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Abstract: Thefaults in the underground cables cause to generatetransients which propagate along the power cable as travelling
waves. The velocity of the generated travelling wave and the time taken by a wave to reach the source point from the fault
location enables us to calculate the fault distance value.In this paper a double endedtravelling wave based approach is used and
a communication channel is designed to calculate the fault distance. A circuit-based model is developed in the EMTP-RV
software to find out the fault distance from the source end for all types of faults. Further it is proved that the fault distance is
unaffected by the change in ground resistance, various types of faults and the fault inception angle in the proposed method.
Keywords: Clarke’s transformation, Double end method, Surge impedance, Travelling Wave, Undergroundcable,Wave
velocity.

1. Introduction

The Power cables are widely used in many of the developed countries and in the urban areas as it creates an
aesthetic and safe environment. The medium for power transmission has been changing from conventional mode
of overhead lines to underground cables. The faults in the cable became more frequent due to the insulation aging,
material faults and mechanical damage. The cost of the underground cable is about 5 to 10 times more compared
to the overhead line for same rating and length of the line. Whenever a fault occurs in the underground cable it
incurs huge loss to the system compared to overhead lines (Stringfield, 1957; Balamurugan, 2020; Sneha, 2020).
So, it is always advisable to locate the fault immediately and clearit as soon as possible. But there arises a major
problem while locating the fault in the underground cables, since the cable laying is hidden. Therefore, the study
on the development of the techniques to locate faults in the power cables has been developed.

1.1 Various methods to locate faults in cables

Many techniques have been proposed to locate the faults in the overhead linesand in the underground cables
(Latchoumi, 2020; Deepthi, 2020). Initially impedance based method is used where the voltages and currents are
calculated and then sequence impedances are measured to findout the fault distance. This method is easy to
implement but the drawback of this method isit doesn’t provides the accurate results;the error is about 20tower
span (Roostaee, 2017; V, 2020). For analysing the transient waveforms and to locate the fault, travelling wave
based approach is proposed by many of the researchers as they are insensitive to the load flow, series
compensation and transition resistance (Qin, 2007; Ezhilarasi, 2020). Travelling wave based approach is the
widely used method in the overhead lines to locate the faults as it provides the accurate fault distance with an error
of about one tower span.The travelling wave based method is further categorized in to two types namely, single
ended fault locating technique and the double ended fault locating technique. Since many years single ended
travelling wave method is used as it provides fast results and there is no need of any channelfor communication
(Schweitzer, 2016). But the main drawback of this method is,it is hard to analyse the reflected waves produced
from the fault end to the source. In turn, this makes it difficult to calculate the time taken by a wave to reach the
fault point from the source (Liang, 2013; Schweitzer, 2016; Spoor, 2006). Then the double ended method is
proposed which overcomes the drawback of single ended method and it gives the accurate results compared to the
single ended method (Xiaoguang, 2011; Garikapati, 2020). Generally the fault location in cable is done in three
steps. Initially the fault characteristics are determined by the insulation and the fault resistance values of the power
cable, secondary the fault distance in the cable is identified by employing different techniques. Finally, route
tracing and pin pointing is done to find the exact distance of the fault and the faulted cable is removed or rectified
to make it to work under normal condition.

1.2 Overview of the proposed work

In this paper a double ended travelling wave based approach is implementedand a communication channel is
designed in the EMTP-RV softwarewhich enables us to locate the fault in the underground cables. This method is
implemented while the system is under energised condition and this is the main advantage of this method. Earlier
in (Schweitzer , 2014) the fault location in overhead lines has been found out using the travelling wave based
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double ended type-D method.To the continuation of that work in this paper the double ended travelling wave
based approach is used to locate fault in the underground cable(Xiaoguang, 2011). A Simulink model is developed
to calculate the fault distance value in the EMTP-RV software. The faults in the underground cables causes to
produce voltage and current transients in the system which travels along the cable called as travelling waves. The
coupling capacitor voltage transformer (CCVT) and the conventional current transformer (CCT) are used
generally for the voltage and current measurements. But the CCVTs have poor frequency response compared to
CCTs. So, the current transient waveforms are taken here from the conventional CTs to locate the fault
point(Schweitzer , 2014). To simplify the analysis,three phase current transient components are converted to two
phase using the phase to modal transformations. The clarke’s transformation enables us to convert three phase
vector components to two phase orthogonal vectors. The high pass filter is used to eliminate the low frequency or
power system frequency components in the system. The next step is to calculate the arrival time of the wave from
the faultpoint to the source and to do this it is essential to determine the time,where the current value is maximum.
As the wave is distorted it becomes difficult to identify the time at which current magnitude is maximum. The
smoothing and differentiation of the waveform enables us to estimate the time at which the current magnitude is
highwhich in turn helps in calculating the fault distance value accurately(Schweitzer , 2014). According to double
ended travelling wave method the velocity of the travelling wave and the time of arrival of the wave from fault
point to source have to be known accurately tomeasure the fault distance in cables or in overhead lines. The
velocity of the travelling wave depends on the inductance and capacitance,whose values are known while
designing the cable (Potivejkul ,2000). It also depends on parameters like type ofinsulation material used and the
medium in which the cable is placed as well as the cable physical parameters. So, whenever a fault occurs the
velocity can be predetermined and it is the task to measure the time of arrival of the wave. The accurate
measurement of the arrival time leads to accurate measurement of fault distance.

2. Modelling Of the Cable

Unlike the overhead lines, modelling of power cables is difficult because many parameters are to be
considered while modelling cable which makes its design complex and costlyas shown in Fig. 1(Valle ,2000). The
shape of the core, type of insulation, sheath material, screens and the cable laying configuration makes its design
complex (Potivejkul , 2000).The capacitance and inductance of a cable are given as follows

c="2Z Fim (1)
log;

_Ho d
L_Z log; H/m(2)

Here €, is the permittivity of the free space and its value is approximately taken as 8.854*10712 F/m. €,is
the relative permittivity and its value varies depending on the insulation material used. p,is the permeability of the
free space and its value is taken as 4r*10~7 N/A2. Here d is the geometric mean distance and the r is the radius of
the cable.

The capacitance in each core of a three core cable is taken as C=Cs+3Cc where Cs is the capacitance of the
core to sheath and Cc is the core to core capacitance (Potivejkul, 2000). The capacitance effect is more in
underground cables compared to overhead lines because of the small separation between the conductors.
Therefore the high charging current flows in the cable and also the Ferranti effect is high (Wu, 2009). Due to these
two limitations the cable length is taken small. In this paper a cable of 30Km length is considered while the fault
is created at 7Km from the source “1°.

The surge impedance can be calculated from the known L and C values which help in knowing the surge
impedance loading power of the system and over voltages caused by switching or lightning transients. Due to the
high capacitance effect in cables the surge impedance value of cable is less compared to overhead lines and it
depends on the operating voltage of the system(Potivejkul, 2000). For a 220kV underground cable system the
calculated surge impedance is about 40 ohms approximately(Wu, 2009).

z.= 4o
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Figure 1. Construction of the underground cable

The travelling wave velocity in the power cable depends on the insulation medium which has been taken in
the cable. In this paper cross linked polyethylene is considered as the insulation medium whose wave velocity is
taken as V=1.72*10% m/s .Velocity of a wave in medium is less compared to free space because velocity is
dependent on permeability(u,.) and permittivity(e,.) of the medium[8]. In cables p,. is taken as 1 since non
magnetic material is taken ande,. value is more in medium compared to air. Here permittivity of the medium is
taken as 3.0422. ‘v’ is the speed of the light in m/s(Potivejkul, 2000).

v

V= — m/s 4
1
V_\/T_c m/s (5)

3. Approach To Locate Fault In The Underground Cables
3.1 Principle Of The Travelling Wave Based Approach

Whenever a fault occurs in a cable at some distance the voltage and current surges are produced from the fault
point and they travel towardsthe either ends of the cable. The change in the voltage and current values at the fault
point creates the discontinuation in the cable parameters and it results in producing the travelling waves[9].

The resistance and reactance of the cable results in damping of the travelling wave surges in the cable. The
travelling waves in underground cables travels with a velocity less than that in overhead transmission lines
because of the presence of relative dielectric coefficient whose value is greater than 1 in the underground cables
(Chen, 2011). The velocity of a travelling wave depends on the frequency of the waveform. In an ideal step like
waveform the travelling wave propagates with different velocities causing the initial step of the wave to get
distorted. Thus it causes steepness in the travelling wave rising edge which has an impact on the value of the
travelling wave arrival time.

3.2 Phenomena of the double ended travelling wave method

In the double ended travelling wave based approach two sources are placed at either ends of the line. Whenever a
fault occurs at any point in the cable the wave gets reflected and refracted from the fault location (Gilany , 2007).
In this method the arrival times of the first reflected and refracted waves are considered to calculate the fault
distance because of which the complexity of separating the reflected waves as done in single end method
decreases (Spoor , 2006). In the proposed work the smoothing and differentiation is done to reduce the steepness
in the travelling wave rising edge by which dispersion effect is decreased and the accurate arrival time is
determined. The fault distance calculated in the travelling wave methods depends on the wave velocity as seen in
(6) where the accurate fault distance can be known when the exact value of the velocity of the travelling wave is
known. A communication channel is placed in between the two ends, so that fault distance can be found
approximately from the known arrival times and the wave velocity (Guzmén,2018; Hamidi, 2015).
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Figure 2. Propagation of travelling waves in the double end method
Fo=s[L+(ts—t)*V]  (6)
Where L=length of the cable
Fp=Fault distance
ts=Time taken to travel from fault point to ‘S’
t,=Time taken to travel from fault point to ‘R’
V=Velocity of the travelling wave
3.3 Phase to Modal Transformation

The phase or symmetrical components (A,B,C) are commonly used for analysis in the power system. In this paper
to locate a fault we rely on the modal components alpha, beta and zero(a,,0) to simplify the analysis. The
relationship can be developed between symmetrical and modal components using Clarke’s transformation
(Schweitzer ,2014). The modal components differ based on the propagation velocity, dispersion and attenuation
effect and these factors affect the fault distance value (Hamidi, 2015).

1 1 1 11k
a_T -1 2 -1 —1”13] )

0 V3 —V3
The clarke’s components calculated with respect to phase A works for Phase A to ground fault and the line to line
fault i.e.(BC fault). So the three sets of clarke’s components are generally considered in order to analyse all types
of faults.
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The Zero sequence components exist if equal rating of current flows through the phase A, B, C and backs to
the earth. So it has higher dispersion and attenuation effect than the other two modes of components (Schweitzer
,2014). So we consider only a and B components to locate the fault point. The alpha current exists for all types of
faults whereas beta currents are preferably considered for the phase to phase faults as they provide high magnitude
currents for this type of faults.

3.4 Methodology to locate the fault distance in the cable

The current components/,, Izandl,obtained after clarke’s transformation are distorted. Hence it becomes

difficult to determine the time at which the current magnitude is maximum. In turn it becomes complex to identify
the arrival time of a travelling wave. To avoid this complexity initially the zero sequence current components are
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eliminated as they have higher attenuation and dispersion effect compared to alpha and beta components. Then
after filtering of alpha and beta current components is done to eliminate the power frequency (50Hz or 60Hz)
components and the low frequency components in the system. The High pass filter is used to remove the low
frequency current components.
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Figure 3. Sub circuit model to determine the travelling wave arrival time

o

After filtering, one of the alpha and beta current components is available and there are multiple maximum
points present in the current waveforms which are overlapped due to the reflections and refractions in the wave.
This limits the application of time sampling the current waveforms. In this approach finite rate of sampling
causes large error of quantization. However filtering then after curve fitting and finally interpolation may
overcome this issue but this approach cannot determine the time at which current value is high in the waveform
and this drawback limits its application. Another approach is taken here to overcome this drawback in which the
current waveform is first smoothed to eliminate the distortions in the current waveform and it smooth’s the rising
edge of the travelling wave by which it becomes less steep. This reduces the dispersion effect in the proposed
work and arrival time can be determined accurately. The smoothed wave form is then differentiated to turn in to
a soft pulse like shape from a step like waveform. The peak value exists at the time of the steepest slope of the
current waveform. This method provides an accuracy of about 0.2 micro seconds.

Create a fault in the cable at
some distance

Transient cmrrent waveforms
are produced from CCT

)

Apply clarke’s Transformation

Filter the e and B modal current
components in the svstem

Smoothing and Differentiating
the filtered current components

Estimate the time at which
current magnitude is maximum

Locate the fault distance point
bv using the double end
travelling wave formulae

Step by step process of proposed methodology to locate a fault in the underground cable
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4. Emtp Model and Simulations

In this circuit model a 220 kVRMS voltage sources are taken and placed at both ends of the cable. A current
transformer is taken so as to get the symmetrical components of 3 phase fault current(A,B and C) waveforms and
then by using the clarke’s transformation these three phase currents are converted in to two phase(a and B)
orthogonal vector current components. The fault current value is about 5 to 10 times the rated current value.The
high frequency components of these two orthogonal current vectors are extracted using the high pass filter. The
obtained current waveform is smoothen so as to reduce the distortions and the waveform to become less steep
which results the rising edge to become smooth. The differentiation helps in converting the waveform in a step
shape to a soft pulse like shape. It has its peak at the steepest slope of the current waveform. The output waveform
looks in a parabola shapes owe use a parabola type interpolation method to calculate the fault distance. The fault
distance depends on various parameters like ground resistance, fault inception angle, different fault types etc...
and it varies accordingly (Qin,2007).

In the proposed work a cable of 30Km length is taken and a fault is created at 7Km length from the source “1”
which means that the fault is at 23Km length from the source “2”. The surge impedance of the cable is taken as
400 and the wave velocity is taken as 1.72 * 108 m/s which is calculated value for cross linked polyethylene
insulation medium. The calculated resistance value of the cable for a XLPE insulation medium is 0.027ohms
(Potivejkul,2000).

Figure 4. EMTP model to locate a fault in the underground cable

EMTP is the most advanced software used for the simulation of the electromagnetic and electromechanical
transients in the time domain. It gives the most accurate and the fastest results. The circuit model created in the
EMTP-RV software as shown in Fig. 4 is made to run by creating various faults and the fault distance is measured
accordingly. Then after the effect of the change in ground resistance, fault inception angle and the different faults
on the fault distance is analysed. It is observed that without fault the current waveform is smooth without any
distortions and the transients. Then after it is observed that after the fault is created in the system the current
waveforms are distorted and transients are developed in the waveforms. These transients can be analysed quickly
and accurately in the time domain using the proposed travelling wave method. The time at which the fault is
created is taken as 0.1 seconds and the total time of the simulation is taken as 0.3 seconds. The integration time
step is taken as 0.02 seconds. It is to be noted that the integration time step should be always less than the
propagation time.

5. Results

The fault current waveforms produced after creating LG,LL and LLL faults in the designed circuit model to
identify the fault distance are as shown in Fig. 5,Fig. 6 and Fig. 7 respectively. Initially cable is made to run under
smooth condition that is without creating a fault and is observed that the amplitude of the current is about 550
amps. Then after a fault is created at 0.1 seconds in phase A with respect to ground that is LG fault is created.
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LG fault current waveforms
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Figure 5. LG Fault current waveforms
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The faulted transient current waveform for a LG fault is shown in Fig. 5. It is seen that in phase A transients
are developed suddenly at 0.1 seconds and it continues. These are the symmetrical fault current waveforms and
the magnitude of the fault current is 3297 amps which is about 5-6 times the rated current value.

LL fault current waveforms
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Figure 6. LL Fault current waveforms

The transient fault current waveforms for a LL fault are shown in Fig. 6. Here a fault is created in Phase A and
Phase B at 0.1 seconds and Phase C is left undisturbed. The average magnitude of a fault current waveform is

observed to be 6914 amps which is about 12 times the rated current value.

LLL fault current waveforms
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Figure 7. LLL Fault current waveforms
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The LLL fault is created in the cable by short circuiting the Phase A,B and C at 0.1 seconds. The average

amplitude of the fault current waveform is about 8500 amps which is approximately 15 times the rated current
value.

From the Fig. 5, Fig. 6 and Fig. 7 it can be concluded that the fault current magnitude for a LLL fault is more
compared to LL and LG whereas the magnitude of the LL fault is more compared to the LG fault.

The main aim of the project is to calculate the fault distance value accurately in the power cable. To do this a
communication channel is designed in the EMTP software which identifies the time taken by these transient
current waveforms to reflect and refract to the sources ‘1’ and ‘2’which are called as the arrival times. The
calculated arrival times enables us to identify the fault distance from either ends of the cable[14].

The output of the circuit model which shows the calculated fault distance value in the cable can be seen in Fig. 8
and Fig. 9 where the fault distance is calculated from the either of the sources to the fault point in the cable. It can
be seen that at 0.1 seconds there is a sudden variation in the waveform which is plotted between time on X axis
and distance on Y axis.
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Figure 8. Fault distance from source ‘1’
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Figure 9. Fault point distance from source ‘2’

From Fig. 8 we can say that there is a fault at 7km from the source ‘1’ and from Fig. 9 it is seen that there is a
fault at 23Km from the source ‘2’. By adding fault distances from the either ends of the cable we get the total
length of the cable that is 30 Km. Thus we can say that the results provided by the double ended travelling wave
method using the developed circuit model in the EMTP-RV are accurate.

The Simulink model developed in the EMTP software can be used for any type of cable without any practically
implemented length limitations. The average accuracy of the result provided is about 93% to 100%. To verify the
accuracy and the limitations of the present model it has been made to run under various ground resistance values,
fault types and the fault inception angles[14]. The results provided for this are tabulated in Table I, Table 1l and
Table 111 respectively.
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Table 1. Fault distance calculated for various ground resistance values

S.No Fault type Fault  distance Error Fault distance Error (%)
from source ‘1’| (%) from source €2’
(L1 in Km) (L2 in Km)
1 LG 7.00 0 23.00 0
2 LL 6.977 0.32 23.023 0.1
3 LLL 6.975 0.35 23.025 0.108

The impact of the various ground resistance values on the model which is developed is as shown in Table I. The
change in the ground resistance value varies the voltage and current components along the cable. The currents
extracted using the CTs in the proposed work vary accordingly to the

Table 2. Fault distance calculated for different types of faults

S. No Ground Fault distance | Error (%) Fault distance from source | Error (%)
Resistance from source 2’ (L2 in Km)
(2) ‘I (L1 in
Km)
1 0 7 0 23 0
2 100 6.977 0.32 23.023 0.1
2 200 6.977 0.32 23.023 0.1
3 300 6.976 0.342 23.024 0.104
4 400 6.975 0.35 23.025 0.108
5 500 6.975 0.35 23.025 0.108
6 900 0 100 0 100

change in the ground resistance value. Therefore, it becomes difficult to find out the time at which the current
magnitude is maximum and this has a great impact on calculating the arrival times of the travelling waves. Since
the fault distance depends on the arrival times the change in the ground resistance value varies the fault distance in
the power cable.

The effect of the various faults that is LG, LL and LLL on the developed model is analyzed. It is observed that for
LG fault it provides results with 100% accuracy and for LL fault it shows percentage error which is less compared
to LLL fault. From the proposed work we can calculate fault distance for any type of fault accurately and the
percentage error is very less which can be neglected.

In the Table 111 we can see how the fault distance is varied with the change in the fault inception angle in the
proposed work.

S.No Fault Fault distance from | Error Fault distance | Error (%)
inception source ‘1’ (L1 in (%) from source 2’
angle(degrees) Km) (L2 in Km)

1 0 6.998 0.028 23.002 0.008

2 30 6.998 0.028 23.002 0.008

2 60 6.996 0.057 23.004 0.01

3 90 7.022 0.314 22.978 0.095

4 180 7.025 0.357 22.975 0.108

863



M.NagaJyothi, N.Mounika, B.Puneeth, T.Haripriya

The change in the fault inception angle varies the transient current values in the system. This change has an
impact on the arrival times of the travelling wave by which fault distance can be varied. For the various fault
inceptions angles the fault distance calculated is as shown in Table IlI. It is observed that the model developed is
not sensitive to the change in fault inception angle. For the angle of 0, 30 and 60 degrees it has shown the accurate
fault distance value with a negligible error. For the inception angle of 90 and 180 degrees there is a percentage
error which is more compared to other but it is within the acceptable limits.

6. Conclusion

In the proposed work the average percentage error for the calculatedfault distance value in the underground cables
has been limited to 0.22. This method does not consider the parameters which are the sources of error while
calculating the fault distance value as found in impedance based method thus it improves the accuracy. It is also
proved that the proposed method is insensitive to the change in the values of ground resistance, fault inception
angle and the different types of faults. This type of fault locators built in the underground cables adds less cost to
the power system and it is easy to use by which a safe and reliable operation of the system is possible.
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