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Abstract. The results of modeling of transient signals in a single-wire line are considered. The
parameters of voltage and current signals are compared. Signal oscillation's amplitude and period are
given attention. The algorithm for determining the transient signal's onset time (TSOT) under the
conditions of noise and oscillations of the signal's leading edge is presented. The results of experimentally

recorded signals' analyses are given.

1 Introduction

The task of fault location in electric grids does not
cease to be relevant due to the constant development of
computing and communication technology, which
allows to develop and implement more and more
advanced algorithms for processing the recorded
information.

Traveling wave fault location suite (TWFL)
implements the measurement of TSOT, which is
performed with an error of no more than 1 ps in the
satellite-based  navigational  time  scale. In
homogeneous networks of a high voltage class, TWFL
complexes determine the fault location in lines several
hundred kilometers long [1]. For inhomogeneous
networks of medium voltage class, the fault location is
limited to line lengths of several tens of kilometers [2],
which is due to the dispersion's destructive effect in a
highly inhomogeneous line.

According to the TS parameters, in [3, 4] it is
proposed to determine the correlation between the
period of free oscillations and the distance to the fault
location. When implementing the TWFL complex in
distribution networks, it is important to increase the
information value of the recorded signals and reduce
the cost of the complex development, the dominant
part of which is their software.

1.1 Model research of TS shaping by boundary
inhomogeneities

TWFL hardware-software suite determines the place of
TS occurrence. The structure of multimodal TS
oscillations carries information about both the place of
their occurrence and their cause. Without modelling of
these processes, it is impossible to understand the
mechanisms of TS shaping. The results of TS modeling
were obtained with the PSCAD software package [5] in
the simplest models of the electric network.

Fig. 1 shows the model of single-wire line with a
return earth wire and concentrated capacitance; a
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source of alternating electromotive force with a 50 Hz
frequency at the beginning. At the source of EMF with
a phase voltage of 10 kV zero internal resistance is
chosen in order to simplify the TS shaping's analysis.
The line, 10 km long, is represented by 8 identical
segments with distributed parameters of 1.25 km
length. Line's wave impedance is 600 ohms.
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Fig. 1. Model of a homogeneous single-wire line.

Fig. 2 shows a voltage TS recorded in different
parts of the line with a time sampling interval of 0.1 ps.
At the end of the line a travelling wave (TW) is
generated in the form of a voltage step equal to the
instantaneous voltage amplitude at the moment of
commutation. The TW propagates to the beginning of
the line. At the beginning and at the end of the line, the
voltage step's TW is reflected with reflection
coefficient "-1", which corresponds to the boundary
conditions of zero equality of falling and reflected
waves' summed amplitudes. The superimposition of a
multitude of reflected TW forms a standing voltage
wave with nodes at the ends of the line.
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Fig. 2. Voltage TS with large- (a) and small-time scales (b) at
different sections of the line. The sampling interval is 0.1 ps.

The oscillation's amplitude spread at TSOT (fig. 2)
is equal to the amplitude of the phase voltage at the
moment of breaker closure. As the TS amplitude
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decreases, the voltage curve tends to become a steady-
state emergency oscillation of industrial frequency of
50 Hz. The voltage oscillation amplitude's attenuation
constant is 0.3 ms. The shape of voltage TW's leading
edge illustrates an increase in its duration by about 1 ps
for each kilometre travelled, in accordance with the
dispersion effect on the TW voltage step's shape. The
oscillation period of 36.2 us corresponds to travelling
twice the length of the line at a speed of 276 m/us. This
speed corresponds to the TW propagation in the ground
or zero mode channel in a three-phase line.
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Fig. 3. Current TS with large- (a) and small-time scales (b) at
different sections of the line. The sampling interval is 0.1 ps.

Fig. 3 shows a similar current TS. TW in the form
of a current step is generated at the switching point and
propagates to the beginning of the line. At the
beginning and at the end of the line the current step's
TW is reflected with reflection coefficient "+1", which
corresponds to the boundary conditions of zero
equality of falling and reflected waves' summed
amplitudes. The superimposition of a multitude of
reflected TW forms a rising standing current wave,
which reaches a maximum value of 2 kA in 3 ms after
the breaker closure. Current oscillation amplitude step
spread for the line shown in fig. 1 on TSOT is equal to
the ratio of the phase voltage to the value of line's wave
resistance and is numerically equal to the value of 25
A.

It is the current TW's initial step that determines its
onset time. Comparison with the voltage's initial step
(fig. 2) indicates the advantage of voltage signals
relative to current signals at the simplest threshold
algorithms for determining the TSOT. This is due to
the significantly leading edge's larger amplitude spread
of the voltage signal compared to the current signal.

The TS shaping's research on the segment between
the breaker's location and the end of the line is carried
out (fig. 4).

O - -
L
LL._ g L._

Fig. 4. Model of a single-wire line with a closing breaker in
the middle of the line.
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Fig. 5. Voltage TS with large (a) and small time scales (b) at
different sections of the line.

The TS caused by breaker closure starts at the zero
moment of time and causes zeroing of the voltage in
node "e" (fig. 4, fig. 5). In this node a travelling wave
(TW1) of negative polarity is formed with amplitude
equal to the pre-fault value, propagating to the both
line's ends (fig. 5b blue line - node "f", green line -
node "g", red line - node "h", black line - node "1").
Upon reaching the end of the line with high impedance,
TW1 is reflected with the coefficient "+1" and forms a
reflected wave (RW1) of the same polarity,
propagating to the short-circuit point. At the place of
reflection, the amplitude spread of falling and reflected
waves' sum is doubled. The further process of
travelling and reflected waves' shaping is similar to the
previously discussed one in fig. 3. The TS formed as a
result of reflected waves' superimposition has free
oscillations' period twice as long as the analogue period
from fig. 1 for the signal to the left of the short-circuit
location.

1.2 Model research of TS shaping by
intermediate inhomogeneities

Equivalent circuit of all electric power facilities
includes a parallel connection of complex impedances
with a significant active component and a capacitor
between their terminal leads having a non-zero area.
According to the parameters used in the calculation
models, the parasitic capacitance of the equipment is
estimated to be 0.3-0.6 nF, the winding capacitance of
a 220 kV autotransformer is approximately 2.7 nF, the
capacitance of a plate insulator is 50 pF, and the
capacitance of a reference pin insulator is 1-5 pF [6].
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Fig. 6. Model of a single-wire line with concentrated
inhomogeneity in the middle of the line.

At the initial moment of time the reflection of
voltage step's TW from the capacitor occurs as from an
inhomogeneity with zero resistance. This is due to the
large charge current drawn by the capacitor at the
initial moment of time. As the capacitor is charged, its
resistance tends to infinity. Fig. 6 shows a diagram of a
10-kilometre single-wire line in the middle of which a
capacitor with a variable capacitance is installed.
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Fig. 7 shows the oscillogram of the voltage step's
TW at node "f". TW has travelled the distance from
node "I" to node "f" equal to 3.75 km in 12.4 ps, which
is close to the speed of light. The wave reflected from
the capacitance is registered at node "f" in 20.7-12.3
=8.4 us, which corresponds to running a double
distance from node "f" to node "e" and back from node
"e" to node "f". The reflection coefficient is "-1", and
the polarity of the reflected signal is similar to the
situation illustrated in fig. 2.
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Fig. 7. Voltage TS with large- (a) and small-time scales (b) at
different line sections with capacitor type inhomogeneity.

After 45.8-20.9=24.9 pus, a small wave was
registered, which ran a distance of 1.25%6=7.5 km
(from "f" to "1" and from "1" to "f") with a speed of
7.5/24.9=0.309 km/pus, and only after 52.3-12.3=40 ps,
the main wave was registered, which ran 12.5 km
(corresponding to the double running time from "f" to
"a"). The decreasing distance between the TS
registration point and the subsequent inhomogeneity is
able to generate an oscillatory process at the TW's
leading edge. This feature can be used in the machine
analysis of the registered oscillograms, to determine
the place of commutation inside or outside the area
controlled by the TWFL complex. The decrease in TS
amplitude even for a single inhomogeneity in the form
of capacitance can be clearly seen. Increasing the
number of inhomogeneity nodes will cause a
proportional weakening of TS. The presence of an
inhomogeneity in the form of a capacitor with a
capacitance of 1 nF causes the appearance of high-
frequency mode oscillations at the beginning of TS and
a decrease in the frequency of low-frequency mode
oscillations by about 1.5%.

Fig. 8 shows a diagram of a single 10-kilometre
line with a branch of varying length connected to the
middle of the line.
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Fig. 8. Model of a simple single-wire line with a branch in
the middle of the line.

Fig. 9 shows the TS oscillograms with large- and
small-time scales, which clearly depict the effect of the
branch on the parameters of the generated TS in
comparison to its absence. A branch of any length
causes the formation of high-frequency mode
oscillations at the beginning of TS and an increase in
the period of the dominant low-frequency mode
oscillations throughout the TS's duration. The increase
in period duration is 1.5 per cent for a 0.1 km branch,

10 per cent for a 1 km branch, and 100 per cent for a
10 km branch. The presence of a branch causes TS
amplitude overvoltage relative to the normal phase
voltage. Overvoltage’s value depends on the ratio of
branch length, line length and fault location.
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Fig. 9. Voltage TS with large- (a) and small-time scales (b) at
different line sections with inhomogeneity of branching type
with length of 1; 10 km.

2 Algorithm for determining the onset
time of experimentally recorded TS

Fig. 10 shows typical shapes of experimentally
recorded voltage TS's leading edge. The presence of
oscillations with different polar amplitudes on the TS's
leading edge, as shown in the previous sections, is
explained by the inhomogeneous structure of the
voltage step's TW propagation channel. These
oscillations increase the error in determining the TSOT
by threshold methods [7], two threshold methods with
linear approximation to zero [8,9] and statistical
methods based on high-order central moments [10, 11,
12]. Under conditions of lightning overvoltage, the
amplitude of noise oscillations caused by streamer
formation increases, which increases the error in
determining the TSOT.

To illustrate the occurrence of the error in
determining the TSOT by the statistical method based
on the kurtosis function [11, 12], fig. 11a shows TS
normalized to the maximum amplitude (fig. 10c, d) and
calculated dispersion and kurtosis functions on the time
window from the beginning of the oscillogram to the
current value of the time series. We can see that
statistical method for determining the TSOT requires
the use of a non-zero threshold, the value of which
decreases as the order of the central moment increases.
The value of the threshold depends on the TS's noise
value (fig. 10a, c), which is comparable to the
amplitude of oscillations. Significant value of
statistical method's threshold applied to the original TS
causes an error in the determination of the TSOT (fig.
11a).
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Fig. 10. Experimentally recorded TS with different shapes of
leading edges. TS are depicted with large- (a, ¢) and small-
time (b, d) scales.

In order to reduce the error of TSOT determination,
an algorithm of TS's envelope construction was
developed on the basis of replacement of instantaneous
amplitudes by its modules, smoothing of emissions and
dips of instantaneous amplitude without changing their
polarity, smoothing of dips caused by oscillatory
change of instantaneous amplitudes' polarity. This
allowed us to approximate the TS's leading edge by a
monotonic dependence and to reduce the number of
noise emissions (fig. 11b).

The statistical functions of the second- and fourth-
order central moments and the second-order initial
moment were applied to the obtained envelope. The
application of a zero threshold to the increments of
these functions indicates the advantage of using the
second-order initial moment from the TS envelope.
The error of TSOT determination by competing
functions is equal to 2 ps.
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Fig. 11. Tllustration of the algorithm for determining the
TSOT based on the calculation of its envelope when the
leading edge oscillates in the presence of noise.

When the number of noises is small (fig. 10 a-b),
the second-order advantage of the initial moment
vanishes, and all competing functions show the correct
TSOT definition.

3 Conclusion

Medium voltage class distribution networks are
significantly inhomogeneous. TS is shaped by
superimposition of many reflected TW. All reflected
TW in electrical network are formed by large and small
inhomogeneities. Large inhomogeneities include the
end and the beginning of the line. Small
inhomogeneities include capacitances of substitution
schemes of concentrated elements of electric power
facilities (insulators, transformers) and nodes of branch
connections. A three-phase electric line has three mode
channels of TW propagation. Therefore, at TS

registration point there is a superimposition of TW
propagating in different mode channels, which greatly
complicates the analysis. The paper demonstrated the
mechanisms of TS shaping in a simple single-wire line,
which is a substitution scheme of the ground mode
channel of a three-phase line.

Model results indicate that the maximum voltage
TS's spike is equal to or greater than the normal phase
voltage of the line. The maximum current TS's spike is
much smaller than the load current spike. This
indicates the advantage of voltage TS's recording.
Since standard voltage transformers have a smaller
frequency  bandwidth  than  standard  current
transformers, it is recommended to use input circuits
based on capacitive dividers for TS recording.

This reduces the value of fault location methods
based on TS period measurement.

The modelled TS shapes in the presence of a
concentrated inhomogeneity indicate the occurrence of
high-frequency mode oscillations at the beginning of
the TS and an increase in the period of low-frequency
mode oscillations proportional to the magnitude of the
capacitance of the concentrated inhomogeneity or the
length of the branch.

In order to reduce the error of TSOT calculation
under the oscillatory nature of its leading edge and in
the presence of noise, an algorithm based on TS
envelope determination was developed.
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