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ABSTRACT

This paper presents the study on time domain reflectometry
(TDR) technique in sectionalizing multiple cable
degradations along a polymeric insulated cable with multiple
joints. TDR has been widely used for fault localization in
polymeric cables. Past studies have found that TDR is able to
pinpoint degradation along a cable but they are limited to one
degraded cable section only. Hence, this paper investigates
the ability of TDR technique to pinpoint two degraded cable
sections for an XLPE cable with two joints. This study models
a TDR system using MATLAB Simulink with a 300-metre
XLPE cable that is divided into three sections of 100 m each
and then joint together using two cable joints. The location of
the two degraded cable sections are varied to study the ability
of TDR in detecting degraded cable at different locations.
Experiments are conducted with the same cable
configurations to validate the simulation results. Findings
from both simulation and experimental results show that the
TDR technique is also capable of pinpointing multiple
degraded cable sections for a cable with multiple jointing.
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1. INTRODUCTION

Power cable introduced in the 1960s have since been widely
used for transmission of electrical power. Extruded cable,
primarily the cross-linked polyethylene (XLPE) have been
increasingly in used for underground distribution system. Due
to the growing importance of power cable, it becomes one of
the important assets to power utility companies since it is the
only channel to supply electricity to the users. Thus, it is
crucial for power utility companies to ensure these cables are
well maintained to provide a reliable power system.

The rising size of population in the country increases the
development activities leading to higher demand in power
supply. In order to meet the demand, power utility companies
are installing more and more power cables to provide power
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supply to these areas. Due to the increase in power cable usage
over the years, reports on electricity disruption due to power
cable failure are increasing at the same time. Power utility
companies have been performing various techniques [1-6] of
cable diagnosis to prevent cable breakdown. Despite these
preventive measures, there are still numerous cases [7-11] of
long hours electricity disruption due to power cable failure in
the recent years.

To date, power utility companies have been using the time
domain reflectometry (TDR) technique to detect faulty cables
during cable diagnosis since TDR provides quick response
and produces immediate results. However, this technique is
only applied after faults has occurred where the cable is in a
complete breakdown condition. Replacing the whole faulty
cable not only incurs very high cost but at the same time
consumes long period of time for the cable replacement works
to be completed. Therefore, it is essential to diagnose defects
in the cable at the early stage during regular maintenance of
power cable by power utility companies to prevent major
outages.

Hence, this research investigates the application of TDR
technique to detect early insulation degradation in cables so
that only the affected cable is replaced rather than replacing
the whole cable installed. When only the affected cable is
being replaced, lesser time will be taken for the cable
replacement work to be completed which directly reduces the
electricity disruption time.

2. LITERATURE REVIEW

The increasing number of cable breakdowns over the years
have led to many researches on polymeric cable diagnostic
tests. A number of cable diagnostic tests have been in used
which are either destructive or non-destructive tests.
However, these cable diagnostic tests are only able to give an
overall assessment on the cable which do not predict
remaining cable life and pinpoint the fault location [12-14].

TDR is generally used to determine the spatial location and
nature of various objects [15]. TDR is a type of reflectometer
that has been used as a localization technique in various fields
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such as medical, agriculture and engineering. In medical
field, TDR based technique is used for determination of
human blood group [16]. The dielectric properties of blood
and lag time introduced by the blood sample in the reflected
signal are used to identify the blood group. The same
principal is also applied in detection of human blood sugar
level [17].

In agriculture industry, TDR technique is used to estimate the
moisture content in agri-food materials [18-20]. Moisture
content is one of the main factors that influences the quality,
safety and price of a food product. Hence, the online and
offline TDR moisture sensing are used to monitor the water
content of materials in the food production line [20]. Besides
agriculture, TDR is also applied in civil engineering to
measure water content and electrical conductivity in earth
materials [21]. Studies in [22-27] have found that the TDR
based permittivity measurements is possible to estimate the
water content value in raw construction materials.

TDR technique has been used by electrical engineers as an
electrical measurement technique for diagnosing hard faults
in wires [28-30]. However, studies on the application of TDR
technique for fault detection in power cables are still limited.
Most of the studies which apply TDR technique for fault
detection are conducted on wires and coaxial cables. Studies
in [31-33] have shown that TDR is capable of localizing hard
faults in aircraft wires and pilot cables such as open circuit
and short circuit. However, soft faults such as defects within
the cable are not clearly shown on the TDR results.

The application of TDR technique on power cables are
studied in [34-36]. However, the technique is also used to
characterize severe faults such as open circuit and short
circuit. The TDR technique had also been tested on cable joint
by [37-39] but no degradation was introduced to the cable
joint as well as the cables connected to the joint. The typical
TDR reflections on hard faults obtained from these studies
[37-39] are illustrated by Figure 1.
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Figure 1: Typical TDR Reflections [39]
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3. METHODOLOGY

Polymeric cable used in this study is the single core 11 kV 240
mm? aluminium conductor XLPE underground cable as per
IEC 60502 standard. Since this study focusses on cable with
jointing, a 300-metre XLPE cable is used and it is divided into
three equal sections of 100 m and then joint using two cable
joints as illustrated in Figure 2.
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Figure 2: Illlustration of Cable Configuration

As this research aims to detect multiple degradations within
polymeric insulated cable with multiple joints, the number of
degraded cable sections investigated are two and three
sections. In order to investigate the capability of TDR in
pinpointing the degraded cable section at different locations,
a number of cable configurations have been identified as
listed in Table 1.

Table 1: TDR Simulation and Experiment Cable
Configurations

Slmulgtlon/ Cable Configuration
Experiment
1 100 m GC joint to 100 m GC and 100 m GC
2 100 m GC joint to 100 m DC and 100 m DC
3 100 m DC joint to 100 m DC and 100 m GC
4 100 m DC joint to 100 m GC and 100 m DC
5 100 m DC joint to 100 m DC and 100 m DC

GC denotes good cable without degradation while DC denotes
degraded cable. The cable configuration  for
Simulation/Experiment 1 having all cable sections in good
condition will used as benchmark to compare with other cable
configurations with multiple degraded sections. All cable
joints in this study are assumed to be in good condition.

In this research, degradation on the XLPE considers
contaminant of semiconductor in the insulation layer.
Semiconductor is chosen as the contaminant since studies in
[40-43] have proven that appearance of semiconductor in the
XLPE insulation increases its permittivity level causing the
insulation dielectric strength to degrade. Contaminant in
cable insulation is chosen as the degradation factor over other
factors such as treeing due to time constraint since treeing
takes a longer period for it to occur.

As this research comprises of two parts where it begins with
simulation work followed by experimental validation,
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degraded cable for the experiment is produced by
manufacturing the cable with 5% semiconductor in the cable
insulation which is made of the same material as the
conductor screen layer in the cable.

Simulation works are performed using MATLAB Simulink to
model the cable and cable joint replicating the actual cable
and cable joint, respectively. The four cable configurations
from Table 1 are modelled and simulated in MATLAB
Simulink to obtain the TDR reflections. These TDR
reflections are then analyzed to investigate the reflection
characteristics from various cable configurations. Next, TDR
experiments are conducted on the same set of cable
configurations modelled in MATLAB Simulink. This is to
compare the experimental results with simulation results and
then to verify the validity of simulation outcomes.

4. RESULTS AND DISCUSSIONS

Figure 3 shows the TDR simulation result for Simulation 1
where three 100 m good cables are connected with two cable
joints. Two large reflections are observed at the beginning
and at the end which are caused by the large impedance
mismatch between both open ends and the cable at the start
and the end of the cable, respectively. Besides that, two pairs
of cable joint reflections are recorded at 100 m and 200 m
which clearly point out the first cable joint at 100 m and the
second cable joint at 200 m, respectively. These reflection
pairs are identified to be cable joint reflections since each pair
comprises of a positive amplitude reflection followed by a
negative amplitude reflection where the signature of this
reflection pair has been verified by study in [44] which
represents a cable joint.

The first pair of cable joint reflections show same magnitudes
for both positive and negative reflections suggesting that the
impedance difference between the first cable joint and cable 1
are the same as the impedance difference between cable 2 and
the first cable joint. No delay is observed for the first cable
joint reflection. Hence, this implies that both cable 1 and cable
2 are in good condition. The same characteristics are observed
at the second cable joint reflection where no delay is observed
and both magnitudes of the positive and negative cable joint
reflections are the same. This shows that cable 2 and cable 3
are also having the same cable condition which are all good
cables. The simulation result in Figure 3 is compared to the
TDR experimental result shown in Figure 4.
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Figure 3: TDR Simulation Result for Simulation 1

Amplitude, V

Distance, m

———100m GC/100m GC/100m GC

Figure 4: TDR Experimental Result for Experiment 1

The TDR experimental result in Figure 4 shows consistent
result with the simulation result in Figure 3. The reflections
due to injected pulse and cable endpoint are also observed. In
addition to that, cable joint reflections are detected at 100 m
and 200 m which are showing the exact same locations as the
cable joint installed to these cables without any delay. The
amplitudes for the positive and negative cable joint reflections
are almost the same for both cable joint reflections which are
consistent with the simulated results. There are no drastic
differences in the amplitudes for each pair of the cable joint
reflections, therefore, the impedance difference between the
cable joint and the cable connected before and after the cable
can be assumed to be the same. Thus, same cable condition for
all three cables are concluded where they are all in good
conditions since no delay is observed.

Figure 5 shows the TDR simulation result for Simulation 2
where cable 2 and cable 3 are degraded. This TDR simulation
result is validated with TDR experimental result in Figure 6
which is obtained from the same cable configuration as
Simulation 2.
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Figure 5: Comparison of TDR Simulation Result for
Simulation 2 with Simulation 1

From Figure 5, since cable 1 is in good condition, the first
cable joint is reflected very close to 100 m without delay.
Cable 2 and cable 3 are degraded, therefore, a delay is
observed at the second joint reflection while the cable
endpoint is reflected about twice the delay recorded at the
second joint since the signal travels through a longer distance
of degraded cable by the time it reaches the cable endpoint.
Cable 1 and cable 2 are in different conditions, thus a greater
magnitude is observed at the negative reflection of the first
cable joint since the degradation in cable 2 creates larger
impedance mismatch between the cable and the first joint.
Whereas, the second cable joint shows same magnitudes for
both positive and negative reflections since the condition of
cable 2 and cable 3 are the same, creating the same amount of
impedance mismatch between these cables and the second
joint.

Both results from Figure 5 and Figure 6 show similarities in
the delays observed at the second cable joint and cable
endpoint reflections, implying cable 2 and cable 3 are
degraded. No delay is observed at first cable joint which
indicate cable 1 in good condition. The delay at the cable
endpoint is also almost double the delay at the second cable
joint. This proves that the amount of reflection delay is
dependent on the length of degraded cable. A huge difference
in the first cable joint reflection between the positive and
negative magnitudes clearly indicates the difference in the
impedance mismatch between cable 1 and the first joint, and
cable 2 with the first joint. As cable 2 is degraded, hence,
higher negative amplitude is observed. At the second joint
reflection, both positive and negative reflections show very
close magnitudes since both cables connected to the second
joint are having the same condition, thus impedance
mismatch between these cables and the second joint are
similar.
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Figure 6: Comparison of TDR Experimental Result for
Experiment 2 with Experiment 1

Figure 7 shows the TDR simulation result from Simulation 3

where degraded cables are located at cable 1 and cable 2 while

Figure 8 shows the TDR experimental result from the same

cable configuration.
8
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Figure 7: Comparison of TDR Simulation Result for
Simulation 3 with Simulation 1

From Figure 7, as the first cable is degraded, delays are
observed at both cable joints and cable endpoint reflections.
The first cable joint is reflected about 12.26 m away from the
original location of 100 m while the second cable joint is
reflected about 24.43 m away from 200 m. The delay observed
at the second joint is almost double the delay in the first cable
joint since the distance travelled by the signal in degraded
cable as it reaches the second joint is also twice the distance
travelled at first joint. The delay observed at the cable
endpoint reflection is the same as the delay at the second cable
joint since cable 3 is in good condition which does not
contribute to additional delay to the reflection. The first cable
joint shows a pair of reflections with the same magnitudes in
its positive and negative amplitudes due to the same
conditions of cable 1 and cable 2. Degradation in cable 2
causes greater impedance mismatch between the cable and
second joint which results in higher positive amplitude at the
second joint compared to the negative amplitude since cable 3
is in good condition. This simulation result is validated
against the TDR experimental result shown in Figure 8.
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Figure 8: Comparison of TDR Experimental Result for
Experiment 3 with Experiment 1

Figure 8 shows the TDR experimental result obtained from
Experiment 3. Consistencies are still observed between both
simulation result from Figure 7 and experimental result in
Figure 8. Reflections from both cable joints and cable
endpoint are delayed since the first cable is degraded. Further
delay is observed at the second joint as the second cable is also
degraded. Delay at the cable endpoint is the almost similar to
the delay at the second joint which suggests that the third
cable is not degraded. Due to the same cable conditions in
cable 1 and cable 2, the magnitudes of the positive and
negative reflections at the first joint are about the same.
However, significant difference in amplitude is observed at
the second joint with the positive reflection showing greater
amplitude due to the higher impedance mismatch between
cable 2 and second joint since cable 2 is degraded.

TDR simulation result for Simulation 4 is displayed in Figure
9 where cable 1 and cable 3 are degraded. Reflections at both
cable joints and cable endpoint are delayed which indicate the
first cable is degraded. No further delay is observed at the
second cable joint which suggests that the second cable is in
good condition. However, the delay at cable endpoint
reflection shows about two times the delay observed at the two
joints. This additional delay shows that the third cable is
degraded. Besides evaluating the delay, the cable condition
can also be recognized from the amplitudes of cable joint
reflections. The positive reflection at the first cable joint
which shows higher amplitude compared to the negative
reflection suggests that cable 1 is degraded while cable 2 is in
good condition. The same analysis can be conducted at the
second joint where the negative reflection now shows higher
amplitude compared to the positive reflection indicating cable
3 is degraded while cable 2 remained in good condition.
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Figure 9: Comparison of TDR Simulation Result for
Simulation 4 with Simulation 1

Figure 9 TDR simulation result is compared to the TDR
experimental result from Experiment 4 as displayed in Figure
10. The experimental result shows similar characteristics of
TDR reflection where delays are observed at both cable joints
and cable endpoint reflections. Delays in both cable joints are
about the same but since the delay is first observed at the first
cable joint, therefore, cable 1 is degraded while cable 2 is in
good condition as it does not contribute to additional delay at
second joint.
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Figure 10: Comparison of TDR Experimental Result for
Experiment 4 with Experiment 1

However, the delay at cable endpoint in Figure 10 shows
almost twice the delay at both cable joints indicating cable 3 is
degraded. Similarly to the simulation result, the cable
condition in Figure 10 can also be identified from the
amplitudes of the cable joint reflections besides evaluating the
delay. The higher amplitude shown by the positive reflection
compared to negative reflection at the first joint suggests that
cable 1 is degraded while cable 2 is in good condition. At
second joint, the negative amplitude is higher compared to the
positive amplitude, hence, cable 3 is degraded while cable 2 is
not degraded.

Figure 11 shows the TDR simulation result from Simulation 5
where all three cables are in degraded condition. Degradation
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in cable 1 causes delay in the first cable joint reflection.
Additional delay is observed at the second cable joint
indicating the second cable is also degraded. Further delay
observed at cable endpoint which is about three times the
delay recorded at the first joint shows that the third cable is
also degraded. Since all three cables are having the same
degraded condition, the impedance difference between the
degraded cables and the joint are the same. Hence, both
positive and negative amplitudes are showing the same
magnitudes for both joints. This simulation result is
compared to the TDR experimental result from Figure 12 for
validation.

TDR experimental result in Figure 12 shows consistencies
with the TDR simulation result in Figure 11. Delays are also
observed at both cable joints and cable endpoint reflections.
Delay in the first joint shows that the first cable is degraded.
The delay at second joint which shows almost two times the
delay at the first joint suggests that the second cable is also
degraded. The condition of third cable can be identified from
additional delay at the cable endpoint reflection indicating
that the third cable is also degraded. The magnitudes of both
positive and negative reflections at each joint are observed to
be the same since all cables connected to both joints are in the
same degraded condition.

Amplitude, v

T T T
0 50 1(!0 150 200 250 300 350 400
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—— 100m GC/100m GC/100m GC —— 100m DC/100m DC/100m DC

Figure 11: Comparison of TDR Simulation Result for
Simulation 5 with Simulation 1
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Figure 12: Comparison of TDR Experimental Result for
Experiment 5 with Experiment 1
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Percentage error is calculated for reflections at 100 m, 200 m
and 300 m as shown in Table 2 to Table 4. These percentage
errors for all three reflections are still found to be within the
range of 0% to 5% which are considered to be low and are still
within the maximum error tolerance of 10% due to
attenuation in the signal as approximated by studies in
[45-47]. Therefore, it can be concluded that the methodology
in obtaining the parameters to model the good and degraded
cables are valid. The assumptions and calculations performed
to model the cable joint with inductance correction are also
proven to be valid through the verifications of all simulated
TDR results which are consistent with the TDR experimental
results.

Table 2: Percentage Error at Cable Joint 1 Reflection

Original | Simulated .
. . L .. Experimental
Simulatio joint joint .. . Error
. . joint location
n location location (%)
(m)
(m) (m)
15 100 100.00 100.00 0
19 100 100.00 100.00 0
20 100 112.26 107.76 4.18
21 100 112.26 107.64 4.29
22 100 112.26 108.64 3.33

Table 3: Percentage Error at Cable Joint 2 Reflection

Original | Simulated .
. . L .. Experimental
Simulatio joint joint .. . Error
. . joint location
n location location (%)
(m)
(m) (m)
15 200 200.00 200.00 0
19 200 212.26 208.58 1.76
20 200 224.43 214.16 4.66
21 200 212.26 207.43 2.33
22 200 224.43 216.29 3.76

Table 4: Percentage Error at Cable Endpoint Reflection

Original
. . 9! Simulated | Experimental
Simulatio cable Error
cable cable length
n length length (m) (m) (%)
(m)
15 300 300.00 300.00 0
19 300 324.43 314.47 3.17
20 300 324.43 314.11 3.29
21 300 324.43 313.77 3.40
22 300 336.60 324.41 3.76

Table 5 summarizes the characteristics of TDR reflections at
first and second cable joints where the cable condition can be
distinguished from these signatures.
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Table 5: Signatures of Cable Joint Reflections

Cables
Condition
S

Cable Joint 1 (CJ1)
Reflection

Cable Joint 2 (CJ2)
Reflection

Simulatio
n Result

Exp.
Result

Simulatio
n Result

Exp.
Result

Good
-Cll-

Good
-Cl2-

Good

N~

Good
-Cll-
Degraded
-Cl2-
Degraded

)

Degraded
-Cll-
Degraded
-CJ2-
Good

Degraded
-Cll-
Good
-CJ2-

Degraded

-
1L
RS

Degraded
-CJl-
Degraded
-CJ2-
Degraded

L=

TS ls

5. CONCLUSION

Results from this research have shown that a cable joint can
still be identified from the TDR reflection through a pair of
reflections comprising of a positive reflection followed by a
negative reflection which is consistent with findings from
previous study to detect single degraded cable section.
Findings from this study also proves that a cable with multiple
joints having multiple degraded cable sections can still be
pointed out from the cable joint reflection with the same
theory where a degraded cable creates a greater impedance
mismatch between the cable impedance and the cable joint
impedance resulting in higher amplitude in the reflection.

Thus, a higher positive joint reflection indicates the cable
before the joint is degraded while a higher negative joint
reflection suggests the cable after the joint is degraded. A
delay will be observed at the cable joint reflection when a
degraded cable is connected before the joint. Therefore, when
there are two consecutive degraded cable sections, further
delay will be observed at the second joint.
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Hence, with these verified signatures of TDR reflections for
both good and degraded cables and the cable joint,
degradation in a cable can be easily pinpointed using TDR
technique to reduce the duration of cable diagnosis period
allowing immediate cable repair works to take place and
consequently reducing the electricity disruption time.
Further studies can be conducted on cable configurations with
multiple insulation degradation as well as degradation at
cable joint to investigate the capability of TDR technique in
pinpointing degraded cable insulation and degraded cable
joint.
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