly in practice.
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FIGURE 3. A 50Hz/3000km half wavelength power transmission line with
a line fault occurring at the position with a distance d from the sending
end.

FIGURE 4. Geometrical parameters of the simulated transmission line.

IV. THE TRANSMISSION LINE MODEL
Usually, since the traveling wave fault location method
is more suitable for long-distance transmission lines, a
50Hz/3000 km half wavelength power transmission line are
employed, as shown in Figure 3. Wherein, a line fault occurs
at the position with a distance d from the sending end. The
voltage of the sending end is fixed at 400kV. Figure 4 show
the tower configuration of this transmission line. The dc
resistance is 0.0321�/km and 2.8645�/km for phase wire
and ground wire, respectively. The transposition length is
about 100km. In this paper, this transmission line is first
modelled as a perfectly transposed line, and then in section
VI-E, the impact of the transposition length on the identifier is
investigated. At power frequency 50Hz, the positive sequence
impedance is 0.034+j0.42 �/km, and the positive sequence
admittance is j2.74µS/km; the zero sequence impedance
is 0.29+j1.16�/km, and the zero sequence admittance is
j1.88µS/km. It is assumed that the fault occurs at t0 =

0.2114s. In practice, the duration time of fault evolution (tf )
varies from case to case. For wire-to-wire short circuit, this
time is on the order of air discharge and may be as short
as tens of nanoseconds [25]. On the other hand, for wire-to-
earth fault with high impedance, the time will be relatively
much longer. Here, we build a frequency-dependent phase-
domain transmission line model in PSCAD to simulate the
line fault. The time step in PSCAD simulation is always 1µs.
Since in PSCAD simulation the short circuit is accomplished
with one time-step by default, the corresponding time tf is
about 1µs. In theory, smaller tf is also considered. However,
its lower limit is restricted since transmission line model is
based on the quasi-TEM (transverse electromagnetic) wave
assumption [24]. This assumption requires that the transverse

dimensions of the line should be electrically small. For a
transient with tf = 100ns, the corresponding high frequency
component may be up to 3-10MHz, and hence the wavelength
may be smaller than 30-100m, which will violate the
electrically-small dimension condition. On the other hand,
the attenuation constant is frequency-dependent. That is, the
higher the frequency, the greater the attenuation constant.
Hence, with the increase of the propagation distance, the
high-frequency components of a transient waveform will
become more and more negligible, compared to the low-
frequency components. Also, a transient pulse will undergo
waveform distortion and its width will increase. That is,
the rising portion of the waveforms becomes less steep. For
example, the measured results for a 500kV line shows that the
rise time of is about 1.8µs when the observation point is 89km
far from the fault point. Wherein, the transient waveforms
are detected at the sampling rate of 40MS/s. Considering
the above two reasons, we use tf = 1µs in our PSCAD
simulations.

Usually, current signals are employed for catching fault
transient. Also, the phase currents are decomposed into
a ground and two aerial modes with reference to phase
A using Clarke’s transformation [26] as in the following
equation:  I0

Iα
Iβ

 =
1
3

 1 1 1
2 −1 −1
0

√
3 −

√
3

  Ia
Ib
Ic

 (12)

where I0 is the ground mode component and Iα(alpha), Iβ
(beta) are the aerial mode components. The ground mode has
heavier attenuation than the aerial modes, due to more losses
in the earth [17]. In addition, the uncertainty of soil resistivity
makes it difficult to determine the attenuation coefficient of
ground model. As a result, only aerial modes are suitable
for analyzing fault characteristics [27]. It should be noted,
although the zero, alpha and beta modes can be useful as a
0th order approximation, they are not propagation modes of
actual single-circuit overhead lines [28]. However, the error
is usually negligibly small for frequency above 500 Hz [28].
As a result, they can be employed with good accuracy since
the proposed identifier is mainly determined by the high-
frequency components of fault transient.

For convenience, Figure 5 shows the flowchart for
extraction of the identifier from current data produced by
PSCAD simulation.

V. SOME BASIC RESULTS
A. THE RECEIVING END IS OPEN
1) THE PHASE A TO GROUND FAULT
With a soil resistivity of 100�·m, a fault resistance of 10�,
and a phase A to a ground fault occurring at the midpoint
of the line (d = 1500km), Figure 6 shows the current
waveforms of the ground, alpha and beta modes at the
sending end, including both the full wave and the pulse wave
identification quantity.
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FIGURE 5. The flowchart for extraction of the identifier from current data
produced by PSCAD simulation.

FIGURE 6. The current waveforms of both full wave and identifier at the
sending end when a phase A to ground fault occurs at the midpoint of the
transmission line with open load: (a) the ground mode I0, (b) the alpha
mode Iα and (c) the beta mode Iβ .

It can be seen that the identifier appears at the time of
t = 0.2164s, which is a 5ms delay from the time of fault
occurrence (t0 = 0.2114s). This pulse identification wave
corresponds to the first traveling-wave arrival. This time
delay is exactly the time required for an electromagnetic
wave to travel the 1500km distance from the fault point
to sending end. In addition, a smaller pulse identification
wave can also be observed at t = 0.2264s for ground and
alpha modes, which corresponds to the second traveling-
wave arrival. It has a time delay of 15ms and a 4500km
propagation path. As shown in Figure 7, the 4500kmpathmay
correspond to two cases: (1) first from the fault point to the
receiving end (1500 km), and then from the receiving end to
the sending end (3000km); (2) first from the fault point to the
sending end (1500km), second from the sending end the fault
point (1500km), and finally again from the fault point to the
sending end (1500km).

FIGURE 7. Lattice diagram showing the reflections and refractions caused
by the traveling waves when a fault is present on a power system.

It can also be clearly seen that the identifier only appears
at the time range when the transient component of the full
wave is passing the observation point. Also, the identifier for
the alpha mode is much larger than that for the ground mode.
Meanwhile, the identifier for the ground mode is also much
larger that for the beta mode. Hence, the phase A to ground
fault can be identified when the alpha mode has much larger
identifier than the other two modes.

FIGURE 8. The waveform of identifier at the sending end when a phase A
to phase B fault occurs at the midpoint of the transmission line with open
load: (a) the ground mode I0, (b) the alpha mode Iα and (c) the beta
mode Iβ .

2) THE PHASE A TO PHASE B FAULT
With a phase A to phase B fault occurring at the same
position, Figure 8 shows the identifier waveforms of the
ground, alpha and beta modes at the sending end. In this case,
the identifier for the ground mode is much smaller than the
other two modes. The identifier for the beta mode is about
half of that for the alpha mode. Hence, the phase A to phase
B fault can be identified when the identifier for alpha mode
is the largest and the identifier for ground mode is relatively
much smaller.

FIGURE 9. The waveform of identifier at the sending end when a phase B
to phase C fault occurs at the midpoint of the transmission line with open
load: (a) the ground mode I0, (b) the alpha mode Iα and (c) the beta
mode Iβ .
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3) THE PHASE B TO PHASE C FAULT
With a phase B to phase C fault occurring at the same position,
Figure 9 shows the identifier waveforms of the ground, alpha
and beta modes at the sending end. In this case, the identifier
for the beta mode is much larger than the alphamode. And the
identifier for the alpha mode is also much larger than that for
the ground mode. Hence, the phase B to phase C fault can be
identified when the identifier for beta mode is further greater
than these for the other two modes.

FIGURE 10. The waveform of identifier at the sending end when a phase
A to ground fault occurs at the midpoint of the transmission line with
matched load: (a) the ground mode I0, (b) the alpha mode Iα and (c) the
beta mode Iβ .

B. THE RECEIVING END IS MATCHED
1) THE PHASE A TO GROUND FAULT
Figure 10 shows the identifier waveforms of the ground, alpha
and beta modes at the sending end for phase A to ground
fault with matched load. A comparison between Figure 6
and Figure 10 illuminates that the previous conclusion for
identifying phase A to ground fault in case of open load is
also suitable for the present case of matched load.

FIGURE 11. The waveform of pulse wave identification at the sending
end when a phase A to phase B fault occurs at the midpoint of the
transmission line with matched load: (a) the ground mode I0, (b) the
alpha mode Iα and (c) the beta mode Iβ .

2) THE PHASE A TO PHASE B FAULT
Figure 11 shows the identifier waveforms of the ground, alpha
and beta modes at the sending end for phase A to phase B
fault with matched load. A comparison between Figure 8
and Figure 11 illuminates that the previous conclusion for
identifying phase A to phase B fault in case of open
load is also suitable for the present case of matched
load.

3) THE PHASE B TO PHASE C FAULT
Figure 12 shows the identifier waveforms of the ground, alpha
and beta modes at the sending end for phase B to phase C
fault with matched load. A comparison between Figure 9
and Figure 12 illuminates that the previous conclusion for
identifying phase B to phase C fault in case of open load is
also suitable for the present case of matched load.

FIGURE 12. The waveform of identifier at the sending end when a phase
A to phase B fault occurs at the midpoint of the transmission line with
matched load: (a) the ground mode I0, (b) the alpha mode Iα and (c) the
beta mode Iβ .

VI. DISCUSSIONS ON SOME INFLUENCE FACTOR
In this section, for simplicity and without loss of generality,
we mainly employ the phase A to ground fault with
matched load to investigate the effects of soil resistivity, fault
resistance, frequency fluctuation, and sampling rate on the
identifier. Also, in most cases, we only show the identifier
for alpha mode, considering that it is much larger than the
ground mode and the beta mode.

A. THE SOIL RESISTIVITY
In practice, soil resistivity is affected by factors such as
soil components,structure and humidity, and can vary with
location and time [29], [30], [31]. A rain can significantly
reduce the soil resistivity. Usually, soil resistivity can vary
from tens of �·m to thousands of �·m.

FIGURE 13. The waveform of the first arrival (a) and second arrival (b) of
the alpha mode identifier at the sending end when a phase A to ground
fault occurs at the midpoint of the transmission line with matched load.
Different soil resistivities are considered: 10�·m(orange line),
100�·m(black line), 1000�·m(purple line), and 10000�·m
(red line).

With a fault resistance of 10�, Figure 13 plot the
identifier for the alpha modes: Figure 13(a) and Figure 13(b)
correspond to the first and second arrival respectively.
Figure 13(a) shows that the peak of the identifier of the first
arrival rises with the resistivity increasing. Meanwhile, the
arrival time will delay with the soil resistivity increasing,
which can be attributed to the faster propagation speed for
lower soil resistivity. According to Figure13(b), the peak
of the identifier of the second arrival no longer changes
monotonously with the increase of soil resistivity. Similar to
the first arrival, the second arrival will also delay with the soil
resistivity increasing. The time difference between the first
and second arrivals is approximately equal for the four kinds
of soil resistivity.
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B. THE FAULT RESISTANCE
In practice, fault resistance can be affected by factors like
fault type and surface contact. Usually, fault resistance can
vary from several ohms to thousands of ohms [32], [33]. With
a soil resistivity of 100�·m, Figure 14 plot the identifier
for the alpha modes. This figure shows that the identifier
decreases with the fault resistance increasing. The ratio of
identifier peak is about 13: 9.3: 2.5, when the fault resistance
is in the order of 10�, 100� and 1000�. In term of peak
arrival time, the three curves are in good agreement.

FIGURE 14. The waveform of alpha mode at the sending end when a
phase A to ground fault occurs at the midpoint of the transmission line
with matched load for different fault resistances: 10�(purple line),
100�(black line) and 1000�(red line).

FIGURE 15. The waveform of alpha mode at the sending end when a
phase A to ground fault occurs at the midpoint of the transmission line
with matched load for different frequency fluctuation: -0.5 Hz (49.5Hz), -1
Hz (49Hz) and-1.5 Hz (48.5Hz).

C. THE FREQUENCY FLUCTUATION
In practice, the power frequency may have tiny fluctuation
around the its ideal value (50Hz). For example, the frequency
deviation for power system in China is usually less than
±0.2Hz [34]. Here, to investigate the influence of frequency
fluctuation, we assume that the frequency used to extract the
pulse quantity is always maintained at 50Hz, but the power
frequency used in PSCAD simulations fluctuates around it.
Calculated results of alpha mode are shown in Figure 15
for −0.5Hz, −1Hz and −1.5Hz frequency deviation from
the standard 50Hz, respectively. Wherein, the soil resistivity
is 100�·m and the fault resistance is 10�. It can be seen
that the identifier is hardly affected by this tiny frequency
fluctuation.

FIGURE 16. The waveform of alpha mode at the sending end when a
phase A to ground fault occurs at the midpoint of the transmission line
with matched load for different sampling rate: 1MHz (red line), 100kHz
(purple line), 20kHz (orange line), and 10kHz (black line).

D. THE SAMPLING RATE
In practice, the current signal is detected by a current
transformer. Usually, current transformers have narrow
bandwidth (typically less than 10-50kHz). Correspondingly,
the downstream data acquisition device also works at low
sampling rate. High sampling rate up to 1MHz can cause
heavy burden on improving present current transformers,
in term of bandwidth expansion and mass data storage.
Here, we investigate the effect of sampling rate on the
identifier waveform, as shown in Figure 16. Wherein, the
sampling rate is reduced from 1MHz to 100kHz, 20kHz
and 10kHz, respectively. Correspondingly, the time step
1t used in Equation (5) is increased from 1µs to 10µs,
50µs and 100µs, respectively. The soil resistivity is 100�·m
and the fault resistance is 10�. We can see that, although
its peak value decreases rapidly with the decrease of
the sampling rate, the time when the peak value appears
almost remains unchanged. In this sense, the proposed
identifier can work at low sampling rate like 10kHz. If the
sampling rate is further reduced to 5kHz, the agreement
of peak arrival time will deteriorate (the corresponding
curve is not provided, since it is very flat with no obvious
peak). As a result, a sampling rate below 5kHz is not
acceptable.

FIGURE 17. The waveform of alpha mode at the sending end when a
phase A to phase B fault occurs at the midpoint of the transmission line
with matched load for different sampling rate: 1MHz (red line), 100kHz
(purple line), 20kHz (orange line), and 10kHz (black line).
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FIGURE 18. The waveform of beta mode at the sending end when a
phase B to phase C fault occurs at the midpoint of the transmission line
with matched load for different sampling rate: 1MHz (red line), 100kHz
(purple line), 20kHz (orange line), and10kHz (black line).

Further, Figure 17 displays the corresponding results for
alphamode in case of phase A to phase B fault. And Figure 18
illuminates the corresponding results for beta mode in case
of phase B to phase C fault. We can see from the two figures
that 10kHz sampling rate is also feasible for the two types of
faults.

E. TRANSPOSITION LENGTH
As aforementioned, this actual transposition length is about
100km. According to Ref.35, a single-circuit overhead line
can exhibit repetitive resonant behaviour at frequencies such
that the overall transposition cycle length gets close to an
integer multiple of one half wavelength. As a result, the pro-
posed identifiers may be interfered by these high-frequency
resonance effects. To address this concern, calculated results
for two kinds of transposition length (50km, 100km) are
plotted in Figs. 19-21 for A-ground, A-B, and B-C faults,
respectively. Wherein, the soil resistivity is 100�·m, the fault
resistance is 10�, the sampling rate is 1MHz, and the load is
matched.

It can be seen that, there are some extra small pulses after
the first pulse. The time interval between the neighbored
small pulses is about twice the time of wave propagation
through a transposition segment. It is 670µs and 335µs,
for 100km and 50km transposition length, respectively. This
agrees with the resonance behaviour in [35]. The magnitude
of the first pulse is much larger than that of the following
pulses.Meanwhile, the arrival time of the first pulse is same to
that in the case of the above perfectly transposed line. In this
sense, employing the first pulse, the interference caused by
the resonance effects can be neglected.

It should also be emphasized that, compared with the
results of the perfectly transposed line in Section V, the order
of the relative magnitudes of the identifier for the modes has
changed. For example, in A-ground fault, the beta mode is
now the largest, but alpha mode is also close to it; In A-B
fault, the beta mode is the largest and meanwhile is much
larger than alpha mode; In A-C fault, the alpha mode is
the largest, but beta mode is close to it. In contrast, for the
perfectly transposed line, in A-ground fault the alpha mode
is the largest and is much larger than the beta mode; In

FIGURE 19. The waveform of identifier at the sending end when a phase
A to ground fault occurs at the midpoint of the transmission line with
matched load: (a) the ground mode I0 with transposition length of
100km, (b) the alpha mode Iα with transposition length of 100km, (c) the
beta mode Iβ with transposition length of 100km, (d) the ground mode I0
with transposition length of 50km, (e) the alpha mode Iα with
transposition length of 50km and (f) the beta mode Iβ with transposition
length of 50km.

A-B fault, the alpha mode is the largest but the beta mode
is also close to it; In A-C faults, the beta mode is the largest
and is also much larger than the alpha mode. Therefore,
the conclusion of how to predict the fault type from the
relative magnitudes of the identifiers is greatly affected by the
transposition length. Here, the considered transmission line
is very long, which may complicate the role of transposition
length.

F. FAULT INCEPTION ANGLE
In Ref.8 and Ref.17, the fault inception angle was considered
in term of its effect on the arrival time of fault traveling wave.
Here, we consider it from a similar way. Especially, with
different inception angles, we calculated the corresponding
propagation time 1t ′, which is defined as the difference
between the time when the peak of the identifier reaches
the observation point and the time when the fault occurs.
Meanwhile, the theoretical value of propagation time (1t) is
calculated with 1t = 1L /v. Wherein, 1L is the distance
from the fault position to the observation point at the sending
end, and v is the velocity of the fault travelingwave. Thewave
velocity v for aerial mode usually varies from 2.95×105 km/s
to 3 × 105 km/s [20], [36]. Here, we select the value of
2.97 × 105 km/s. Finally, the accuracy of determining the
arrival time by using the proposed identifier is measured by
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FIGURE 20. The waveform of pulse wave identification at the sending
end when a phase A to phase B fault occurs at the midpoint of the
transmission line with matched load: (a) the ground mode I0 with
transposition length of 100km, (b) the alpha mode Iα with transposition
length of 100km, (c) the beta mode Iβ with transposition length of
100km, (d) the ground mode I0 with transposition length of 50km, (e) the
alpha mode Iα with transposition length of 50km and (f) the beta mode
Iβ with transposition length of 50km.

the following relative error of Equation (13).

error =

∣∣1t − 1t ′
∣∣

1t
(13)

For different inception angles, the error is calculated for both
phase A to ground and phase A to phase B faults. The adopted
soil resistivity is 100�·m and the fault resistance of 10�. The
results are shown in the table 2. It can be seen that the error
is between 0.74% - 0.90%, and the effect of inception angle
on the error is negligible. It should be noted, the error can be
reduced to 0.18%-0.26% further if the velocity is increased
to 3 × 105 km/s. However, the practical velocity of alpha
mode is slighted affected by many factors and is difficult
to be accurately determined. Sometimes, measurement for
practical transmission lines is necessary to find the exact
value of the velocity.

G. IMPACT OF WHITE NOISE
In Ref.17, noise is investigated in term of its effect on the
arrival time difference of modal traveling waves. Especially,
the noise is a Gaussian white noise and is added to the modal
traveling wave signal. The adopted signal-to-noise ratio
(SNR) is 80dB, 85dB, 90dB, 95dB, and 100dB, respectively.
Here, the effect of Gaussian white noise under different SNR
(80dB, 85dB, 90dB, 95dB, 100dB) on the identifier of alpha

mode is calculated for the phase A to ground fault with the
soil resistivity of 100�·mand the fault resistance of 10�. The
results show that the higher the SNR, the smaller the impact
of noise.

FIGURE 21. The waveform of identifier at the sending end when a phase
B to phase C fault occurs at the midpoint of the transmission line with
matched load: (a) the ground mode I0 with transposition length of
100km, (b) the alpha mode Iα with transposition length of 100km, (c) the
beta mode Iβ with transposition length of 100km, (d) the ground mode I0
with transposition length of 50km, (e) the alpha mode Iα with
transposition length of 50km and (f) the beta mode Iβ with transposition
length of 50km.

FIGURE 22. The identifier of alpha mode for the phase A to ground fault
with the soil resistivity of 100�·m and the fault resistance of 10�. (a) the
noise is zero, (b) a Gaussian white noise with SNR=80dB.

The worst-case results for the SNR of 80dB is shown in
Figure 22(b), meanwhile, in Figure 22(a), the result with zero
noise is also provided for comparison. It can be seen that
the noise can cause the identifier to be non-zero all the time.
However, the contribution of the noise to the identifier is less
than 109kA/s2) and is much smaller than the peak (about
1.2×1010kA/s2) of the identifier of the fault transient. Hence,
the effect of the noise is negligible.
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VII. CONCLUSION
By substituting the full fault waveform data into the second-
order time harmonic equation of power frequency, the power
frequency component can be easily eliminated, and only the
identifier generated by the fault transient can be retained.
Theoretically, this method is applicable to any case where
a pulse signal superimposes on a lower-frequency time-
harmonic signal. Primarily, this method is employed to the
traveling-wave based on protection of transmission lines
to identify the arrival time and relative intensity of the
transient resulted from short-circuit fault. Then, the fault
position and type can also be evaluated. Simulated results for
the perfectly-transposed half-wavelength line show that, the
identifier decreases with the increase of the fault resistance
and with the decrease of the soil resistivity, but hardly
affected by the frequency fluctuation. By comparing the
relative intensity of the three identifiers for ground, alpha
and beta modes, different fault types can be distinguished.
This method has the advantages of improving the sensitive
of identifying transient component by amplifies its high-
frequency spectral content by the times of the square of the
angular frequency. Also, it can work at lower sampling rate
like 10kHz. By contrast, traditional traveling-wave location
method requires the sampling rate up to 1MHz. Compared
with wavelet and other methods, the algorithm in this paper
is simpler, so it can be used as an alternative method.

It should be noted that, the present results are preliminary.
Lots of influence factor have not been considered like
different fault locations, lineswith different voltage levels, the
line length and type, the time evolution behavior of the fault
resistance, and the transposition length. The feasibility of this
method applied to complex transmission line configuration
like ring network and complex fault type like indirect lighting
needs to be analyzed. Especially, as shown in section VI-E,
the finite transposition length can cause resonance effect at
some special frequencies and leads to different rule to dis-
tinguish fault types, compared with the perfect transposition.
In addition, the comprehensive positioning error analysis and
the corresponding experimental validation are desirable. All
these issues are reserved for future research.
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