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ABSTRACT

This paper presents a novel Partial Discharge (PD) localisation method, based on PD
pulse Rise-Time and Transfer Function (RTTF), for use in on-line cable PD monitoring
systems. This is based on the change in rise time as a function of cable length along
which a PD pulse has propagated. A comparison with four other well-known location
techniques, i.e. Time-Domain Reflectometry (TDR), Phase difference, Arrival Time
Analysis (ATA) and Amplitude-Frequency (AF) mapping has been made and
presented. Analysis shows that the TDR and Phase difference methods, although
requiring a single measurement point, are only applicable to short length cable systems
as both incident pulse and reflected pulse should be observable when it reaches the
detection point. On the other hand, the ATA and AF mapping, which can be applied to
longer cable systems, need to install detectors at multiple points and detect
synchronously. In comparison, PD localisation by the proposed RTTF method, which
requires detection of the incident pulse at only one measurement point, can be used to
localise a PD source which is further away from the PD detection point than other
methods and can be used in on-line PD monitoring systems. As on-line PD monitoring
sensors commonly comprise of a high frequency current transformer (HFCT) and a
high-pass filter, the rise time of detected PD pulses depends on the attenuation of the
cable, the HFCT used and the filter applied. Simulations of pulse propagation in a cable
and PD monitoring system are performed, based on analyses in the frequency domain
using the concept of transfer functions. Results of RTTF from the simulations have
been verified by laboratory experiments and on-site PD measurements, which provide
evidence that the RTTF method is a very valuable and useful PD localisation technique.

Index Terms - Cable, partial discharge, on-line monitoring, rise time, transfer
function, localisation.

1 INTRODUCTION line PD detection can warn of existence of PD activities, a
technical breakthrough is still required for on-line location of
the site of origin of serious insulation problems before a
breakdown, so that timely actions can be taken on defects in
insulation, cables joints or terminations [1].

PD measurement is widely recognised as a useful tool for
assessing the quality of the insulation system of HV and MV
power cables. It should, however, be noted that, although on-

A major challenge in accurately locating the source of PD

activities in power cables is that PD pulses suffer from significant
attenuation and dispersion as they travel from their site of origin



to the cable terminal or cable joint where a PD monitoring system
is connected. This attenuation and dispersion results in detected
PD signals possessing different waveforms from the original PD
pulse. Identifying and establishing correlation between the PD
pulse at the site of origin and that at the detection point(s) for
localisation of the signal source becomes crucial [2].

Four on-line PD localisation methods have been extensively
discussed in literatures and are outlined as follows. Firstly, Time-
Domain Reflectometry (TDR) [3], although TDR requires only a
single measurement point at one of the terminations or joints, and
it is convenient, fast and cheap, it can only be carried out on short
cables as the method relies on detection of the incident and
reflected pulses. The reflected wave usually suffers too much
attenuation and cannot be detected properly in a long cable
system, this is especially so when strong noise exists. Secondly,
the Phase difference method, this technique estimates the location
of the PD from the phase difference of each Fourier frequency
between the incident and reflected signals [4]. It has the
advantage that it is not necessary to estimate the arrival time
interval between the incident and reflected pulses; however, the
average error is unacceptable when the PD source is close to
cable ends and it suffers from the same attenuation of reflected
signal problem as the TDR method. Thirdly, Arrival Times
Analysis (ATA) method derives the location by means of
simultaneous detection and sampling at different locations [5].
Consequently this method requires laying fiber optic cables from
the sensors installed at different points along the cable route to a
single acquisition system, it is time-consuming and can be
expensive as it involves considerable human and technological
resources. Lastly, Amplitude-Frequency (AF) mapping method is
based on the comparison of the time and frequency domain
characteristics of PD pulses detected from several measurement
locations [6]. It is applicable to long cable circuits, but it can only
be regarded as a pre-screening technique as it often yields
ambiguous location results, especially when a circuit is directly
buried where cable accessories are not accessible.

In the present paper, a new technique for PD localization
termed Rise-Time Transfer Function (RTTF) is developed for use
in on-line cable PD monitoring. It only needs to detect and
analyse the incident PD pulse to locate the PD source. The
method relies on the fact that the rise time of a detected PD pulse
is a function of cable length along which a PD pulse has
propagated before reaching the measurement point (cable joint or
termination). Therefore, it can be both convenient to apply and is
suitable for long cable circuit, as it does not need to have
information from the reflected pulse.

2 PD CHARACTERISTICS OF PULSE
PROPAGATION ALONG POWER CABLE
AND MONITORING SYSTEM

2.1 MATHEMATICAL EXPRESSION OF A PD PULSE

According to [6], a PD pulse can be assumed as a double
exponential wave defined by the equation:

V(t)=V,(-exp(-t/z)+exp(-t/z,)) )]

Where: 1;, T, = time constants (s)
Vo = amplitude constant (V)

The shape of a pulse can be defined by rise time T, (rise from
10% to 90% of the peak) and pulse width Trwuy (full width at
half maximum), which is shown in Figure 1.

1.04

0s

L Trwam

Amplitude (V)
°

01
0.0 Tr
<>

T T T
0 100 200

Time (ns)

Figure 1: Illustration of Tr and Trwuwm of a PD pulse.

2.2 THEORETICAL BACKGROUND

As on-line PD monitoring sensors commonly comprise of a
high frequency current transformer (HFCT) and a high-pass filter
(HPF) [7], the characteristics of detected PD pulses depend on the
attenuation of the cable, the HFCT used and the HPF applied.
Therefore the characteristics of pulse propagation in a cable and
PD monitoring system are based on analyses in the frequency
domain using the concept of transfer functions.

2.2.1 CABLE TRANSFER FUNCTION
The power cable, behaving as a transmission line to a travelling
wave or signal can be described by an equivalent circuit with
distributed parameters per unit length, resistance R (Q/m),
inductance L (H/m), conductance G (S/m), and capacitance C
(F/m), which is shown in Figure 2 [8].

(5, 8) i(x+ Asx,8)
RAx LAx T
(2, 1) Chx —— GAx  U(x+Ax,7)
: . 4

Figure 2. Equivalent circuit representation of a transmission line element of
length Ax

Inductive and capacitive circuit parameters are frequency
dependent, where frequency is given by f (Hz). The line is
described by its propagation constant y with attenuation constant
o (dB/m) as real and phase constant f} (rad/m) as the imaginary
part. The following relation holds:

y(@)=a(e)+ jf(@)= (R + joL)(G + joC) @

Where: o=2nf is angular velocity (rad/sec)

As different frequencies of a pulse travel along a cable, they
suffer different degrees of attenuation and dispersion. Attenuation
a is due to losses in the solid dielectric and propagation through
the resistance of the conductor, sheath and semi-conducting
layers. Normally, attenuation severity increases with frequency.
Dispersion is a phenomenon whereby different frequency signals
travel along a cable at different speeds, which results in



frequency-dependent phase shifts. Therefore, it can be said that
attenuation and dispersion will decrease the amplitude and
increase the width of the pulse, hence changing the rise time, as
the pulse propagates along a cable [6].

The propagation constant of a wave travelling along a
transmission line of segment length / is the complex ratio between
the voltages of output (transmitted) pulse V., and the input
(incident) pulse V;, of the line segment. If a length of cable is
considered as a linear system, this ratio represents the cable
Transfer Function He(®) as:

out _ e—r(w)2l :e—(a(w)+jﬂ(a)))21 (3)

Although the input pulse and output pulse cannot be measured
directly due to existence of mismatched impedance between the
samples and instrumentation, a calibration procedure has been
developed to obtain He,e (@) [9]. Set-up of the procedure can be
discussed using Figure 3: initially line 2 is short-circuited and the
measured signal from this configuration is V™, thereafter the
device under test (DUT) is connected to line 2 and the data
collected. From this the transfer function of the system can be
obtained from:

short
Vv

Hca . (@ :e—r(w)2l:
bl ( ) (V_lg)Z_(V_short)Z

“4)

Where V3 is the DUT response, V538" is the measured signal
reflected at the short-circuited end of coaxial line 2 and V5™ is the
mismatch reflection.

Pulse injection and
measurement system

Coaxial line 1 CRO

0.3m 5002 of input
resistance

PD
Calibrator

DUT interface

Device Under Test

Coaxial line 2
20m

Figure 3. Schematic drawing of a calibration procedure setup

The attenuation and phase constant can be deduced from
equation (4) as

1

a(a)):_aln |Hcable(a))| (5)
1

ﬂ(w):_aé"_’cable(a)) (6)

Following the calibration procedure, an experiment was carried
out by injecting a calibration pulse shown in Figure 4 into a 38.8
m 11 kV single core Ethylene-Propylene-Rubber (EPR) insulated

cable specimen, which consists of copper conductor, EPR
polymeric insulation, copper tape concentric screen and PVC
sheath, to obtain the transfer function of the EPR cable. The
measured attenuation and phase constant are given in Figure 5.

Results shown in Figure 5 indicate that the cable behaves like a
transmission line up to 80 MHz, beyond this the characteristics
becomes complicated and the cable cannot be represented using
the transfer function as described in the paper.
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Figure 5. Measured results of attenuation and phase constant of an 11 kV
EPR insulated cable

2.2.2 HFCT TRANSFER FUNCTION
A high frequency current transformer (HFCT) is designed
specifically for picking up partial discharge current signals. It has
a split ferrite core to allow retrospective fitting to earth bond lead



without the need for disconnection of the cable under test. A
typical HFCT for on-site PD detection has a frequency range of
50 kHz to 20 MHz with the transfer function of the HFCT (Hygcr
(w)), developed from equation (7), being shown in Figure 6.
Frequency and phase responses are shown in Figures 6a and 6b
respectively.
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Figure 6. Experimental data of transfer function of HFCT.

2.2.3 FILTER TRANSFER FUNCTION

A first-order resistance-capacitance (RC) high-pass filter
(HPF) is usually used as a PD filter in on-line monitoring
systems. This is a filter that is designed to pass high-frequency
signals but attenuates (reduces the amplitude of) signals with
frequencies lower than the cutoff frequency, as PD signals
contain high frequencies they are able to pass through the filter,
while mains frequencies and lower harmonics are blocked. The
value of resistance R and capacitance C are 50 Q and 0.01 pF
respectively, giving a cut-off frequency of 318 kHz. The transfer
function of the HPF is given in Equation (8) below:

Vout = 1
V. 1-j(1/ ®RC)

in

Hype (@) = (®)

2.3 PULSE PROPAGATION IN CABLE AND
MONITORING SYSTEM

A simulation of pulse propagation in an 11 kV EPR cable
which was described in Section 2.2.1 and the monitoring system
has been made. The methodology for carrying out the simulation
can be summarized briefly as follows: Firstly, a double
exponential pulse is assumed as an original pulse, or input pulse,
Viu(t) which has been generated at one end of the cable with a
length of L. Secondly, the incident pulse is converted into the
frequency domain S;(w) via Fast Fourier Transform (FFT).
Thirdly, the output pulse, or detected pulse, from PD monitoring
system installed at the other end of the cable in frequency domain
Sou(®) is determined by multiplying S;,(®) and transfer function
H,(wL) which is defined in equation (9). Finally, the output
pulse in time domain V,,(t) can be obtained by Inverse FFT, then
the shape parameters of the output pulse: T, and Trwiy can be
extracted.

Horo (WL) = Heapie (0L) * Hyper (a)) " Hupr (a;) )

In the simulation, the assumed original pulse has 1 ns rise
time and 3 ns Tgwyw While the cable length L varies from 0
to 3000 m. Simulation results given in Figure 7 demonstrate
that the rise time and the pulse width of the output pulses
increase monotonically with length of cable over which the
pulse has propagated. Furthermore, this result suggests that
for a known original pulse, a certain rise time of detected
pulse has unique cable length which the pulse has propagated.
As a consequence, when a pulse is detected at a
measurement point, the original pulse at its site of origin can
be derived, assuming that the rise time of the original pulse
is obtainable.
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Figure 7. Simulation results of pulse propagation in cables with different
length: black line is rise time value while red line is pulse width value.

3 PROPOSED LOCALISATION ALGORITHM
AND SIMULATION

3.1 PROPOSED LOCALISATION TECHNIQUE

The proposed PD localization method, termed Rise-Time
Transfer Function (RTTF), has been developed under two
prerequisites. One is the establishment of a knowledge base
of the correlation of rise time and pulse propagation
distance for a cable. This needs to be carried out for each
different cable, as detailed in Section 3.2. The other is
assuming that all original PD pulses have a rise time of 1ns,
which is based on the experimental findings that the
variation in rise time of original PD pulses at their defect
sites is between 0.2 ns and 2.3 ns while rise time of original
PD pulses mainly is Ins [10, 11, 12]. Moreover, even if the
rise time of any PD pulse at its site of origin differs from
the assumed 1 ns, the error of RTTF method in localization
result is insignificant, which is demonstrated in Section 3.2.
The RTTF technique used for on-line PD localization is
elaborated in Section 3.3.

3.2 ESTABLISHMENT OF A KNOWLEDGE BASE OF
CORRELATION OF RISE TIME VS DISTANCE

Establishment of a knowledge base of a function of rise
time vs pulse propagation distance takes two steps, as
shown in Figure 8. The first is to carry out experiments to
obtain the transfer functions of the cable under analysis, the



HFCT and the HPF being used. The second is to use the
transfer functions to produce the knowledge base by
simulation of pulse propagation in the cable and the PD
monitoring system.

As different types of power cables have different transfer
functions, the characteristic of rise time of a PD pulse after
propagation of a certain distance in a cable is different.
Experiments on samples of different types of power cables
should be carried out under laboratory conditions to obtain
the cable transfer function Hcue(®), and the transfer
functions of HFCT and HPF being used should also be
specifically obtained, as shown in Section 2.2. The
resultant transfer function H,,(wL) of pulse propagation in
different types of cables and monitoring system is defined
by equation (9).

After the experiments, a simulation using the transfer
function Hy,(wL) and an assumed original pulse with 1 ns
rise time and 3 ns Trwyym 1S performed to simulate the pulse
propagation in cable and monitoring system. The
simulation method is the same as that presented in Section
2.3, and the desired result is a function correlating rise time
of detected pulse and pulse propagation distance.
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Figure 8. Establishment of a knowledge base of correlation of rise time and
distance.

As this simulation is based on the analysis in frequency
domain, the simulation result depends on the assumed
original pulse shape. Therefore, the simulation result, RTTF,
for a defined cable is affected by the shape of the original
pulse.

According to references [10-12], the variation in rise time
of original PD pulses at source is between 0.2 ns and 2.3 ns
and pulse width is between 0.8 ns and 7.9 ns. Different
original pulses are therefore assumed for simulations of
pulse propagation in cable and monitoring system to
investigate the error of RTTF comparing with that in Section
3.2.

Three pulses with different shapes but possessing the same
magnitude, as shown in Figure 9a, are assumed as different
original pulses for the simulation. The rise time/pulse width
of the three pulses is 1/3 ns, 1.5/4.5 ns and 2/6 ns
respectively. The transfer function of an 11 kV EPR cable as

described in Section 2.2.1 is used in simulations and
simulation results are given in Figure 9b.

As shown in Figure 9, the RTTFs differ for different original
pulse shapes. The difference between 1/3 ns pulse and the other
pulses is distinguishable below 100 m while it is inconspicuous
beyond 100 m, but the variation is negligible.
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Figure 9: Simulation of rise time functions with different incident pulses.

3.3 PD LOCALISATION IN ON-LINE PD MONITORING

With the establishment of the knowledge base of correlation of
rise time and distance, the RTTF technique for PD localization in
on-line PD monitoring can be summarized briefly as follows:

1) An on-line PD monitoring system installed at one
measurement point (cable joint or termination) of a cable circuit is
used for data acquisition.

2) Denoising and pattern recognition techniques are applied to
remove noise and identify individual PD pulses [13-15].

3) Rise times of individual PD pulses are extracted.

4) Comparing the rise times of detected pulses with the RTTF

of the defined cable in the knowledge base to obtain the pulse
propagation distance to locate the PD source.
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Figure 10. Schematic diagram of PD localization in on-line PD monitoring.

4 EXPERIMENTAL INVESTIGATION AND
PRACTICAL APPLICATION

4.1 EXPERIMENTAL VERIFICATION FOR PULSE
PROPAGATION IN A CABLE

Laboratory experiments were carried out on a 38.8 m 11 kV
EPR insulated single core cable to verify the simulation
method for pulse propagation only, in a cable, without
propagation through the monitoring system. An oscilloscope
with a sampling rate of 10 GS/s, a vertical resolution of 8 bits,
and a bandwidth of 3 GHz has been used for data acquisition.
A PD calibrator which can generate a pulse with 1 ns rise time
was used in the experiment. As it is difficult to capture the
input pulse and output pulse simultaneously, due to impedance
mismatch between the cable and the measurement system, the
experiments had to be specifically designed to ignore the
effect of the pulse reflection as a pulse entered the cable
sample. Experimental set-ups are shown in Figure 11. In both
set-ups, the PD calibrator was connected to two lengths of
coaxial cable by a T-connection. In set-up 1, 0.5 m long
coaxial cable 1 is connected to the PD calibrator while the
other end connects to channel 1 of the oscilloscope by a 10 dB
attenuator, 20 m long coaxial cable 2 is connected to channel 2
using a 10 dB attenuator. In set-up two, cable 1 connects
between the PD calibrator and the oscilloscope as previously,
cable 2 connects to one end of the EPR cable under test. The
other end of the cable connects to channel 2 of the scope using
0.5 m long coaxial cable 3.

The experimental results are depicted in Figure 12, where:
V11 - pulse detected in channel 2 in set-up one.

V,; - first pulse detected in channel 2 in set-up two.

V3 - third pulse detected in channel 2 in set-up two.

V4 - fourth pulse detected in channel 2 in set-up two.

In Figure 12a the first pulse is that detected at channel 1. V; is
the pulse detected at channel 2 and, thus, the pulse injected into
the end of the power cable section in the second set-up.

Coxial cable 1
0.5m CH1 CRO
50Q of input

/ resistance
CH2

PD 10dB anenuat%

Calibrator

Coxial cable 2
20m

(a) Set-up one
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Coaxial cable 1

CRO Coaxial cable 3
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CH1

/
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|| Calibrator

(3

2 Powercable 3

Coaxial cable 2
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(b) Set-up two
Figure 11. Experiment set-ups in laboratory.
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Figure 12. Experimental results.

The shape of the incident pulse injected into the cable in
set-up two can be considered the same as that of Vy;. At the
start of the cable, due to impedance mismatch, part of the
signal will be reflected but the pulse shape will be maintained.
The output pulse detected at channel 2 will be proportional to
the signal at the cable end but the magnitude will be reduced.



The shape, not the magnitude, of V,;, V,; and V,, are
considered in the output pulses from the cable, attenuation of
coaxial cable 3 is ignored. The propagation lengths of Vi, V3
and V, are, respectively, once, three times and five times the
length of the cable under test.

Simulations have been carried out for the pulse Vy; to travel
the whole cable length, three times and five times of the length
of the EPR cable individually. A comparison of normalized
output pulses resulting from simulation and those from
experimental results are given in Figure 13. It can be observed
that simulation results for pulse propagation in a cable are in
good agreement with experimental results for all three cable
lengths, i.e. 38.8 m, 116.4 m and 194 m. Due to the limitation
of cable length in the laboratory, simulation beyond the range
cannot be verified.
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Figure 13. Comparison between simulation and experimental results for pulse
propagation in different cable lengths.

4.2 PRACTICAL APPLICATION OF THE RTTF
METHOD

The RTTF method for on-line PD localization has been
applied to an on-site measurement where the sampling rate was
125 MS/s. PD activity was measured at both ends of an 11 kV
three-core Paper Insulated Lead Covered (PILC) underground
distribution cable of about 1000 m in length. The test was
carried out during service, so the voltage was at 11 kV. The
cable is 1020 m in length with both ends earthed. The PD
testing was carried out, with the HFCT attached at the earth
strap, at one end of the cable first, and then at the other end one
hour later. The time interval between the two measurements
made in the study was of the order of about 1h between
consecutive data sets from on-line data gathering. After the on-
line measurements, PD denoising and recognition techniques
were applied to process the two sets of data to collect PD pulses.
There are 178 and 193 PD pulses in the two sets of data
respectively. Typical PD pulses from the measurements at both
ends are demonstrated in Figure 14. Then filtering and
interpolation techniques were used to extract rise time of all PD
pulses. Statistical results of rise time of PD pulses in the two
sets of data are given in Figure 15-16 and Table 1.

45 =
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T T T 1
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(a) A PD pulse detected at End A

20 4

Voltage (mV)

T T T T
0.0280 0.0284 0.0288 0.0292
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(b) A PD pulse detected at End B

Figure 14. Typical PD pulses from the measurements at two ends of 11 kV
PILC cable.

Figure 15 and 16 indicted that the relationship between PD rise
time and number of PD pulses in both measurements is similar to
a normal distribution, and the main rise time of PD pulses at the
both ends concentrated at 20 ns and 71 ns separately.

As no sample of 11 kV three-core PILC cable was available for
experiments to obtain the RTTF, the RTTF for a single-core 11
kV EPR insulated cable is applied by the proposed method to
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Table 1. On-line data from two ends of a PILC cable.

On-line data End A End B
(One end) (The other end)
Total number of PD pulses 178 193
Maximum probability of rise time 20 ns 71 ns

locate the PD source for the two on-line measurements separately.
The location results shown in Figure 17 indicate the PD source is
239 m away from End A and 870 m away from End B.

In order to verify the results, the location of a fault was
determined using off-line, cable mapping analysis, which
indicated the actual source of PD is around 220 m away from one
end (End A) while 800 m away from the other end (End B) [16].

From the comparison of the outcome of the fault location
between the two methods, the RTTF technique for on-line PD
localisation is confirmed correctly. The error in the RTTF method
in this application will be discussed in Section 4.3.
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Figure 17. Results of RTTF method applied for a measurements at both ends
ofan 11 kV PILC cable.

4.3 DISCUSSIONS AND SOURCE OF ERROR

For on-line PD measurements at each testing point in Section
4.2, the rise time of detected PD pulses from one fault source is
not constant. The relationship between rise time and number of
PD pulses is likely to be a normal distribution, as shown in
Figures 15b and 16b. This is because the sampling rate of 125
MS/s, vertical resolution of 8-bit under the noise affection can
lead to an unsteady rise time of detected PD pulses. A sampling
rate of 125 MS/s results in the time resolution of 8 ns, which is
not accurate enough for PD pulses with rise time of about 20 ns
or 70 ns. Vertical resolution of 8-bit can also affect the accuracy
of rise time of detected PD pulses when the PD pulse amplitude is
small within a strong noise environment. Therefore rise time of
detected pulse is changeable.

Although the rise time of detected PD pulses from one source
of fault is not constant, most of them have the same level rise
time. Consequently, maximum probability of rise time in an on-
line PD measurement should be used for RTTF method to locate
the PD source.

The main error of the RTTF method in the on-line application
in Section 4.2 results from the difference of RTTF between a
single-core 11 kV EPR insulated cable and three-core 11 kV



PILC cable. Sampling rate of 125 MS/s, vertical resolution of 8-
bit and noise can lead to an error in rise time of the detected PD
pulse as discussed above, which can also be a source of error in
the RTTF technique for the On-line PD localisation monitoring
system. In addition, due to heavy load carried in LV/MV cable
systems, temperature could affect the resistive losses of the
conductor, sheath and semi-conducting layers. Therefore, the
attenuation of pulse propagation in cables differs from the
laboratory conditions. This can lead to error in the cable transfer
function, potentially another source of error in the RTTF method.

5 CONCLUSION

A novel method for on-line PD localization in cable
systems, termed Rise-Time Transfer Function (RTTF) method,
has been presented. This method is based on the change in rise
time as a function of cable length along which a PD pulse has
propagated. As on-line PD monitoring sensors installed at cable
joints or terminations commonly comprise of a high frequency
current transformer (HFCT) and a high-pass filter (HPF), detected
PD pulse are attenuated and distorted by cable propagation, the
HFCT wused and the filter applied. Simulations of pulse
propagation in a cable and PD monitoring system are performed
based on analyses in the frequency domain using the concept of
transfer functions. The simulation for pulse propagation in a cable
has been verified by laboratory experiments and the RTTF
technique for on-line PD localization has been applied in on-site
measurements, which prove the RTTF method is a very valuable
and useful PD localization technique.

In comparison with four other reported online PD
localization methods, the RTTF method does not need to detect
the reflected pulse while requiring only to detect the incident
pulse at one measurement point, and can be used to localize a
PD source which is further away from the PD detection point
than other on-line methods.

Future work, based on the outcomes of this work, is to finish
the knowledge base of RTTFs for all different types of cable used
in power system to automatically localize sites of PD activity.
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